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Abstract 

Purple acid phosphatases (PAPs) function in the acquisition and recycling of inorganic phosphate (Pi), a 

crucial but environmentally-limiting macronutrient for plant growth. Among 29 predicted PAPs of the 

model plant Arabidopsis thaliana, AtPAP26 (At5g34850) functions as the principal intra- and 

extracellular PAP isozyme that scavenges Pi during Pi-deprivation or leaf senescence. A pair of secreted, 

55 kDa AtPAP26 ‘glycoforms’ (AtPAP26-S1 and AtPAP26-S2) were resolved during lectin-affinity 

chromatography of cell wall extracts from Pi-deprived Arabidopsis suspension cells and purified. High 

resolution liquid chromatography-tandem mass spectrometry (LC-MS/MS) demonstrated that their 

glycans were comparable at Asn103, whereas Asn365 and Asn422 glycosylation sites were extensively 

modified in AtPAP26-S2 by the addition of up to seven terminal mannose residues (to N-

acetylglucosamine) to form high mannose glycans. A 55 kDa protein that co-purified with AtPAP26-S2 

was identified by LC-MS/MS as Arabidopsis GNA and apple domain-containing lectin-1 (AtGAL1). 

AtGAL1 (At1g78850) belongs to Arabidopsis’ Galanthus nivalis agglutinin (GNA) lectin family, whose 

GNA domain binds high mannose N-glycans. AtGAL1 cross-reactivity with anti-AtGAL1-IgG was 

markedly attenuated when the lectin was incubated in the presence of a thiol-reducing reagent (consistent 

with three predicted disulfide bonds in AtGAL1’s apple domain). Reciprocal far western immunodot 

blotting demonstrated a specific interaction between purified AtGAL1 and AtPAP26-S2, but not 

AtPAP26-S1. Analytical gel filtration FPLC indicated that AtGAL1 and AtPAP26-S2 associate to form a 

112 kDa heterodimer. Bimolecular fluorescence complementation assays established that like AtPAP26, 

AtGAL1 is also targeted to lytic vacuoles of Pi-starved Arabidopsis cells, and that both proteins interact 

in vivo. AtGAL1 pre-incubation significantly enhanced the acid phosphatase activity and thermal stability 

of AtPAP26-S2, but not AtPAP26-S1. Interestingly, LC-MS/MS also revealed that purified AtGAL1 was 

bisphosphorylated at Tyr38 and Thr39. Secreted AtGAL1 polypeptides were upregulated to a far greater 

extent than AtGAL1 transcripts during Pi deprivation, indicating post-transcriptional control of AtGAL1 

expression. I hypothesize that AtGAL1 plays a key role during Pi deprivation through its interaction with 
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high mannose glycans of AtPAP26-S2, and consequent positive impact on AtPAP26-S2 phosphatase 

activity and stability. The current study appears to provide the first definitive evidence for involvement of 

glycoforms, lectins, or a phosphotyrosylated protein in plant Pi starvation responses. 
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Chapter 1 

Introduction and Literature Review 

1.1 General Background and Rationale  

Phosphorus (P) is a crucial macronutrient needed for plant growth and productivity since it is a 

key component of essential biomolecules such as nucleic acids, membrane phospholipids, ATP, and 

sugar-phosphates. P is also involved in nearly all fundamental metabolic processes, including 

photosynthesis, respiration, biosynthesis, and signal transduction. Plant P acquisition is achieved through 

the uptake of fully oxidized and soluble orthophosphate (Pi, H2PO4
- and HPO4

2-) by root epidermal cells. 

However, most soils across the world are Pi-limited since their soluble Pi concentration typically ranges 

between 1-5 µM, which is far below the intracellular Pi concentration (5-20 mM) required for optimal 

plant growth (Vance et al., 2003). This lack of available Pi is due to several factors: (i) Pi is leached out of 

the soil due to the negative charge of clay, (ii) Pi is converted into organic forms by microorganisms, and 

(iii) Pi can be precipitated as insoluble calcium salts and iron or aluminum oxides in alkaline and acidic 

soils, respectively (Vance et al., 2003; Raghothama and Karthikeyan, 2005; Tran et al., 2010a; Plaxton 

and Tran, 2011). All of these factors result in Pi being inaccessible for root uptake (Fig. 1-1). 

Furthermore, organic phosphate (Po) species represent up to 80% of soil P reserves, mainly in the form of 

Pi-esters and diesters such as DNA, RNA, and phospholipids derived from decomposing biological matter 

(Fig. 1-1) (Fang et al., 2009; Richardson et al., 2009a; Tran et al., 2010a; Gerke, 2015). Therefore, 

although P appears to be abundant within most soils, the vast majority of soil P reserves are not directly 

accessible to roots. As a result, the intensive application of Pi-containing fertilizers has become the norm 

in modern agriculture to maximize crop productivity and yield. Although crop productivity has greatly 

increased owing to the widespread use of Pi fertilizers, it has also created problems from economic and 

ecological viewpoints, including its detrimental environmental impacts as well as questions regarding the 

sustainability of global P resources (Tran et al., 2010a; Plaxton and Lambers, 2015).
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Fig. 1-1. Diagram of phosphorus (P) cycle in soil. The diagram can be divided into two main parts: (a) 

soil P, which exists in three forms: inorganic P (Pi), organic-P (Po), and mineralized (insoluble) P, (b) Pi 

fertilizer is produced from Pi-rock deposits. Less than 20% of Pi in applied fertilizers is typically 

assimilated by crops (Gu et al., 2016).   

 

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

fossilized bone and seashell deposits. Fertilizers manufactured from these reserves typically contain a 

wide range of toxic heavy metals (e.g. Cd2+) that can accumulate in the soil following fertilizer 

application; these heavy metals can then accumulate in crops and be transferred up the food chain to be 

consumed by humans (Giuffrede Lopez Carnelo et al., 1997; Carpenter, 2005; Raghothama and 

Karthikeyan, 2005). Furthermore, global Pi-rock reserves have been predicted to be depleted within the 
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next 100 years, raising a dilemma as to how agricultural production can keep pace with the world’s 

population explosion (Koppelaar and Weikard, 2013). Furthermore, less than 20% of the currently 

estimated 140 million metric tons of Pi fertilizer applied worldwide per year is typically assimilated by 

crops in their first growing season (Roberts and Johnston, 2015). The remainder is: (i) converted into Po 

by soil microbes, (ii) bound by metal cations such as Al3+, forming insoluble complexes, or (iii) lost as 

runoff into nearby surface waters, resulting in the nutrient-enrichment of aquatic and marine ecosystems 

leading to ‘blooms’ of green algae and toxic cyanobacteria; this stubborn environmental problem has 

caused extensive eutrophication and contamination of fresh water supplies (Fig. 1-1) (Plaxton and Tran, 

2011; Gu et al., 2016). In order to reduce Pi fertilizer overuse, and thus contribute to agricultural 

sustainability and global food security, there is an urgent need to bioengineer Pi-efficient crops. However, 

this necessitates a detailed understanding of morphological, physiological, and biochemical/molecular 

adaptations of Pi-deficient (–Pi) plants. 

1.2 The Plant Phosphate Starvation Response 

Plants have evolved a complex array of tightly controlled morphological and 

biochemical/molecular adaptations to cope with nutritional Pi deprivation, collectively known as the Pi 

starvation response (PSR). These adaptations provide many plants with an effective acclimatization to 

periods of Pi deficiency. The PSR is a central feature of plant Pi acquisition and use efficiency (Rouached 

et al., 2010; Tran et al., 2010a). The acquisition of Pi from the soil against a steep concentration gradient 

(due to the great imbalance in its concentration between soil and plant cell) is facilitated by root foraging 

and soil-mining strategies, such as maximizing root surface area and the excretion of Pi mobilizing agents 

such as organic acid anions (Richardson et al., 2009a; Plaxton and Tran, 2011). Pi use efficiency (PUE) 

involves Pi recovery, which could be expressed as Pi removal-to-input ratio. PUE describes the capability 

of a plant to use Pi to accumulate biomass as well as the duration of Pi within a living system  

(Richardson et al., 2011; Roberts and Johnston, 2015). To bioengineer Pi-efficient transgenic crops, plant 

scientists need to target the adaptations that are being used by plant cells to improve their Pi acquisition 
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efficiency (PAE) and PUE. Suspension cell cultures are a useful model system for assessing plant PSR 

because: (i) there is a homogeneous population of cells that are equally exposed to the conditions 

prevalent in liquid culture; (ii) a large quantity of cells (and their surrounding cell culture filtrate 

containing secreted proteins) at a defined nutritional state can be readily obtained over a relatively short 

time period; and (iii) they demonstrate many molecular and biochemical adaptations to Pi deprivation that 

otherwise occur in planta (Bozzo et al., 2002; Gregory et al., 2009; Tran et al., 2010a). 

1.2.1 Morphological adaptations of Pi-starved plants 

Although aerial tissues have traditionally received more attention in agriculture, root biology is 

becoming a point of interest to study nutrient and water acquisition by crops, as roots play the primary 

role in nutrient and water uptake from the soil. Root growth and development is highly affected by several 

soil factors including soil nutrient and water content, soil texture, oxygen concentration, pH, and gravity 

(Vance et al., 2003). Pi limitation triggers a set of morphological adaptations to reduce Pi usage and 

increase its uptake and recycling. The increase of the root to shoot ratio is a general feature of –Pi plants 

(Reymond et al., 2006; Svistoonoff et al., 2007; Peret et al., 2011). Under Pi-limiting conditions, a 

shallow root system is considered to be an advantage to increase Pi acquisition from the topsoil and to 

provide more Pi to remobilize to the shoot tissue (Dissanayaka et al., 2018). In –Pi Arabidopsis thaliana, 

root system architecture1 (RSA) undergoes a drastic alteration by the development of lateral roots with 

more root hairs, while stunting the primary root growth (Fig. 1-2). For example, up to 70% of the total 

root Pi absorption in –Pi Arabidopsis seedlings is accounted for by the approximately five-fold increase in 

root hair density (Ma et al., 2001). Similar RSA responses have been reported in other species including 

maize (Zea mays), rice (Oryza sativa), common bean (Phaseolus vulgaris), white lupin (Lupinus albus), 

tomato (Solanum lycopersicum), and Brassica nigra (Dinkelaker et al., 1995; Carswell et al., 1996; Borch 

et al., 1999; Kim et al., 2008; Lambers et al., 2011; Jin et al., 2012). Some families of plants can form 

                                                        
1 Complexity of root spatial configurations that alters under different soil conditions (Chevalier et al., 2003). 
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specialized root structures that concentrate rootlets/root hairs in a small volume of soil (Lambers et al., 

2011; Richardson et al., 2011). Members of the Proteaceae family, such as harsh hakea (Hakea prostrata) 

and white lupin, form ‘Pi-mining’ proteoid roots when cultivated under –Pi conditions, whereas other 

species form dauciform or capillaroid roots (Lambers et al., 2011). 

 

 

Fig. 1-2. Root and shoot morphological adaptations to soil Pi limitation. (a) inhibition of shoot and 

primary root growth, and (b) root hair and (c) lateral root development. +Pi and –Pi denote Pi-sufficient 

and Pi-deficient soils, respectively. Figure modified from Peret et al., 2011. 

 

 The RSA response in different varieties of –Pi maize were evaluated in a field study. Maize 

genotypes with shallow root systems were significantly more efficient in topsoil foraging of Pi compared 

to deep root genotypes (Zhu et al., 2005b). Moreover, 242 accessions of maize were screened under Pi 

deprivation to study the importance of RSA (Bayuelo-Jiménez et al., 2011). Greater root to shoot ratio, 

root hair, and lateral root density resulted in higher yield and biomass of certain accessions. 

RSA modifications collectively enable roots to explore larger regions of the soil, particularly the 

upper region. Topsoil foraging is strongly associated with Pi acquisition in many plants, such as common 

bean (Liao et al., 2001), and wheat (Triticum aestivum) (Manske et al., 2000). Primary root inhibition was 

also directly regulated by the local Pi status at the root tip (Linkohr et al., 2002; Ham et al., 2018). Pi 

deficiency inhibits cell division at the root apical meristem; just the physical contact of the root cap with 
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Pi deficient medium is sufficient to trigger the inhibition of primary root growth in Arabidopsis 

(Svistoonoff et al., 2007). A set of 73 Arabidopsis ecotypes, collected from a broad range of habitats, was 

investigated for primary root response to low Pi. In 50% of the –Pi ecotypes, primary root growth was 

inhibited and lateral root growth was induced. However, the primary root growth did not respond to Pi 

starvation in 25% of the accessions. The remaining 25% of the ecotypes exhibited either primary root 

growth suppression or lateral root development, indicating that different adaptive strategies can occur  

(Chevalier et al., 2003). 

Primary root inhibition was mainly controlled by three quantitative trait loci (QTL). Using six 

different accessions of Arabidopsis, the three QTL were identified and mapped as LOW PHOSPHATE 

ROOT 1 (LPR1), LPR2, and LPR3 located on chromosomes 1, 3, and 4, respectively. LPR1 was the 

primary QTL since it contributed in 52% of variations in primary root phenotype in Arabidopsis during Pi 

starvation (Reymond et al., 2006; Peret et al., 2011). Under low Pi conditions, the primary root inhibition 

was reduced in lpr1 and lpr2 loss of function mutants. LPR1 and LPR2 encode multi-copper oxidases, 

which are upregulated under Pi deficiency to modify hormone distribution in the root cap, resulting in the 

inhibition of primary root growth. This study provided the first evidence of the involvement of multi-

copper oxidases in RSA response to Pi starvation (Svistoonoff et al., 2007). Several studies have shown 

the crucial role of phytohormones such as ethylene, auxin, and cytokinin in root adaptive responses to 

biotic and abiotic stresses (Katsumi et al., 2000; Dolan, 2001; Nacry et al., 2005; Lee and Cho, 2013; 

Zhang et al., 2016). Using microarray data, differential expression analysis revealed the induction of 

genes that are involved in the biosynthesis and signaling of jasmonic acid and ethylene, including key 

ethylene transcription factors that mediate the crosstalk between jasmonic acid and ethylene. In response 

to Pi starvation, cell proliferation in the quiescent center of the apical meristem is disrupted by the 

interaction between jasmonic acid and ethylene, as evidenced by ethylene inhibitors such as 

aminoethoxyvinylglycine and AgNO3 eliminating primary root growth inhibition in –Pi Arabidopsis 

(Chacon-Lopez et al., 2011).   
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Auxin has been implicated as the key regulator in lateral root development. Increased and 

decreased auxin levels enhanced and reduced lateral root formation, respectively (Farquharson, 2008). 

The effect of auxin in lateral root formation during Pi starvation was investigated when –Pi and Pi-

sufficient (+Pi) Arabidopsis seedlings were grown on medium with an auxin polar transport inhibitor. In 

+Pi seedlings, the formation of lateral root primordia was eliminated, whereas the formation of lateral 

root primordia by –Pi seedlings was unaffected. Both –Pi and +Pi seedlings were supplemented with 

exogenous auxin, which promoted lateral roots and lateral root primordia formation in –Pi seedlings, but 

only lateral root primordia in +Pi seedlings. These results indicate that Pi availability influences the auxin 

sensitivity in Arabidopsis roots. This alteration was found to depend on: (i) auxin receptor transport 

inhibitor response1, and (ii) transcription factor auxin response factor19. TRANSPORT INHIBITOR 

RESPONSE1 was induced by –Pi Arabidopsis, resulting in the degradation of auxin response repressors 

and subsequent release of auxin response factor19. This transcription factor triggers the 

expression/suppression of genes involved in lateral root formation  (Perez-Torres et al., 2008).  

Strigolactones were also reported as a key regulator of RSA (Kapulnik et al., 2011; Ruyter-Spira 

et al., 2011; Mayzlish-Gati et al., 2012; Matthys et al., 2016). Strigolactones  are carotenoid-derived 

metabolites originally identified in germinating seeds that also play important roles in long distance 

hormonal activities that regulate shoot branching, leaf senescence, and root development (Matthys et al., 

2016). Arabidopsis strigolactone-deficient and –insensitive mutants showed reduced cell numbers in the 

root apical meristem, resulting in shorter primary roots than those of the WT plants. This phenotype was 

rescued by the addition of a synthetic strigolactone to the strigolactone-deficient mutant, but not the 

insensitive mutant (Ruyter-Spira et al., 2011).  

Another common strategy that most plant species evolved to improve PAE is the development of 

a symbiotic relationship with arbuscular mycorrhizae (AM).  In this symbiosis, the plant benefits from 

receiving Pi from the penetrated AM fungi, and in return provides the fungi with energy rich, highly 

reduced organic compounds such as sucrose. The symbiotic connection between roots and AM is a typical 
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behavior within the natural environment, with more than 80% of so-called ‘mycotrophic’ land plant 

families forming this association. However, the disruption of beneficial AM associations due to Pi 

fertilization and soil tilling has been an undesirable consequence of modern agriculture (Gosling et al., 

2006). Plants with AM associations have two strategies to uptake Pi from the soil depending on root 

region and cell type. The first strategy is a direct pathway, involving Pi uptake from the rhizosphere by 

the Pi transporters (PHT) embedded in the plasma membrane of root hairs and epidermis cells, resulting 

in Pi depletion from the regions close to the root. The second strategy is indirect mycorrhizal uptake, in 

which Pi is first taken up from the soil through the plasma membrane of fungal hyphae, which form an 

extensive network of fine filaments throughout the soil that vastly increases the surface area for Pi 

absorption; Pi is then translocated from hyphae to arbuscular, and then unloaded from the fungal 

arbuscular to plant cortical cells (Smith et al., 2011; Johri et al., 2015). Plants that have lost their AM 

symbiosis due to agronomic practice and intense use of Pi fertilizers may display physiological changes 

that are classified within the stress response (Smith et al., 2011). Such changes can include the 

accumulation of anthocyanins, which results in the development of dark green or purple shoots; this 

feature can protect nucleic acids and chlorophylls from UV and photo-inhibitory damages, respectively 

(Plaxton and Tran, 2011). Under severe Pi stress, the inhibition of shoot growth has been observed in 

Arabidopsis (Rouached et al., 2011), barley (Mimura et al., 1996), and Spirodela eligorrhiza (Bieleski, 

1968), and is thought to be associated with Pi remobilization into, and subsequent retention within, the 

leaf. 

1.2.2 Metabolic and biochemical adaptations of Pi-starved plants 

Excretion of organic acid anions  

Organic acid anions, such as malate and citrate, are often synthesized and excreted by roots of –Pi 

plants to liberate Pi from Pi-metal and Po-metal complexes, including Al-, Fe-, and Ca-complexes (Ryan 

et al., 2001) (Fig. 1-3). During Pi deprivation, increased synthesis and excretion of organic acid anions by 

roots has been correlated with upregulation of phosphoenolpyruvate carboxylase (PEPC), malate 
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dehydrogenase, and citrate synthase, and elevated rates of dark CO2 fixation (Fang et al., 2009; Gregory 

et al., 2009; Tran et al., 2010a; Shane et al., 2013). In rice, the overexpression of a maize PEPC increased 

the synthesis and excretion of oxalate, which enhanced the ability of rice seedlings to acclimate to –Pi 

soils (Begum et al., 2006). Citrate exudation was also increased following the overexpression of citrate 

synthase in Arabidopsis (Koyama et al., 2000). Organic acids exist in their anion form due to the pH of 

cytoplasm, which creates the necessity of anion transporters/channels by plant cells to excrete them (Fang 

et al., 2009). Using patch clamp technique, the upregulation of citrate permeable channels was revealed in 

white lupin cluster roots and Arabidopsis epidermal cells during Pi starvation (Diatloff et al., 2004; Zhang 

et al., 2004).
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Fig. 1-3. A model suggesting various adaptive metabolic processes that are believed to help plant 

cells acclimate to nutritional Pi deficiency. (a) Phospholipase induction is accompanied by the 

replacement of membrane phospholipids (orange sphere) with amphipathic sulfonyl and galactolipids 

(blue and green sphere, respectively) (Tran et al., 2010a; Nakamura, 2013). (b) Secreted nucleases, 

ribonucleases, and phosphodiesterases participate in systematic Pi mobilization from soil localized Po, 

including nucleic acids (Tran et al., 2010a; Stigter and Plaxton, 2015). (c) Up-regulation of high-affinity 

Pi transporters of the plasma membrane (Fang et al., 2009; Tran et al., 2010a). (d) Alternative pathways 

of cytosolic glycolysis, mitochondrial electron transport, and tonoplast H+-pumping facilitate respiration 

and vacuolar pH maintenance by –Pi plant cells (Tran et al., 2010a). (e) Organic acid anion excretion 

solubilizes mineralized forms of soil Pi and Po,  as well as increases the ability of secreted acid 

phosphatases (APases) to scavenge Pi from soil localized organic Pi-esters (Richardson et al., 2009a; Tran 

et al., 2010a). (f,g) Upregulation of intracellular, cell wall (CW), and apoplast/rhizosphere targeted purple 

APases (PAPs) increases PAE and PUE of –Pi plants (Tran et al., 2010a). PAPs catalyze Pi hydrolysis 

from a broad and overlapping range of Pi-monoesters with an acidic pH optimum, and function in the 

production, transport, and recycling of Pi (Tran et al., 2010a). 
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Pi transporters 

Pi acquisition and Pi redistribution (i.e. translocation of Pi from senescing tissues to young tissues 

and developing seeds) are collectively known as Pi transport (Dong et al., 1998; Fang et al., 2009; Shen et 

al., 2011; Sun et al., 2012b). By regulating Pi transport, plants have evolved an adaptive strategy to 

optimize their growth in –Pi conditions. Pi acquisition is the first and the most crucial step in Pi transport, 

and is divided into five major steps: (i) Pi uptake by roots, (ii) Pi transport through the apoplast to reach 

the xylem, (iii) Pi diffusion through the xylem vessels to reach the shoot regions, (iv) Pi unloading from 

the xylem into the leaf, and (v) intracellular Pi translocation (Dong et al., 1998; Fang et al., 2009). These 

steps are reflected by the five families of PHT: namely PHT1, PHT2, PHT3, PHT4, and PHT5, located on 

the plasma membrane, inner plastid membrane, inner mitochondrial membrane, Golgi apparatus, and 

tonoplast (i.e. vacuolar membrane), respectively (Lopez-Arredondo et al., 2014; Liu et al., 2016; Yang et 

al., 2017a). During Pi starvation, Pi influx was markedly increased due to the upregulation of high affinity 

PHTs, encoded by the PHT1 family. The low Km(Pi) value of high affinity PHTs (2.5-12.3 µM), as 

compared to low affinity PHTs (50-100 µM), allows the Pi uptake capacity to increase by several fold 

when members of the PHT1 family are upregulated (Lefebvre et al., 1990; Shimogawara and Usuda, 

1995; Dunlop et al., 1997; Mimura et al., 1998; Raghothama and Karthikeyan, 2005; Fang et al., 2009; 

Bayle et al., 2011; Jia et al., 2011) (Fig. 1-3). A highly conserved amino acid sequence of  the PHT1 

family was reported in a diverse number of species ranging from fungi to plants (Raghothama, 1999; 

Nussaume et al., 2011). Furthermore, a large number of PHT1 family members has been identified in 

several plants: 9 PHT1 genes exist in Arabidopsis (Bayle et al., 2011), 14 in soybean (Qin et al., 2012), 13 

in rice (Paszkowski et al., 2002), 36 in wheat (Teng et al., 2017), and 11 in barley (Schunmann et al., 

2004). Moreover, members of the PHT1 family show a greater than 76% identity among various plant 

species such as Arabidopsis, tomato, potato, Catharanthus roseus, and Medicago truncatula, which 

suggests that Pi uptake relies mainly on PHT1 transporters (Raghothama, 1999; Nussaume et al., 2011). 

As such, PHT1 transporters expressed in roots play a vital role in Pi uptake from the soil. The expression 

of these transporters is primarily controlled at the transcriptional level (Karthikeyan et al., 2002). 
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Using various transcriptomic experiments and reporter genes, the major factor controlling PHT1 

expression appears to be the intra- and extracellular Pi concentration (Karthikeyan et al., 2002; Wu et al., 

2003; Misson et al., 2005; Bustos et al., 2010; Nussaume et al., 2011). The existence of the P1BS motif in 

the promoter of PHT1 revealed its capacity to bind to the Pi starvation response 1 (PHR1) transcription 

factor. PHR1 plays a crucial role in PHT1’s response to the internal and external Pi concentration status, 

which was confirmed by studies of a phr1 loss of function mutant (Rubio et al., 2001; Bustos et al., 2010; 

Nussaume et al., 2011). Beyond transcriptional control, post-translational modifications (PTMs) appear to 

be important in the function and abundance of PHT1 transporters. Phosphoproteomic studies revealed 

phosphorylation of the C-terminal serine residue of PHT1 in +Pi plants. Phosphorylation of the PHT1 

transporters under +Pi conditions prevents the ER from releasing more PHT1 into the transfer vesicles, 

resulting in accumulation of the protein in the ER, rather than targeting it to the plasma membrane (Bayle 

et al., 2011). Despite recent advances in understanding the importance of PHT1 transporters, particularly 

during Pi stress, the hydrophobic nature of these transmembrane proteins makes them challenging for 

further biochemical characterization.  

In planta, vacuoles of vegetative cells are the major organelle to store P. Vacuoles of +Pi plants 

accumulate 70 to 95% of total intracellular P as Pi2. Vacuolar Pi levels rapidly fluctuate in response to 

variation in external Pi supply. During a short-term reduction in external Pi supply, Pi efflux from 

vacuole into the cytosol helps to maintain cytoplasmic Pi homeostasis. However, during prolonged Pi 

deprivation, vacuolar Pi becomes completely depleted, which leads to large reductions in cytoplasmic Pi 

and Po while triggering the upregulation of many genes and proteins associated with the PSR (Pratt et al., 

2009). In Arabidopsis, members of the PHT5 family have been implicated in tonoplast Pi transport (Liu et 

al., 2016). PHT5 transporters contain two main domains, an SPX domain and a major facilitator 

superfamily transporter domain at the N- and C-termini, respectively. Overexpression of any of the PHT5 

members in Arabidopsis enhanced accumulation of Pi within the cytosol, while decreasing vacuolar Pi 

                                                        
2Seeds normally store P in organic form as phytate (i.e., inositol hexaphosphate) (Maga, 1982). 
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content (Liu et al., 2016). Kinetic studies indicated that PHT5;1 is a channel-like transporter independent 

from H+ and ATP, with Pi diffusion occurring along an electrochemical gradient instead.     

Bypass reactions of cytosolic glycolysis, tonoplast proton pumping, and mitochondrial electron 

transport 

 During prolonged Pi stress, a large decline (up to 80%) in the cytoplasmic concentrations of Pi 

and Po (including nucleosides such as ATP and ADP) occurs (Plaxton and Tran, 2011). This decline has 

been suggested to limit the activity of the ATP-dependent proton pump located on the tonoplast, as well 

as several enzymes involved in classical glycolysis and respiration that are dependent on Pi, ATP, or ADP 

as co-substrates. However, the level of pyrophosphate (PPi) in the cytosol of –Pi plants remains 

remarkably stable (Plaxton and Tran, 2011). –Pi plants therefore appear to favor the use of PPi-dependent 

reactions, as evidenced by the upregulation of the inorganic pyrophosphate (PPi)-dependent H+-pump of 

the tonoplast, PPi-dependent phosphofructokinase, and pyruvate Pi dikinase (Vance et al., 2003; Plaxton 

and Tran, 2011). Long term Pi starvation resulted in elevated activity of PPi-dependent 

phosphofructokinase in non-mycorrhizal plants, such as those belonging to the Cruciferae, 

Chenopodiaceae, and Polygonaceae families (Murley et al., 1998). Pyruvate Pi dikinase can function as a 

glycolytic bypass enzyme by converting phosphoenolpyruvate, PPi and AMP into pyruvate, ATP, and Pi. 

This allows –Pi plants to use PPi in the final step of glycolysis when the activity of pyruvate kinase is 

thought to become ADP limited (Plaxton and Tran, 2011). Kinetic studies of PEPC and pyruvate kinase 

in –Pi Catharanthus roseus cell cultures demonstrated that pyruvate kinase activity was overshadowed by 

PEPC activity in PEP metabolism, with PEPC activity being increased more than 200% in –Pi C. roseus 

as compared to +Pi controls. The upregulation of PEPC as an alternative pyruvate kinase bypass (with 

malate dehydrogenase and malic enzyme) in –Pi C. roseus was verified by the rapid release of 14CO2 

derived from [14C]malate and fixed H14CO3 (Nagano et al., 1994). Upregulation of PEPC, malate 

dehydrogenase, and malic enzyme at the transcript, protein, and enzyme activity level appears to be a 

universal aspect of the plant PSR (Vance et al., 2003; Plaxton and Tran, 2011; Plaxton and Shane, 2015). 
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Additionally, higher levels of PEPC as well as its activation by protein-kinase mediated phosphorylation, 

coupled with the enhanced activity of malate dehydrogenase and citrate synthase, results in the 

coordinated synthesis and excretion of organic acid anions, ultimately contributing to PAE from soil 

(Gregory et al., 2009; Plaxton and Tran, 2011) (Fig. 1-3). 

Phospholipid replacement   

Pi-deprived plants also scavenge and conserve Pi by substituting membrane phospholipids with 

amphipathic sulfolipids and galactolipids (Essigmann et al., 1998; Hartel et al., 2000; Jouhet et al., 2004) 

(Fig. 1-3). Microarray results have demonstrated the upregulation of several genes encoding 

phospholipase, as well as down regulation of genes involved in phospholipid biosynthesis, in shoot and 

root tissues of –Pi plants (Misson et al., 2005; Muller et al., 2007; Nakamura, 2013). Plant phospholipases 

hydrolyze glycerophospholipids at different ester bonds, and can be classified into four major groups: 

PLD, PLC, PLA1, and PLA2 (Wang et al., 2012). These phospholipase groups are further classified into 

different families and subfamilies based on their substrate selectivities, cofactor requirements, and 

reaction conditions (Hong et al., 2016). Five types of PLDs have been identified and characterized in 

Arabidopsis: PLD α, β, γ, δ, and ζ (Qin and Wang, 2002).  PLDζ1 and PLDζ2 are Pi starvation inducible 

(PSI) phospholipases involved in phosphatidic acid production that have been implicated in the 

modification of RSA upon Pi limitation (Gaude et al., 2008). The accumulation of galactolipid 

digalactosyldiacylglycerol was reduced in the roots of Arabidopsis pldζ1 single and pldζ1 /pldζ2 double 

mutants during Pi deprivation, supporting their role in membrane remodeling (Li et al., 2006). 

Phosphatidic acid produced from the degradation of membrane phospholipids during Pi deprivation is a 

potent second messenger that modulates the activity of other PSI enzymes such as protein kinases and 

phosphatases (Canonne et al., 2011). Phosphatidic acid can also be dephosphorylated by APases to 

release Pi (Gaude et al., 2008).  

Multiple genes that encode enzymes involved in sulfolipid and galactolipid synthesis are 

upregulated during Pi deprivation, including sulfoquinovosyl diacylglycerol synthase 1 and 2, which 
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catalyze the two major steps in sulfolipid synthesis (Hartel et al., 2000; Yu et al., 2002). A T-DNA 

insertional mutation of sqd2 led to reduced growth of –Pi  Arabidopsis (Yu et al., 2002), providing further 

evidence that sulfolipids are an important substitute for phospholipids during Pi deficiency. 

Monogalactosyl diacylglycerol synthase 1 and 2, and diacylglycerol synthase 1 and 2 were also 

upregulated during Pi deprivation in leaves and non-photosynthetic tissues, respectively, further 

implicating the scavenging of Pi from phospholipids as an important function in mitigating Pi stress 

(Benning and Ohta, 2005).   

Induction of extracellular and intracellular ribonucleases 

Arabidopsis seedlings supplemented with exogenous RNA or DNA as their sole source of P grew 

just as well as Pi-fertilized seedlings (Ticconi and Abel, 2004; Robinson et al., 2012b). Together with the 

fact that nucleic acids can comprise a significant component of the soil’s total Po pool this indicates that 

the decomposition of organic matter in soil may provide an important source of nutritional Pi that can be 

utilized by –Pi plants. Among the biochemical adaptations evolved by –Pi plant cells, the upregulation of 

Pi scavenging enzymes, including ribonucleases (RNases), nucleases, phosphodiesterases, and APases, 

has been shown to be one of the most important responses (Duff et al., 1989; Nurnberger et al., 1990; Jost 

et al., 1991; Dodds et al., 1996; Plaxton and Tran, 2011) (Fig. 1-3). Scavenging Pi from extracellular and 

intracellular nucleic acids during Pi starvation and senescence is an important function of several RNases 

belonging to the T2 family. T2 family RNases catalyze single strand RNA cleavage to release mono and 

oligonucleotides; these released mononucleotides then become available for APases to release their Pi 

groups (Luhtala and Parker, 2010). For example, tomato RNase LE, an extracellular T2 RNase, is induced 

during Pi deprivation and senescence (Loffler et al., 1992). –Pi tomato also upregulates and secretes a 

phosphodiesterase, contributing to increased levels of Pi scavenging from extracellular RNA (Abel et al., 

2000). Compared to other RNase families, the T2 family of RNases is distributed more broadly among 

organisms, being found in the genomes of microbes (including bacteria, viruses, protists, and fungi), 

plants, and animals, indicating their essential role in a variety of cellular processes (Deshpande and 
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Shankar, 2002). The function of two closely related RNase genes in Arabidopsis, AtRSN1 and AtRSN3, 

was investigated. A significant induction of AtRSN1 was observed during Pi deprivation; however, the 

expression of AtRSN3 was unchanged. Interestingly, during leaf senescence AtRSN1 and AtRSN3 were 

both greatly induced, indicating an important role in Pi remobilization, and demonstrating that different 

stimuli can trigger multiple transduction pathways through the same genes (Bariola et al., 1994). AtRNS1 

was one of the most abundant secreted protein by –Pi Arabidopsis suspension cells, while an extracellular 

cyclic nucleotide phosphodiesterase was upregulated in tomato cell cultures to effectively hydrolyze 

primary products of RNases (Abel et al., 2000; Tran and Plaxton, 2008). Furthermore, RNS2, an 

intracellular T2 localized in endoplasmic reticulum (ER) and vacuoles, was indicated as a senescence-

associated and PSI RNase in Arabidopsis. This enzyme is essential for ribosomal RNA (rRNA) recycling 

(Taylor et al., 1993; Hillwig et al., 2011). 

1.3 Purple acid phosphatase upregulation is key aspect of the plant Pi-starvation response 

 APases are a ubiquitous family of enzymes found in all living cells. They act to liberate Pi from a 

broad range of Pi-monoesters with an acidic pH-activity optimum. The upregulation of intracellular and 

secreted APase activity is one of the best characterized adaptive biochemical response of –Pi plants (Tran 

et al., 2010a). rRNA encompasses about 60% of total intracellular Po pool of +Pi plants. During Pi 

deprivation, RNA provides an important source of Pi; in –Pi plants, vacuolar RNases and APases are 

upregulated to release and recycle Pi from expendable intracellular RNA and other Pi-monoesters and 

anhydrides (Yang et al., 2017a). In tomato cell culture, 70 to 80% of intracellular RNase activity exists 

within the vacuoles, and is notably increased under Pi starvation (Abel and Glund, 1987; Loffler et al., 

1992). In addition to RNases, the expression and activity of vacuolar APases is strongly induced in –Pi 

cells (Veljanovski et al., 2006; Hurley et al., 2010). APases are also secreted by –Pi plant cells into the 

CW, apoplast, and rhizosphere to hydrolyze Pi from extracellular Pi-monoesters or anhydrides (Goldstein 

et al., 1988; Duff et al., 1994; Miller et al., 2001). Purple APases (PAPs) represent the largest and most 

important group of plant APases (Tran et al., 2010a). PAPs also occur in mammalian, fungal, and likely 



 

17 

 

in various bacterial cells. Mammalian PAPs of human, pig, rat, mouse and cow cells exhibit >80% 

sequence identity, and are thought to be involved in bone resorption (indicating their significance in 

developing novel treatments for osteoporosis) (Ek-Rylander et al., 1994; Oddie et al., 2000), iron 

transport (Nuttleman and Roberts, 1990), and the generation of reactive oxygen species (ROS) as an 

immune response (Kaija et al., 2002). 

1.3.1 PAP structure 

Evolutionary, PAPs belong to a large group of enzymes that are annotated as 

metallophosphoesterases. This super family is classified into two well characterized groups, 

phosphomonoesterases and phosphodiesterases. PAPs belong to the phosphomonoesterase family, 

members of which also include Ser/Thr protein phosphatases and 5′-nucleotidases (Olczak et al., 2003). 

All members of the metallophosphoesterase group contain a conserved structural motif of the β-α-β-α-β-

fold. Also, common to all metallophosphoesterases is a dimetal center of two closely spaced metal ions 

coordinated at the carboxyl end of the parallel β-strands of the motif, which is required for the proper 

folding of the enzyme as well as its hydrolytic activity. Different metal ions have been identified at the 

dimetal nuclear center of metallophosphoesterases, including Fe2+, Fe3+, Mn2+, Mg2+, Zn2+, Co2+, and Ni2+. 

Metallophosphoesterases contain a conserved sequence, which encompasses five blocks of residues with 

7 invariant amino acids, GDxG-GDx2Y-GNH(D/E)-Vx2H-GHxH, where x, dashes, and bolded letters 

indicate any amino acid, separation between blocks, and metal-ligating residues, respectively (Tyagi et 

al., 2009; Schenk et al., 2013). PAPs are characterized by being insensitive to L-tartrate inhibition3, and 

received their colorful nomenclature as they exhibit a pink or purple color in solution with a characteristic 

absorption maxima (λmax) of 510–560 nm. Fe3+ is one of the metal cation cofactors of all characterized 

PAPs, forming the ‘chromophoric’ site by the charge transfer transition to a conserved tyrosine residue in 

the active site. PAPs are also glycosylated and this feature adds 5 to 10% to their native molecular weight 

                                                        
3 L-tartrate is an inhibitor of all APases activity except PAPs (Schenk et al., 2013).  
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(Schenk et al., 2013). However, the second metal ion 2+ oxidation state is variable in different organisms. 

In animal PAPs, the binuclear active site contains Fe3+-Fe2+ that forms an active redox center to catalyze 

the production of hydroxyl radicals in a Fenton-like reaction (Guddat et al., 1999). In contrast, different 

metal ions have been identified in the active site of plant PAPs. For example, the active site of PAPs in 

red kidney bean (Beck et al., 1986) and soybean (Schenk et al., 1999) contain Fe3+-Zn2+. Different PAP 

isozymes in sweet potato have been identified with either Fe3+-Zn2+ or Fe3+-Mn2+ present in their active 

site (Durmus et al., 1999; Schenk et al., 1999; Schenk et al., 2001). The metal ion specificity of PAPs in 

vivo has been reconstituted in vitro with a variety of metal ion combinations. For example, Zn2+ was 

replaced by Fe2+ in red kidney bean PAP, and the resulting PAP was just as active as the native one. A 

similar result was obtained when the Fe2+ in the active site of pig and bovine PAPs was replaced by Zn2+ 

(Schenk et al., 2013). 

Analysis of plant and animal PAP sequences reveals that they can be divided into two major 

subfamilies, distinguished by their size: low molecular weight (LMW; about 35 kDa) PAPs and high 

molecular weight (HMW; larger than 50 kDa) PAPs. All characterized mammalian PAPs are LMW 

(Guddat et al., 1999; Lindqvist et al., 1999; Uppenberg et al., 1999); however, a HMW PAP-like gene has 

been identified in the human genome, although its function is still unknown (Flanagan et al., 2006). Both 

LMW and HMW PAPs have been identified in plants (Tran et al., 2010a). LMW plant PAPs exist as 35 

kDa monomers, similar to mammalian and bacterial orthologs based on phylogenetic analysis. They are 

known solely from the deduced amino acid sequences and transcript profiling, except for one LMW PAP 

from Arabidopsis, which was originally named AtACP5 (del Pozo et al., 1999) and later changed to 

AtPAP17 based on the most consistent classification done by Li and colleagues (2002) (Fig. 1-4). HMW 

plant PAPs, composed of 45-74 kDa polypeptides, form two types of oligomeric organization. HMW 

plant PAPs can exist as dimers, where dimerization occurs via an intermolecular disulfide bond formed by 

a cysteine residue located near the C terminus. Examples of such HMW PAPs include a red kidney bean 

PAP with two 55 kDa subunits, whose dimerization occurred at C221XPX, and the AtPAP12 homodimer 
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purified and characterized from the culture filtrate of –Pi Arabidopsis suspension cells (Beck et al., 1986; 

Tran et al., 2010b). However, native HMW PAPs can also exist as monomers; e.g. AtPAP25 and 

AtPAP26 purified from the CW of –Pi Arabidopsis (Tran et al., 2010b; Del Vecchio et al., 2014). Amino 

acid sequence analysis revealed that HMW PAPs exhibit ~70% sequence identity. In contrast, HMW and 

LMW plant PAPs exhibit less than 20% sequence identity. Interestingly, plant LMW PAPs share more 

sequence similarity/identity with mammalian LMW PAPs and were originally termed ‘mammalian-like 

plant PAPs’ (Schenk et al., 2000; Schenk et al., 2013).   

1.3.2 PAPs play a central role in plant Pi acquisition and use efficiency 

While secreted PAPs are believed to improve PAE by hydrolyzing Pi from Pi-monoesters located 

in the rhizosphere of  roots of –Pi plants, intracellular PAPs are more important in PUE by remobilizing 

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

leaf senescence (Li et al., 2002; Wu et al., 2003; Zimmermann et al., 2004; Bozzo et al., 2006; Bustos et 

al., 2010; Breeze et al., 2011; Stigter and Plaxton, 2015). PAP isozymes are induced under two different 

levels of control: at the transcriptional level by the action of transcription factors such as PHR1, WRKY7, 

and ZAT9, or post-transcriptionally in which expression of PAP polypeptides is controlled at the 

translational and/or protein turnover level (Rubio et al., 2001; Veljanovski et al., 2006; Tran and Plaxton, 

2008; Tran et al., 2010b). Resupplying –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). 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), as well as tomato (Bozzo et al., 2002; Bozzo et al., 2004; Suen et al., 2015), 

common bean (Liang et al., 2010), tobacco (Lung et al., 2008), soybean (LeBansky et al., 1992), and 

lupin (Miller et al., 2001; Olczak and Watorek, 2003). 
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1.3.3 Arabidopsis thaliana PAPs  

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

distinct phylogenetic groups based on their size and sequence similarity (Fig. 1-4) (Li et al., 2002; Tran et 

al., 2010a). HMW AtPAPs are positioned in groups I and II; group I contains AtPAPs with slightly 

smaller monomer size that of members belonging to group II. Group III is composed of LMW AtPAPs, 

which are also described as mammalian-like AtPAPs. Transcript profiling of the AtPAP family revealed 

that while most are constitutively expressed, several members are predominantly expressed in flower 

tissue (Zhu et al., 2005). Regardless of the tissue type and the developmental stage, relatively high 

transcript levels were observed for several AtPAP genes, such as AtPAP26 and AtPAP18; conversely, 

other AtPAPs, such as AtPAP21 or AtPAP25, exhibited highly specific transcriptional induction during 

certain stages of development. Apart from Pi deprivation, several AtPAP genes are transcriptionally 

responsive to osmotic, salt, drought, or oxidative stress, and pathogen infection (Stigter, 2017). For 

example, the expression of AtPAP5 was significantly increased under Pi starvation as well as following 

infection with Pseudomonas syringae (Ravichandran et al., 2013). An atpap5 T-DNA insertional mutant 

displayed increased susceptibility and reduced tolerance to this pathogen, as indicated by a decrease in the 

expression of the pathogen inducible gene PR1. Similarly,  when the extracellular proteome of 

Arabidopsis infected with Pseudomonas syringae was analyzed using liquid chromatography-tandem 

mass spectrometry (LC-MS/MS), AtPAP10 and AtPAP14 were identified to be upregulated in the 

infected cells (Kaffarnik et al., 2009).  

The transcription of genes involved in salinity stress was compared between Arabidopsis thaliana 

and its closely related crucifer Thellungiella halophila, the latter a native plant of the Canadian Yukon 

which is extremely tolerant to high concentrations of salt, low humidity, lack of nutrients, and low 

temperatures. An AtPAP8 ortholog in Thellungiella was identified as one of the genes that was 
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transcriptionally upregulated threefold compared to Arabidopsis (Gong et al., 2005). This study indicates 

the potential role of AtPAP8 in the plant response to salinity stress.   

Several AtPAP isozymes, including AtPAP2, AtPAP9, AtPAP15, and AtPAP23, have been 

functionally characterized and shown not to be directly involved in the PSR (Olczak et al., 2003; Zhu et 

al., 2005a; Kuang et al., 2009; Sun et al., 2012a; Zamani et al., 2014). Overexpression of AtPAP2 

increased the carbon metabolism efficiency, which was demonstrated in faster growth and higher seed 

yield of the transgenic line compared to the WT (Sun et al., 2012a). The same gene was overexpressed in 

potato (Solanum tuberosum), which resulted in greater yield and tuber starch content; similarly, when 

overexpressed in Camelina sativa, AtPAP2 allowed for greater seed yield and size. The observed 

phenotype is thought to be as a result of increased activity of a sucrose phosphate synthase and sucrose 

transporters mediated by AtPAP2 overexpression. The enhanced activity of the two enzymes resulted in 

greater sucrose synthesis and its transport from leaves to developing seeds (Zhang et al., 2012; Zhang et 

al., 2014a).
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Fig. 1-4. Classification of Arabidopsis thaliana PAPs (AtPAPs) based on clustering analysis of their 

deduced amino acid sequences . The clustering analysis used amino acid sequences of 19 predicted 

PAPs and those of 10 PAPs (AtPAP3, AtPAP7-AtPAP13, AtPAP17, AtPAP18) derived from cDNA 

analysis. AtPAPs possess three main groups (groups I, II, and III), which are further divided into 

subgroups. The bootstrap values for the three main groups are boxed and the bootstrap values for the 

subgroups are indicated by arrows. The predicted molecular masses of the deduced polypeptides are listed 

in the last column. Figure modified from Li et al. (2002)
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AtPAP15 is a non-PSI PAP isozyme that is strongly induced during seed and pollen germination 

(Kuang et al., 2009). AtPAP15 exhibited a higher sequence similarity to PAPs with phytase activity in 

soybean (Hegeman and Grabau, 2001) and tobacco (Lung et al., 2008), than with other Arabidopsis 

PAPs. Phytate occurs as the principle form of Po in many soils as well as the major storage form of Pi in 

seeds and pollens (Maga, 1982; Reddy et al., 1982). The T-DNA insertional mutant lines of atpap15 

exhibited a lower rate of pollen germination compared to their WT counterparts. Additionally, the phytase 

and APase activity were reduced in the germinating pollen and seeds of the atpap15 mutant lines (Kuang 

et al., 2009). Overexpression of AtPAP15 using the 35S cauliflower mosaic virus promoter resulted in an 

increase in salt and osmotic tolerance, as well as a decrease in abscisic acid sensitivity in the transgenic 

line. Moreover, the overexpressed line exhibited a 20-30% decrease in foliar phytate level due to the 

phytase activity of AtPAP15 (Zhang et al., 2008). Although AtPAP15 is considered to be a non-PSI 

enzyme, its activity in mobilizing Pi from phytic acid reservoirs in germinating seeds and pollen indicates 

its important role in PUE. However, two studies also revealed that AtPAP15 can be used to improve PAE 

by –Pi plants. AtPAP15 was overexpressed in soybean, which resulted in enhanced plant dry weight as 

well as P content when the transgenic soybean line was grown in soil with phytate as the sole source of 

external P (Wang et al., 2009; Xie et al., 2015). Interestingly, a tobacco PAP with phytase activity was 

identified in roots that is likely involved in Pi mobilization from soil Po (Lung et al., 2008). A 

bioinformatic analysis of the soybean PAP family indicated that GmPAP29, which possesses phytase 

activity (Hegeman and Grabau, 2001), clustered with GmPAPs 19, 22 and 31, AtPAPs 13, 15 and 23, and 

OsPAPs 15 and 23 to form subgroup Ib-1. GmPAPs with phytase activity exhibited the lowest response to 

Pi deficiency and the highest expression in flowers and pods, similar to AtPAP15 (Hegeman and Grabau, 

2001).  

Seven members of the Arabidopsis PAP family (AtPAPs 6, 11, 14, 19, 23, 24 and 25) are 

preferentially expressed in flowers, among which the potential function of AtPAP23 was investigated 

(Zhu et al., 2005a). Tissue- and cell-specific expression of AtPAP23 promoter was studied using the β-
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glucuronidase (GUS) reporter system, and revealed its strong expression within the flower apical 

meristem. Despite its high transcription level in WT Arabidopsis flowers, the atpap23 T-DNA line, as 

well as the overexpressed line, did not significantly impact the flower development or plant growth. 

However, GmPAP4 is a soybean AtPAP23 ortholog that was overexpressed in Arabidopsis, and improved 

the extracellular phytase activity of the transgenic line (Kong et al., 2014). It is important to note that in 

the Arabidopsis genome, AtPAP23 is most closely related to AtPAP15, a well-known PAP with phytase 

activity. This suggests a possible phytase activity role for AtPAP23 (Fig. 1-4).  

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

(i.e. CW, apoplast, and rhizosphere) Arabidopsis PAP isozymes during Pi deficiency or leaf senescence; 

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

Robinson et al., 2012b; Wang et al., 2014), AtPAP17 (del Pozo et al., 1999; Stigter, 2017), 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). As discussed below, AtPAP12 and AtPAP26 are the two 

predominant AtPAP isozymes involved in the Arabidopsis PSR (Veljanovski et al., 2006; Tran and 

Plaxton, 2008; Hurley et al., 2010; Tran et al., 2010b; Robinson et al., 2012b; Wang et al., 2014). The 

central role of these two AtPAP isozymes in Arabidopsis PAE and PUE 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 Arabidopsis PAP isozymes 

(Bozzo et al., 2002; Veljanovski et al., 2006; Tran and Plaxton, 2008; Tran et al., 2010b; Del Vecchio et 

al., 2014); their key Pi scavenging and recycling roles during Pi stress were initially underestimated by 

the genetic/molecular approach favored by most labs investigating Arabidopsis’ PSR and stress 
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responses. Purification of native AtPAP12 and AtPAP26 also facilitated characterization of their 

respective physical, immunological, and kinetic properties (Veljanovski et al., 2006; Tran et al., 2010b). 

1.3.4 AtPAP26 is the principal vacuolar PAP and a major secreted PAP isozyme upregulated 

during Pi-deprivation or leaf senescence 

Biochemical, proteomic, and loss-of-function mutant studies have provided definitive evidence 

that AtPAP26 is the predominant vacuolar, as well as a major secreted APase isozyme upregulated by 

Arabidopsis during Pi-deprivation or leaf senescence (Veljanovski et al., 2006; Hurley et al., 2010; Tran 

et al., 2010b; Robinson et al., 2012a; Wang et al., 2014). A five-fold increase in extractable APase 

activity of –Pi Arabidopsis suspension cells was accompanied by a similar increase in the levels of 55 

kDa anti-(AtPAP26)-IgG immunoreactive polypeptides, as well as a 35-fold reduction in the intracellular 

free Pi concentration relative to +Pi cells (Veljanovski et al., 2006). The protein responsible for this 

activity was fully purified from the –Pi cells, and shown to exist as a homodimer composed of 55-kDa 

glycosylated subunits which were identified as AtPAP26 by N-terminal sequencing and BLAST analysis. 

Interestingly, shoot and root AtPAP26 transcript levels remained relatively high and invariant irrespective 

of nutritional Pi status, which indicates post-transcriptional control of AtPAP26 expression during Pi 

deprivation (Veljanovski et al., 2006; Tran et al., 2010b). Transcript profiling of the AtPAP family and 

AtPAP26 promoter-GUS fusion assays confirmed that AtPAP26 is constitutively expressed in all tissues 

and cell types (Zhu et al., 2005; Robinson et al., 2012b). Similarly, several recent proteomic documented 

that many proteins are also controlled post-transcriptionally mainly at the level of protein accumulation in 

plants responding to changes in environmental Pi availability (e.g. see Tran and Plaxton, 2008). This 

highlights the need to integrate transcript profiling with proteomic studies of the plant PSR. This is 

particularly relevant for deciphering the plant PSR in which many studies have focused on identifying 

genes whose transcripts differentially accumulate during Pi deprivation. Furthermore, transcript profiling 

provides no information about the subcellular location or biochemical properties of gene products, or 

PTMs that may be essential for their function.  
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Transient expression of an AtPAP26-GFP fusion construct coupled with imaging via 

epifluorescence microscopy confirmed AtPAP26’s vacuolar localization (designated as AtPAP26-V) 

(Hurley et al., 2010). As AtPAP26-V exhibited optimal APase activity at pH 5.6 and broad substrate 

selectivity it was hypothesized to recycle Pi from expendable intracellular Pi-esters in –Pi Arabidopsis. 

Purified AtPAP26-V also demonstrated alkaline peroxidase activity indicating that it might also 

participate in the metabolism of reactive oxygen species (Veljanovski et al., 2006), particularly during 

senescence when vacuolar integrity is compromised. Subsequent analyses of atpap26 loss-of-function T-

DNA mutants lacking AtPAP26 transcripts and immunoreactive AtPAP26 polypeptides corroborated the 

earlier biochemical study of Veljanovski and co-workers (2006) by proving that AtPAP26-V is the 

principal contributor to intracellular APase activity upregulated by shoots and roots of –Pi Arabidopsis 

seedlings (Hurley et al., 2010; Wang et al., 2014). The atpap26 mutants also exhibited: (i) impaired shoot 

and root development when subjected to Pi deficiency (Hurley et al., 2010; Wang et al., 2014), and (ii) 

delayed leaf senescence, which was paralleled by drastically reduced intracellular and CW APase activity, 

and Pi remobilization efficiency of the senescing leaves (Robinson et al., 2012a; Shane et al., 2014). By 

contrast, no deleterious impact of AtPAP26 loss-of-function occurred under +Pi conditions (except during 

leaf senescence), or during potassium- or nitrogen-limited growth, or oxidative stress (Hurley et al., 2010; 

Robinson et al., 2012b; Wang et al., 2014). 

1.3.5 AtPAP12 and a pair of putative AtPAP26 glycoforms are secreted into the apoplast and cell 

walls of Pi-deprived Arabidopsis to scavenge Pi from extracellular Pi-esters 

Following the example of Veljanovski et al. (2006), Tran et al. (2010b) and Del Vecchio et al. 

(2014) respectively purified, biochemically characterized, and identified the predominant APases secreted 

into culture media and CWs of –Pi Arabidopsis suspension cells. A marked increase in secreted APase 

activity of –Pi Arabidopsis roots and suspension cells was correlated with the appearance of 60- and 55 

kDa immunoreactive polypeptides on immunoblots of secretome proteins probed with rabbit antibodies 

raised against AtPAP26 and AtPAP12, respectively (Tran and Plaxton, 2008; Tran et al., 2010b). The 
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predominant secreted APases of the –Pi suspension cells were then fully purified, identified, and 

characterized as an AtPAP12 homodimer and AtPAP26 monomer composed of glycosylated 60  and 55 

kDa subunits, respectively (Tran et al., 2010b; Del Vecchio et al., 2014). Secreted AtPAP12 and 

AtPAP26 are true PAPs, as the purified APases were pink in solution and insensitive to tartrate inhibition. 

Their overlapping but non-identical substrate selectivities and pH-activity profiles, and high specific 

APase activities led to the hypothesis that their combined activities allow –Pi Arabidopsis to efficiently 

scavenge Pi from a wide range of extracellular P-esters over a broad pH range (Tran et al., 2010b). An 

unexpected finding was that AtPAP26 is upregulated and dual-targeted to both the cell vacuole and 

secretome during Pi deprivation or leaf senescence. This was corroborated by the absence of AtPAP26 

polypeptides on secretome or CW immunoblots of –Pi or senescing atpap26 mutant seedlings (Tran et al., 

2010b; Shane et al., 2014). To further investigate the role of AtPAP12 and AtPAP26 in Arabidopsis PAE, 

seedlings were cultivated in a medium supplemented with exogenous glycerol-3-P or herring sperm DNA 

as their sole source of P nutrition (Robinson et al., 2012b). This study demonstrated that Arabidopsis 

seedlings were capable of substituting Pi with the provided Po via the upregulation and secretion of  

AtPAP12 and AtPAP26. Furthermore, when the atpap12 and atpap26 T-DNA insertion mutants were 

hydroponically cultivated in –Pi /+glycerol-3-P or –Pi/+DNA liquid medium, AtPAP26 partially 

compensated for the absence of AtPAP12 and vice versa (Robinson et al., 2012b). However, development 

of –Pi atpap12/atpap26 double knockout seedlings was severely disrupted relative to the corresponding 

single mutants when cultivated on a Po-containing soil mix lacking soluble Pi (Robinson et al., 2012b). 

This study highlighted the central role of AtPAP12 and AtPAP26 in Pi acquisition from Po compounds 

available in soil. 

AtPAP12 and AtPAP26 transcript levels of +Pi and –Pi Arabidopsis seedlings and cell cultures 

were assessed using semi-quantitative RT-PCR. Similar to its polypeptide level, AtPAP12 transcripts 

exhibited a marked increase during Pi stress (Tran et al., 2010b). The tissue specificity of AtPAP12 and 

AtPAP26 expression was also compared using AtPAP12:GUS and AtPAP26:GUS transgenic lines, 
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cultivated on four different kinds of media: (i) +Pi, (ii) –Pi, and (iii) –Pi media supplemented with 

glycerol-3-P or herring sperm DNA (Robinson et al., 2012b). Widespread GUS activity was observed for 

the AtPAP26:GUS transgenic plants, regardless of the P status. However, the undetectable GUS activity 

of +Pi AtPAP12:GUS plants, was remarkably induced when cultivated on –Pi, –Pi /+glycerol-3-P or –

Pi/+DNA media (Robinson et al., 2012b). This study was the first evidence of PSI enzyme induction 

(AtPAP12) during plant cultivation in –Pi/+Po conditions. 

1.3.6 Several other AtPAP isozymes are also upregulated during Pi deprivation 

Using genetic and molecular approaches, AtPAP10 was identified as a HMW PSI AtPAP that 

predominantly associates with the root surface to make –Pi Arabidopsis more efficient in Pi acquisition 

(Wang et al., 2011; Wang et al., 2014). AtPAP10 is a non-specific APase that utilizes a variety of Pi-ester 

substrates. During Pi starvation, the induction of AtPAP10 appears to be controlled at both the 

transcriptional and post-transcriptional levels (Wang et al., 2011; Wang et al., 2014; Zhang et al., 2014b). 

Local low Pi stimulates ethylene biosynthesis and signaling; induced ethylene was shown to regulate 

genes involved in the PSR and RSA modification (Lei et al., 2011b; Nagarajan and Smith, 2012). 

Utilizing an Arabidopsis mutant that is insensitive to ethylene, Zhang and colleagues (2014b) determined 

that ethylene increases the APase activity of AtPAP10 during Pi starvation; however, the transcript and 

protein level of AtPAP10 remained the same between the mutant line and WT seedlings. This indicated 

that ethylene may control the activity of AtPAP10 at the PTM level. Several studies have described 

sucrose as a systemic signal that is transported from shoot to root to regulate the induction of PSI genes 

during Pi deprivation (Liu et al., 2005; Chiou and Lin, 2011; Lei et al., 2011a). Knocking out the sucrose 

transporter2 gene in Arabidopsis prevented sucrose translocation from shoots to roots, which resulted in 

elimination of APase activity on the root surface (Zhang et al., 2014b). This work indicated that both 
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local4 and systemic5 signaling regulate the induction and activity of AtPAP10 during Pi starvation (Zhang 

et al., 2014b).  

By disrupting AtPAP10 function, the no acid phosphatase activity 1 (nop1) T-DNA mutant line 

failed to exhibit BCIP6-dependent APase activity on the root surface of –Pi plants. This line was used to 

further characterize the role of AtPAP10 within the PSR. Under +Pi conditions, nop1 did not reveal any 

significant phenotype compared to WT. Similarly, 7 days of Pi deficiency did not impact the phenotype of 

nop1. However, after 14 days in –Pi conditions, plates containing the nop1 seedlings exhibited a 

significant reduction in the fresh weight of shoot and root tissue compared to WT controls (Wang et al., 

2011). Although AtPAP10 overexpression lines exhibited higher APase activity, no obvious 

morphological differences were observed between the nop1 atpap10 knockout line, the overexpressed 

lines, and WT plants grown in +Pi medium. However, root size and fresh weight were increased in the 

overexpressed lines compared to the nop1 knockout line and the WT controls, both in –Pi medium and    

–Pi medium supplemented with ADP as the sole source of P. However, regardless of P status in the 

medium, total P and cellular Pi contents were unchanged in the knockout, overexpressed and WT lines 

(Wang et al., 2011). These results indicate that AtPAP10 functions in PAE, but not in PUE, which is 

crucial to keep the intracellular Pi concentration at an optimal level for plant growth and development. 

Other AtPAPs (i.e. AtPAP26) might be more involved in PUE during Pi deprivation, even if the function 

of AtPAP10 is interrupted. Interestingly, AtPAP10, AtPAP12, and AtPAP26 are closely related paralogs 

belonging to AtPAP subgroup I-a2 (Fig. 1-4), indicating that these secreted PSI PAPs evolved from a 

common ancestor.  

AtPAP17 is the only AtPAP known to be upregulated during Pi deprivation, leaf senescence, and 

oxidative stress conditions (del Pozo et al., 1999; Robinson et al., 2012a). del Pozo and colleagues (1999) 

                                                        
4 Local signaling refers to a response that is established by the local Pi status. 
5 Systemic (or long-distance) signaling involves a complex network of signal transduction that leads to the 
activation of PSR genes throughout the entire plant.  
6 5-bromo-4-chloro-3-indolyl phosphate. 
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first purified AtPAP17 from the intracellular fraction of –Pi Arabidopsis seedlings. As transcripts 

encoding the 34 kDa LMW AtPAP17 (Fig. 1-4) are strongly induced during Pi deprivation or leaf 

senescence, AtPAP17 was hypothesized to make an important contribution to Arabidopsis PAE and PUE. 

Nevertheless, atpap17 T-DNA mutants failed to exhibit any obvious alteration in intra- or extracellular 

APase activity or growth difference relative to WT plants during cultivation under +Pi or –Pi conditions 

(Stigter, 2017). Similar to mammalian PAPs, AtPAP17 was also suggested  to function as an alkaline 

peroxidase during oxidative stress induced by H2O2 (del Pozo et al., 1999). The alkaline peroxidase 

activity of several plant PAPs suggests that these enzymes may also contribute to the generation of ROS 

during different abiotic and biotic stresses, including pathogen attack (Wojtaszek et al., 1997; del Pozo et 

al., 1999; Bozzo et al., 2004; Veljanovski et al., 2006).  

HMW AtPAP25 has also been purified and characterized from the CW of –Pi Arabidopsis 

suspension cells (Del Vecchio et al., 2014). The PAP exists as a 55 kDa monomer, containing complex-

type N-glycans at Asn424. Transcript profiling and immunoblotting with anti-AtPAP25 immune serum 

indicated that AtPAP25 is exclusively synthesized under –Pi conditions. Coupled with AtPAP25’s potent 

mixed-type (allosteric) inhibition by Pi (I50 = 50 µM), this indicated a very tight feedback control by Pi 

that would prevent AtPAP25 from being synthesized or functioning as an APase except when Pi levels 

are very low. Promoter:GUS reporter assays revealed striking AtPAP25 expression in shoot vascular 

tissue of –Pi plants. Development of an atpap25 T-DNA insertion mutant was completely blocked during 

growth on soluble Pi-deficient soils, but rescued upon Pi fertilization or complementation with AtPAP25 

(Del Vecchio et al., 2014). Purified AtPAP25 exhibited near optimal phosphatase activity with several 

phosphoamino acids and phosphoproteins. Transcript profiling by qPCR indicated that Pi starvation 

signaling was also disrupted in the atpap25 mutant. AtPAP25 was therefore hypothesized to play an 

important signalling role during Pi-deprivation by functioning in CWs of vascular tissue as a 

phosphoprotein phosphatase, rather than as a non-specific scavenger of Pi from extracellular Po 

compounds (Del Vecchio et al., 2014). 
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1.3.7 AtPAP12 and AtPAP26 orthologs of other plants species 

Phylogenic analysis of AtPAP12 and AtPAP26 indicated that each isozyme clusters with their 

close ortholog from other plant species, such as maize, rice, and potato, to create two plant PAP 

subfamilies (Tran et al., 2010b). AtPAP12 and AtPAP26 share 57% amino acid sequence identity, as 

opposed to much higher identities (64-88%) with their respective orthologs from other plants (Tran et al., 

2010a). This high degree of sequence identity across dicots and monocots implies an important and 

conserved function for AtPAP12 and AtPAP26 orthologs within the plant kingdom. It is thus not 

surprising that secreted, PSI AtPAP12 and AtPAP26 orthologs have been characterized from other 

species, including white lupin (Wasaki et al., 2000; Wasaki et al., 2008), tobacco (Kaida et al., 2010), 

barrel medic (Xiao et al., 2006), and tomato (Bozzo et al., 2002; Bozzo et al., 2006). Overexpression of a 

lupin AtPAP12 ortholog (LaSAP2) in tobacco resulted in increased Pi uptake when the transgenic plant 

was cultivated in –Pi conditions (Wasaki et al., 2009). Secreted OsPAP26, a rice AtPAP26 ortholog, 

exhibited analogous responses to Pi starvation and leaf senescence (Gao et al., 2017). For example, like 

AtPAP26, OsPAP26 was constitutively expressed in all tissues, and the abundance of OsPAP26 

transcripts was unaffected by Pi supply (although its activity and polypeptide levels were considerably 

upregulated following Pi deprivation). However, OsPAP26 transcript levels were enhanced in senescing 

rice leaves (Gao et al., 2017), as previously documented for AtPAP26 mRNA in senescing Arabidopsis 

leaves (Robinson et al., 2012a). Ospap26 mutants were impaired in Pi scavenging during Pi deprivation 

or leaf senescence, whereas an OsPAP26 overexpression line was more efficient in Pi remobilization 

from senescing leaves, and exhibited improved plant growth when cultivated under –Pi conditions. 

Moreover, the overexpressed line showed an improved ability to mobilize Pi from exogenous Po 

compounds, such as ATP (Gao et al., 2017). The overall results suggested that OsPAP26 plays a crucial 

role in rice PAE and PUE, as AtPAP26 does in Arabidopsis. 
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1.3.8 AtPAP26 appears to be secreted as a pair of differentially glycosylated ‘glycoforms’ by Pi-

deprived Arabidopsis 

Using lectin affinity chromatography on concanavlin-A (Con-A) Sepharose, a pair of putative 

AtPAP26 glycoforms (AtPAP26-S1 and AtPAP26-S2) were purified from clarified cell culture filtrates 

(CCF) and CW extracts of –Pi Arabidopsis suspension cells (Tran et al., 2010b; Del Vecchio et al., 2014). 

In contrast to AtPAP26-S1, AtPAP26-S2 bound to the Con-A ligand as well as Galanthus nivalis 

agglutinin-related (GNA) lectin, suggesting that it is a high mannose glycoform (Fig. 1-5). An immediate 

application of pooled AtPAP26-S1 fractions on a second, freshly prepared Con-A column led to 

quantitative recovery of AtPAP26-S1 in the resultant unbound fractions, indicating that its inability to 

bind to the Con-A matrix was not due to column overloading. Differential glycosylation appeared to 

modulate AtPAP26-S1 versus AtPAP26-S2 substrate selectivities (Tran et al., 2010b). This may be 

caused by steric hindrance of substrate binding to AtPAP26. Detection of purified AtPAP26-S1 and 

AtPAP26-S2 with the glycoprotein stain Pro-Q Emerald confirmed that they are glycosylated (Tran et al., 

2010b). Differential glycosylation was hypothesized to allow –Pi Arabidopsis cells to generate an 

assortment of AtPAP26 glycoforms, resulting in a single gene product exhibiting diverse dynamic and 

functional activities, while allowing for differential AtPAP26 targeting to various parts of the cell (i.e. 

vacuole, CW, and secretome/apoplast) to recycle or scavenge Pi during Pi deprivation (Tran et al., 

2010b). However, the determination of glycan structures and linkages at each N-linked glycosylation site 

is required to confirm and further characterize the secretion of AtPAP26 glycoforms by –Pi Arabidopsis. 

The use of glycosylation to control enzyme turnover, localization, association with binding partners, 

and/or activity may transcend PAPs and Pi starvation. Differential glycosylation, as determined by 

primary amino acid sequence and environmental conditions, can allow eukaryotic cells to generate an 

assortment of glycoforms resulting in a single gene product exhibiting diverse dynamic and functional 

activities (Strasser, 2016). 
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Fig. 1-5. Purification of a pair of putative AtPAP26 glycoforms from cell culture filtrates of –Pi 

Arabidopsis suspension cells. (a) Con-A Sepharose elution profile of pooled AtPAP26 peak fractions 

obtained following Fractogel-SO3
- cation-exchange FPLC of CCF from –Pi Arabidopsis cell cultures 

(Tran et al., 2010b). The first eluted protein peak showed APase activity and was designated as AtPAP26-

S1, which failed to bind to the resin. The second protein and APase activity peak eluted when a gradient 

of 0-500 mM methyl-ɑ-D-mannopyranoside was applied (indicated by the dashed line), and was 

designated as AtPAP26-S2. APase activity and A280 values are indicated by dotted and solid lines, 

respectively. (b) An illustration of the Con-A Sepharose lectin affinity chromatography step used to 

resolve AtPAP26-S1 from AtPAP26-S2. 
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1.4 Thesis Objectives 

As outlined above, integrated biochemical, cell biology, and functional genomic studies have 

established: (i) AtPAP26 a the predominant intracellular (vacuolar) and secreted APase isozyme 

upregulated during Arabidopsis Pi deprivation or leaf senescence, and (ii) that AtPAP26 plays a central 

role in Arabidopsis PAE and PUE (Veljanovski et al., 2006; Hurley et al., 2010; Tran et al., 2010b; 

Robinson et al., 2012a; Wang et al., 2014). The initial objective of this thesis was to test the hypothesis 

that –Pi Arabidopsis secretes AtPAP26 as a pair of distinct glycoforms, in which AtPAP26-S2 is 

modified by the addition of extra mannose residues to form high-mannose glycans. During its isolation 

from the CCF or CW of –Pi Arabidopsis suspension cells AtPAP26-S2 extensively co-purified with a 

GNA-lectin encoded by gene locus At1g78850 (designated as AtGAL1) (Tran, Del Vecchio, and Plaxton, 

unpublished research). Lectins are proteins that reversibly and non-enzymatically bind to specific 

carbohydrate structures, which could be glycans of glycoproteins and glycolipids or free carbohydrates 

(Eggermont et al., 2017). GNA-lectins selectively bind glycoproteins modified with high-mannose type 

glycans (Fig. 1-6). Modification of glycoprotein activities and physico-chemical properties by lectins has 

been well established. This includes several partially purified, glycosylated plant APases that were 

activated up to 60% by an unspecified endogenous lectin (Ferens and Morawiecka, 1985; Wierzba-

Arabska and Morawiecka, 1987; Aoyama et al., 2001). Specific aims for my PhD thesis research were 

therefore as follows: 

1. To employ high-resolution LC-MS/MS to compare glycan structures and N-linked attachment sites 

of AtPAP26-S1 and –S2, as well as related physico-chemical properties of the two glycoforms fully 

purified from CW extracts of –Pi Arabidopsis suspension cells. 

2. To test the hypothesis that AtGAL1 selectively binds AtPAP26-S2 in vitro and in vivo, and that this 

this association enhances AtPAP26’s ability to scavenge Pi from Pi-monoesters. Although AtGAL1 

has been detected at transcriptome and/or proteome levels in numerous studies (Chivasa et al., 

2002; Borderies et al., 2003; Ndimba et al., 2003; Boudart et al., 2005a; Jaquinod et al., 2007), 
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there have been no subsequent reports of its biochemical or functional properties. Related 

objectives were therefore to study AtGAL1’s physical (including PTMs) and immunological 

properties, subcellular targeting, as well as the impact of: (i) Pi deprivation on expression of 

AtGAL1 transcripts and polypeptides in Arabidopsis suspension cells and seedlings, and (ii) 

AtGAL1 loss-of-function on the development of +Pi versus –Pi Arabidopsis seedlings. 

 

 

Fig. 1-6. Schematic model of glycoprotein recognition by GNA-lectins. Proteins of GNA-lectin family 

bind specifically to high-mannose carbohydrates. Green balls, blue squares, and red triangle represent 

mannose, N-Acetylglucosamine, and fucose, respectively. 
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Chapter 2 

A glycoform of the secreted purple acid phosphatase AtPAP26 co-purifies with a mannose-

binding lectin (AtGAL1) upregulated by phosphate-starved Arabidopsis 

Mina Ghahremani, Hue Tran, Sanaz Biglou, Bryden O’Gallagher, Yi-Min She, and William C. 

Plaxton (2018) Plant, Cell & Environment (in press) 

Abstract 

The purple acid phosphatase AtPAP26 plays a central role in Pi-scavenging by Pi-starved (–Pi) 

Arabidopsis. Mass spectrometry (MS) of AtPAP26-S1 and AtPAP26-S2 glycoforms secreted by –Pi 

suspension cells demonstrated that N-glycans at Asn365 and Asn422 were modified in AtPAP26-S2 to form 

high-mannose glycans. A 55 kDa protein that co-purified with AtPAP26-S2 was identified as a Galanthus 

nivalis agglutinin-related and apple domain lectin-1 (AtGAL1; At1g78850). MS revealed that AtGAL1 

was bisphosphorylated at Tyr38 and Thr39, and glycosylated at four conserved Asn residues. When AtGAL 

was incubated in the presence of a thiol-reducing reagent prior to immunoblotting, its cross-reactivity 

with anti-AtGAL1-IgG was markedly attenuated (consistent with three predicted disulfide bonds in 

AtGAL1’s apple domain). Secreted AtGAL1 polypeptides were upregulated to a far greater extent than 

AtGAL1 transcripts during Pi deprivation, indicating post-transcriptional control of AtGAL1 expression. 

Growth of a –Pi atgal1 mutant was unaffected, possibly due to compensation by AtGAL1’s closest 

paralog, AtGAL2 (At1g78860). Nevertheless, AtGAL1’s induction by numerous stresses combined with 

the broad distribution of AtGAL1-like lectins in diverse species implies an important function for 

AtGAL1 orthologs within the plant kingdom. We hypothesize that binding of AtPAP26-S2’s high-

mannose glycans by AtGAL1 enhances AtPAP26 function to facilitate Pi-scavenging by –Pi Arabidopsis. 

2.1 Introduction  

Acid phosphatases (APases; E.C. 3.1.3.2) catalyze the hydrolysis of orthophosphate (Pi) from Pi-

monoesters and anhydrides with an acidic pH optima. They function in the production and recycling of Pi, 
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a crucial but environmentally limiting macronutrient for crop growth. Purple APases (PAPs) represent the 

largest class of non-specific plant APase, and are characterized by their pink or purple color in solution 

(due to the presence of a bimetallic center in their active site), and insensitivity to L-tartrate inhibition 

(Tran et al., 2010a). Upregulation of intracellular and secreted PAPs is a universal plant response to Pi 

deprivation, a frequent stress that compromises plant productivity in natural ecosystems. Effective 

biotechnological strategies are needed to engineer Pi-efficient transgenic crops to ensure agricultural 

sustainability and a reduction in Pi fertilizer overuse. Transgenic PAP expression offers a promising 

strategy for improving crop Pi-acquisition efficiency since up to 80% of soil P consists of inaccessible 

organic Pi-esters until hydrolyzed by secretory PAPs (Tran et al., 2010a). 

Genome annotation identified 29 putative PAP genes in the model plant Arabidopsis thaliana. 

Integrated biochemical, cell biology, and functional genomic studies have established the dual-targeted 

AtPAP26 as the predominant intracellular (vacuolar) and secreted APase isozyme upregulated by Pi-

deprived (–Pi) Arabidopsis (Veljanovski et al., 2006; Hurley et al., 2010; Tran et al., 2010b; Robinson et 

al., 2012b; Wang et al., 2014). atpap26 T-DNA insertion mutants exhibited large reductions in shoot, 

root, and root-secreted APase activities, as well as an impaired ability to scavenge Pi from extracellular 

organic-P compounds (Hurley et al., 2010; Tran et al., 2010b; Robinson et al., 2012b; Wang et al., 2014). 

AtPAP26 was also strongly upregulated on root surfaces and in cell walls of –Pi seedlings (Robinson et 

al., 2012b; Wang et al., 2014). Cell wall-associated AtPAP26 of aerial tissues was hypothesized to recycle 

Pi from Pi-esters leaked into cell walls from the cytoplasm (Robinson et al., 2012b). Vacuolar and cell 

wall targeted AtPAP26 were also strongly upregulated by senescing leaves of Pi-sufficient (+Pi) plants to 

remobilize Pi from endogenous Pi-ester pools (Robinson et al., 2012a; Shane et al., 2014). Senescing 

leaves of an atpap26 T-DNA mutant displayed a >90% decrease in extractable APase activity, impaired 

Pi-remobilization efficiency, and delayed senescence (Robinson et al., 2012a). The collective results have 

defined AtPAP26 as a principal contributor to intra- and extracellular APase activity, and that AtPAP26 

loss-of-function elicits dramatic effects on Arabidopsis Pi metabolism that cannot be compensated for by 
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any other AtPAP isozyme. Similarly, OsPAP26, SgPAP26, and PvPAP1 are AtPAP26 orthologs of rice 

(Oryza sativa), stylo (Stylosanthes guianensis), and common bean (Phaseolus vulgaris), respectively, that 

are also upregulated during Pi deprivation to scavenge Pi from organic Pi-esters (Liang et al., 2012; Liu et 

al., 2016; Gao et al., 2017).  

It is notable that native AtPAP26 is secreted as a pair of apparent glycoforms (AtPAP26-S1 and 

AtPAP26-S2) into cell culture filtrates (CCFs) and cell walls of –Pi Arabidopsis suspension cells (Tran et 

al., 2010b; Del Vecchio et al., 2014). Differential glycosylation appeared to modulate AtPAP26-S1 versus 

AtPAP26-S2 substrate selectivities (Tran et al., 2010b). Co- and posttranslational glycosylation were 

hypothesized to mediate functional diversity of secreted AtPAP26 glycoforms of –Pi Arabidopsis. The 

initial objective of the current study was to employ high-resolution liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) to compare glycan structures of AtPAP26-S1 and –S2 glycoforms fully 

purified from cell wall extracts of –Pi Arabidopsis suspension cells. Both glycoforms were shown to 

contain the same three N-linked glycosylation sites at the canonical consensus sequence N-X-(S/T), 

where ‘X’ is any amino acid except proline (Ghahremani et al., 2016; Zeng et al., 2018). However, 

glycans at Asn365 and Asn422 were extensively modified in AtPAP26-S2 to form high-mannose glycans. A 

Pi-starvation inducible and phosphotyrosylated glycoprotein that extensively co-purified with AtPAP26-

S2 during its isolation from CCF or cell wall extracts of the –Pi Arabidopsis cells was fully purified and 

identified as a lectin (At1g78850) that we have designated as AtGAL1. Lectins are ubiquitous 

carbohydrate-binding proteins that mediate many important biological processes owing to their high 

affinity and specificity for the glycans of glycoproteins (Van Damme et al., 2008). AtGAL1 belongs to 

Arabidopsis’ Galanthus nivalis agglutinin-related (GNA) and apple domain lectin family, whose GNA 

domain binds high-mannose glycans (Van Damme et al., 2008). Our companion paper reports that 

AtGAL1 specifically associates with AtPAP26-S2, and that this interaction significantly enhances the 

APase activity and thermal stability of AtPAP26-S2 (Ghahremani et al., 2018a). To our knowledge, the 

current study provides the first definitive evidence for involvement of secreted glycoforms, lectins, or a 
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phosphotyrosylated protein in plant Pi-starvation responses, while representing the first purification and 

characterization of a GNA-apple domain lectin from any species. 

2.2 Materials and Methods 

2.2.1 Plant materials 

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

maintained at 21 °C in the dark as previously described (Veljanovski et al., 2006). For large-scale –Pi 

subculture, 100 mL aliquots of 7-d-old +Pi (5 mM K2HPO4) cultures were used to inoculate 12 separate 

Fernbach flasks each containing 400 mL of fresh Murashige-Skoog media lacking Pi (Caisson Labs, 

Smithfield, Utah). Cells were harvested after 7 d by filtration, frozen in liquid N2, and stored at -80 °C.   

For routine plant growth and mutant isolation, Arabidopsis (Col-0) seeds were sown in a standard 

soil mixture (Sunshine Aggregate Plus Mix 1; SunGro, Abbotsford, BC, Canada) and stratified for 3-d at 

4 °C. Plants were cultivated in a growth chamber at 24 °C (10 h light/14 h dark photoperiod at 100 µmol 

m-2 s-1 photosynthetically active radiation), and fertilized biweekly by subirrigation with 0.25x Hoagland’s 

medium (pH 6.0). To assess the influence of Pi-deprivation on soil-grown plants, seedlings were 

established for 7-d on 0.8% (w/v) agar plates containing 0.5x Murashige-Skoog media (pH 5.7), and 1% 

(w/v) sucrose, before being transplanted into a 75% to 85% sphagnum peat moss/perlite soil mix lacking 

all soluble nutrients (Sunshine Mix 2; SunGro). Plants were grown for an additional 21-d and fertilized as 

above with 0.25x Hoagland’s medium (pH 6.0) containing either 0 or 2 mM KH2PO4. For liquid cultures 

seeds (5 mg) were surface-sterilized, stratified, transferred to 250 mL Magenta boxes containing 50 mL of 

0.5x Murashige-Skoog media (pH 5.7), 1% (w/v) sucrose and 0.2 mM KH2PO4, and placed on an orbital 

shaker (80 rpm) at 24 °C under continuous illumination (100 µmol m-2 s-1). After 7-d, the medium was 

replaced with 75 mL of fresh media containing either 0 or 1.5 mM KH2PO4. After 14 d the seedlings were 

rinsed, blotted dry, snap-frozen in liquid N2, and stored at -80 °C. Stratified seeds were also germinated 

on 0.8% (w/v) agar plates (micropropagation type I agar, Caisson Labs) containing 0.5x Murashige-

Skoog medium (pH 5.7) and 1% w/v sucrose and incubated at 24 oC in the dark for 2 d.  Germinated 
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seedlings of similar size were transferred to vertically-oriented 1% (w/v) agar plates containing 0.5x 

Murashige-Skoog medium lacking Pi and 1% (w/v) sucrose, supplemented with either 0 or 1.5 mM 

KH2PO4 and cultivated for 14-d at 24 °C under continuous illumination (100 µmol m-2 s-1). 

2.2.2 Acid phosphatase activity assays 

APase activity was determined by coupling the hydrolysis of phosphoenolpyruvate to pyruvate to 

the lactate dehydrogenase reaction and assaying at 24 °C by monitoring the oxidation of NADH at 340 

nm using a Molecular Devices Spectromax Plus Microplate spectrophotometer. Optimal APase assay 

conditions were: 50 mM Na-acetate (pH 5.6), 5 mM phosphoenolpyruvate, 0.2 mM NADH, and 3 units of 

rabbit muscle lactate dehydrogenase in a final volume of 0.2 ml. Assays were corrected for any 

background NADH oxidation by omitting phosphoenolpyruvate from the reaction mixture. All enzyme 

assays were linear with respect to time and concentration of enzyme assayed. One unit of activity is 

defined as the amount resulting in the utilization of 1 µmol min-1 of substrate at 24 °C. 

2.2.3 Purification of AtPAP26 glycoforms and AtGAL1 from cell wall extracts and cell culture 

filtrates of Pi-starved Arabidopsis suspension cells 

All chromatography steps were carried out at 24 °C using an ÄKTA Purifier FPLC system (GE 

Healthcare, Montreal, QC, Canada). Centrifugation steps were at 20,000 g for 20 min at 4 °C. Protein 

concentration was performed using Amicon stirred cell ultrafiltration or Millipore Ultra-15 centrifugal 

filter units (30 kDa cut-off). AtPAP26-S1 and –S2 were purified from cell wall extracts of the –Pi 

suspension cells as previously described (Del Vecchio et al., 2014), but with the following modifications. 

–Pi cells (1 kg) were incubated overnight at 4 oC in 1 L of 5 mM HEPES-NaOH (pH 7.8) containing 0.5 

M CaCl2 with constant agitation. This CaCl2 wash method enables isolation of ionically-bound wall 

proteins without disrupting protoplast integrity, thereby ensuring negligible cytoplasmic contamination 

(Del Vecchio et al., 2014; Ghahremani et al., 2016). Extracted proteins were clarified by filtration through 

Whatman #1 paper and brought to 35% (saturation) (NH4)2SO4. APase activity was absorbed onto a 

column (2.6 x 29 cm) of butyl Sepharose 4 Fast Flow pre-equilibrated with buffer A (50 mM sodium 
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acetate, pH 5.7, containing 35% (saturation) (NH4)2SO4). After eluting non-bound proteins with buffer A, 

APase activity was eluted using a mixture of 40% buffer A and 60% buffer B (50 mM sodium acetate, pH 

5.7, containing 10% (v/v) ethylene glycol). After concentration and desalting the pooled APase activity 

peak fractions were absorbed onto a Fractogel EMD SO3
- cation-exchange column (1.5 x 9 cm) pre-

equilibrated with buffer C (50 mM sodium acetate, pH 4.7). After eluting non-binding proteins the 

column was developed with a linear gradient (200 ml) of 0–1 M KCl in buffer C. APase activity resolved 

as three distinct peaks corresponding to AtPAP26, AtPAP12, and AtPAP25 (Appendix A, Fig. A-1a) (Del 

Vecchio et al., 2014). Peak APase activity fractions corresponding to AtPAP26 were pooled, 

concentrated, desalted into buffer D (25 mM sodium acetate, pH 5.6, 50 mM KCl, 1.5 mM MgCl2, 0.2 

mM CaCl2, 0.2 mM MnCl2 and 10% (v/v) glycerol), and applied onto a column (1 x 7 cm) of 

Concanavlin-A (Con-A) Sepharose pre-equilibrated with buffer D. As expected (Tran et al., 2010b; Del 

Vecchio et al., 2014), AtPAP26-S1 did not bind, whereas AtPAP26-S2 was bound and eluted (with 

AtGAL1) following application of a linear gradient (100 ml) of 0–500 mM methyl-ɑ-D-mannopyranoside 

in buffer C (Appendix A, Fig. A-1b). Pooled peak AtPAP26-S1 and AtPAP26-S2/AtGAL1 fractions were 

brought to 30% (saturation) (NH4)2SO4 and separately applied onto a pre-packed Source 15PHE column 

pre-equilibrated with buffer E (25 mM MES, pH 5.6, containing 30% saturation (NH4)2SO4) and eluted 

using 20 ml of a 0–100% linear gradient of buffer F (25 mM MES, pH 5.6, containing 15% (v/v) ethylene 

glycol). To further purify AtPAP26 glycoforms and AtGAL1 the respective pooled peak fractions were 

separately applied onto a Mono-S 5/50 GL column pre-equilibrated in buffer C, and bound proteins eluted 

using a linear gradient (25 ml) of 0–300 mM KCl in buffer C. Pooled peak fractions were concentrated to 

200-300 µL, divided into 25 µL aliquots, frozen in liquid N2 and stored at -80 °C.  

Apparent AtPAP26-S1 and –S2 glycoforms were first discovered when AtPAP26 was purified 

from 5 L of CCF harvested from the –Pi suspension cells (Tran et al., 2010b). Although AtPAP26-S1 was 

fully purified following lectin-affinity chromatography on Con-A Sepharose, isolation of homogeneous 

AtPAP26-S2 required an additional purification step (Phenyl Superose FPLC) that effectively resolved 
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the Con-A binding AtPAP26-S2 glycoform from a co-purifying 55 kDa protein (subsequently identified 

as AtGAL1) (Fig. 2-1a,b) (Tran et al., 2010b).  

2.2.4 Preparation of intracellular and cell wall extracts from Arabidopsis suspension cells and 

seedlings 

For intracellular protein extraction, quick-frozen suspension cells or seedling (5 g) were ground to 

a powder under liquid N2 using a mortar and pestle, and homogenized (1:2 and 1:3 [w/v] for suspension 

cells and seedlings, respectively) in 50 mM sodium acetate (pH 5.6) containing 1 mM EDTA, 1 mM 

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

Homogenates were centrifuged at 14,000 g for 20 min at 4 °C. Supernatants were designated as the 

intracellular fraction and desalted and concentrated using Millipore Ultra-15 centrifugal filter units (30 

kDa cut-off). The pellet from the seedling samples underwent three more washes by resuspending with 

homogenizing buffer and centrifuging as above. The final pellet was used for seedling cell wall protein 

extraction as previously described (Robinson et al., 2012b). Cell wall proteins of suspension cells were 

extracted by incubating 10 g of –Pi cells at 4 °C overnight with constant mixing in 10 ml of 5 mM 

HEPES-NaOH (pH 7.8) containing 0.5 M CaCl2. Extracted proteins were filtered through Miracloth 

before centrifuging at 14,000 g for 10 min at 4 °C. Supernatants were dialyzed overnight at 4 °C against 

50 mM sodium acetate (pH 5.7) containing 2.5 mM CaCl2. Desalted cell wall extracts were concentrated 

as above to 1 ml. 

2.2.5 Metal ion content determination of AtPAP26 glycoforms by inductively coupled plasma-mass 

spectrometry  

AtPAP26-S1 and –S2 glycoforms purified from cell walls of the –Pi cells (65 µg each) were 

diluted in 50 mM sodium acetate (pH 5.6) to a final concentration of 130 µg ml-1. Following overnight 

dialysis against this buffer the samples (0.5 ml each) were injected into a Varian 820-MS (Varian 

Inc., Mulgrave, Victoria, Australia) quadrupole-based inductively coupled plasma-M (ICP-

MS) instrument, with Ni sampler and skimmer cones having 0.9 and 0.4 mm diameter orifices, 
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respectively. The sample introduction system consisted of a T2100 Burgener nebulizer (Burgener 

Research, Mississauga, ON, Canada) fitted into a Peltier-cooled Scott double-pass spray chamber (SCP 

Science, QC, Canada) maintained at 0 °C. The same procedure was applied to the standard solutions 

containing 5 ng ml-1 of Be, Mg, Co, In, Ce, Pb and Ba in 2% (v/ v) HNO3 (prepared by dilution of a 10 µg 

ml-1 Varian tuning solution). 

2.2.6 AtGAL1 antibody preparation, protein electrophoresis, and immunoblotting  

Purified AtGAL1 isolated from CCF of –Pi Arabidopsis suspension cells was dialyzed overnight 

against Pi-buffered saline and emulsified in Titer Max Gold adjuvant (Uptima, Interchim Research, 

Cedex, France). After collection of preimmune serum, the antigen (30 µg) was injected subcutaneously 

into a rat. A booster injection (15 µg) was administered after 25 d. At 5-d following the final injection, 

blood was collected by cardiac puncture. After incubation overnight at 4 °C, clotted cells were removed 

by centrifugation, and the antiserum frozen in liquid N2 and stored at -80 °C. Production of rabbit anti-

AtPAP26 immune serum (anti-AtPAP26), SDS-PAGE, subunit Mr estimation via SDS–PAGE, 

immunoblotting onto poly(vinylidene) difluoride membranes, visualization of antigenic polypeptides 

using an alkaline phosphatase-tagged secondary antibody and chromogenic detection were as previously 

described (Veljanovski et al., 2006). Densitometric analysis of immunoblots was performed using ImageJ 

(https://imagej.nih.gov/ij/); derived values were proportional to the amount of the immunoblotted protein. 

All immunoblot results were replicated at least three times with representative results shown in the 

figures. 

2.2.7 Estimation of AtGAL1 native molecular mass by analytical gel filtration 

This was performed by FPLC at 0.2 ml min-1 on a calibrated Superdex 200 Increase 10/300 GL 

column (GE Healthcare, Montreal, QC, Canada), equilibrated with 25 mm sodium acetate (pH 5.8), 100 

mm KCl, 1.5 mm MgCl2, and 10% (v/v) glycerol. Native Mr was estimated from a plot of Kav (partition 

coefficient) against log Mr using the following protein standards: ferritin (440 kDa), catalase (232 kDa), 

albumin (67 kDa), chymotrypsinogen (25 kDa), and ribonuclease (13.6 kDa). 
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2.2.8 Glycoprofiling of AtPAP26-S1 and AtPAP26-S2 by linear ion-trap Fourier transform ion 

cyclotron resonance mass spectrometry 

Following reduction with 10 mM dithiothreitol (DTT) (56 °C, 1 h) and alkylation by 55 mM 

iodoacetamide (room temperature, 1 h), the final preparations of AtPAP26-S1 and AtPAP26-S2 purified 

from cell wall extracts of the –Pi cells were dialyzed against 10 mM NH4HCO3, and dried using a Savant 

SpeedVac (Thermo Fisher Scientific, Ottawa, ON, Canada). Sequential digestions were then performed 

using sequencing grade bovine trypsin at the enzyme-to-protein substrate ratio of 1:100 (w/w) followed 

by proteinase K (Promega) digestion for 4 h. The digests were diluted with 0.2% formic acid (FA) for 

LC-MS/MS analysis on a Nano-Acquity Ultra-performance Liquid Chromatography (UPLC) system 

(Waters, Milford, MA, USA) coupled to a 7-tesla hybrid linear ion-trap Fourier transform ion cyclotron 

resonance (LTQ-FT ICR) mass spectrometer (Thermo Fisher Scientific) as previously described (Dalziel 

et al., 2012; She et al., 2013). Protein identification was performed using an in-house Mascot Server 

(version 2.3.0, Matrix Science), and the raw data were searched against the National Center for 

Biotechnology Information (NCBInr) database for viridiplantae. Glycosylation structures were elucidated 

by manual interpretation of MS/MS spectra of glycopeptides as well as the accurate masses from high-

resolution FT-MS scans. 

2.2.9 N-terminal sequencing, MALDI-TOF MS, and LC-MS/MS analysis of AtGAL1 

N-terminal sequencing of purified AtGAL1 was done by automated Edman degradation at the 

Advanced Protein Technology Centre (The Hospital for Sick Kids, Toronto, ON, Canada). Peptide mass 

fingerprinting by matrix assisted laser desorption ionization-time of flight (MALDI-TOF) MS was 

performed as described by Del Vecchio et al. (2014). Proteins were identified by searching against the 

NCBInr database using both Mascot (Matrix Science) and MS-Fit (ProteinProspector). These searches 

allowed one missed cleavage of trypsin digestion and the fixed modification of Cys 

carbamidomethylation. Asn and Gln deamidation, N-terminal pyroglutamation, and Met oxidation were 

selected as variable modifications. The mass was considered within the range of ±50 ppm. For a positive 
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identification, the identified protein must rank as the top hit and match at least ten peptides, cover ≥ 35% 

of the total sequence and generate a MOWSE score greater than the significant threshold at the P < 0.05 

level (MOWSE score >70 using MASCOT and ≥104 with MS-FIT). 

For LC-MS/MS, Coomassie blue-stained AtGAL1 polypeptides were excised from an SDS-gel 

and digested overnight at 37 oC with sequencing grade trypsin (Promega) in 25 mM NH4HCO3. The 

resulting peptides were extracted with 0.1% trifluoroacetic acid and acetonitrile. Extracts were lyophilized 

using a CentriVap Vacuum Concentrator (Labconco), reconstituted in 10 µL of 0.2% FA, and analyzed 

by Orbitrap Fusion Tribrid MS coupled with an Easy-nLC 1000 system (Thermo Scientific). The peptides 

were trapped at a flow rate of 5 µL min-1 of solvent A (0.1% FA in water) on an Acclaim PepMap 100 

column (75 µm x 2 cm, C18, 3 µm, 100 Å), followed by separation with an Easy-spray PepMap RSLC 

column (75 µm x 50 cm, 2 µm, 100 Å). A linear gradient from 5 – 30% solvent B (0.1% FA in 

acetonitrile) over 80 min, followed by 85% of solvent B for another 10 min was used for peptide binding 

and elution. Online LC-MS/MS analysis was performed using the data dependent top-N MS/MS scans. 

The MS survey scans were acquired by the Orbitrap at a resolution of 120,000 from m/z 350 to 1600, and 

subsequent collision-induced dissociation of the peptides by ion-trap were selectively fragmented at 

precursor ions with multiply charged states using 30% normalized collision energy. Automatic gain 

control target values were set up for MS and MS/MS at 4.0 X 105 and 5.0 x 104, respectively. Dynamic 

exclusion was enabled for a period of 30 s. The raw data were converted to MGF files using the Proteome 

Discoverer 2.1 (Thermo Fisher Scientific), and then searched against the TAIR10 databases using Mascot 

(version 2.5.1, Matrix Science). The search parameter for tryptic digestion was restricted to a maximum 

of two missed cleavages of proteins. Cys carbamidomethylation was designated as a fixed modification. 

Deamidation of Asn or Gln, oxidation of Met, and phosphorylation of Ser, Thr and Tyr were considered 

as variable modifications. Mass tolerances were set up to 10 ppm for Orbitrap-MS ions, and 0.8 Da for 

ion-trap MS/MS fragments. Peptide assignments and the reliable protein identification were based on the 

ion scores for MS/MS matches at the default significance threshold of p < 0.05. The identified peptides 
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were manually validated by collision-induced dissociation to match the predicted fragments of the peptide 

sequences. Tryptic glycopeptides were identified by database searching against an in-house plant N-

glycome library and the At1g78850 protein sequence using Byonic software (Protein Metrics Inc.), 

following the standard search criteria of protein modifications that were defined as the same as that in 

Mascot search. A protein False Discovery Rate was set to 2% for Byonic cuts in peptide assignments. The 

Byonic-identified site-specific glycosylation of peptides was examined and validated by manual 

inspection of MS/MS spectra based on the predicted peptide and N-glycan fragmentations, and the high 

mass accuracy (<3 ppm) of MS measurements. 

2.2.10 atgal1 mutant isolation 

A potential atgal1 mutant line (GK-624F12-022315) was obtained from the Arabidopsis 

Biological Resource Center at Ohio State University. Initial screening was performed by growing plants 

on 0.8% (w/v) agar plates containing 0.5x MS media, 1% (w/v) sucrose, and 7.5 µg mL-1 sulfadiazine. 

Resistant plants were transferred to soil for self-pollination and propagation. Genomic DNA (gDNA) was 

extracted from leaves and PCR-screened for homozygous mutants using T-DNA left border and gene-

specific primers (Appendix A, Table A-1). Total RNA was extracted from leaves and purified using an 

Aurum™ Total RNA Mini Kit (Bio-Rad, Cat. # 7326820) according to the manufacturer’s instructions. 

RNA purity was assessed using the A260/A280 ratio. DNase-treated RNA was reverse-transcribed using the 

Omniscript Reverse Transcriptase Kit (Qiagen, Cat. #205111).  

2.2.11 Bioinformatic analysis 

Sequences of Arabidopsis GNA family members (Eggermont, Verstraeten & Van Damme 2017) 

were obtained from Tair and UniProt and aligned in MUSCLE 3.8 using ClustalW. These were used to 

construct a maximum likelihood tree in MEGA 7.0 using WAG model with the gamma distributed with 

invariant sites (G + l) and the partial deletion options. Bootstrap analysis was performed using 500 

replicates. The phylogenetic tree was plotted in MEGA 7.0 and formatted using Adobe Illustrator. 
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2.3 Results 

2.3.1 Purification of a pair of AtPAP26 glycoforms from cell walls of Pi-deprived Arabidopsis 

suspension cell cultures 

Suspension cell cultures provide a robust model for assessing the biochemical and molecular 

adaptations of –Pi Arabidopsis, since a relatively large biomass of cells and their surrounding liquid 

media containing secreted proteins can be readily obtained. As previously reported (Del Vecchio et al., 

2014): (i) AtPAP26 was separated from other major Pi-starvation inducible, cell wall-localized PAP 

isozymes (i.e. AtPAP12 and AtPAP25) during Fractogel SO3
- cation-exchange FPLC of a butyl 

Sepharose-enriched cell wall extract prepared from the –Pi Arabidopsis cell cultures, and (ii) pooled 

AtPAP26 peak fractions from the Fractogel SO3
- column resolved as a pair of putative glycoforms, 

designated as AtPAP26-S1 and -S2, during lectin-affinity chromatography on Con-A Sepharose 

(Appendix A, Fig. A-1). AtPAP26-S1 failed to bind to the Con-A column, whereas AtPAP26-S2 was 

bound and subsequently eluted with a methyl-α-D-mannopyranoside gradient, which indicates existence 

of terminal mannose residues. SOURCE 15PHE hydrophobic interaction and Mono-S cation-exchange 

FPLC were then employed to purify AtPAP26-S1 and AtPAP26-S2 to apparent homogeneity (Fig. 2-1a, 

Appendix A, Fig. A-1; Appendix A, Table A-2).  

As expected (Veljanovski et al., 2006; Tran et al., 2010b; Del Vecchio et al., 2014), the final 

AtPAP26 preparations migrated as single 55 kDa protein-staining polypeptides during SDS-PAGE that 

cross-reacted with anti-AtPAP26 immune serum (anti-AtPAP26) (Fig. 2-1b,c). This result was obtained 

under both reducing and non-reducing conditions which agrees with research indicating that high 

molecular weight plant PAPs such as AtPAP26 that lack a cysteine residue near their C-terminus do not 

form intermolecular disulfide bridges (Olczak et al., 2003). Interestingly, the specific activity of the final 

AtPAP26-S1 preparation was lower than that of AtPAP26-S2 (Table S1). Indeed, the average specific 

activity of independent preparations of fully purified AtPAP26-S2 was significantly greater (P < 0.01; 

Students’ t-test) than that of AtPAP26-S1 (411 ±33 and 204 ±27 U/mg; means ±SEM of n = 4 
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preparations). AtPAP26-S1 and –S2 exist as monomers since their native molecular mass were both 

estimated to be about 55 kDa by analytical gel filtration FPLC (Del Vecchio et al., 2014). Parallel in 

planta studies indicated that hydroponically-cultivated –Pi Arabidopsis seedlings also upregulate and 

secrete AtPAP26-S1 and -S2 glycoforms into their growth media during Pi deprivation (Appendix A, Fig. 

A-2) (Tran et al., 2010b; Robinson et al., 2012b). 

2.3.2 AtPAP26-S1 and AtPAP26-S2 exhibit distinctive visible absorption spectra but similar metal 

cation contents 

All plant PAPs characterized to date contain a pair of metal ion binding sites in their catalytic 

center, a ‘chromophoric’ site that binds trivalent Fe3+, and a ‘redox-active’ site that binds divalent Zn2+ or 

Mn2+ depending on the source from which the enzyme was extracted (Schenk et al., 2013). Interaction of 

Fe3+ in the chromophoric site with a conserved tyrosine ligand triggers a metal charge-transfer transition 

leading to a characteristic absorption maxima in the range of 515–560 nm, thus rendering PAPs purple. 

AtPAP26-S2 purified from cell walls of the –Pi cells exhibited a darker purple color in solution compared 

to an equivalent concentration of AtPAP26-S1 (Fig. 2-2a). This color difference was reflected by their 

respective visible absorption spectra (Fig. 2-2b). Similar to other PAPs including vacuolar AtPAP26 

(Veljanovski et al., 2006), AtPAP26-S2 absorbed maximally at about 520 nm. By contrast, AtPAP26-

S1’s absorption maxima occurred at 465 nm (Fig. 2-2b). Nevertheless, ICP-MS indicated that as with 

other ‘Fe–Zn PAPs’ (Schenk et al., 2013) AtPAP26-S1 and -S2 contained similar concentrations of Fe3+ 

and Zn2+; however, lower levels of Mn2+ were also detected in both glycoforms (Fig. 2-2c). 

2.3.3 Glycoprofiling confirms that AtPAP26-S2 is a high-mannose glycoform 

N-linked oligosaccharides of purified AtPAP26-S1 and AtPAP26-S2 were characterized by high-

resolution UPLC separation coupled with LTQ-FT ICR MS analysis of tryptic and proteinase K 

glycopeptides (Appendix A, Table A-3). N-glycosylation sites of AtPAP26 (i.e. Asn103, Asn365, and 

Asn422) are located within the consensus NX(S/T) glycosylation motif (Fig. 2-3a). Glycan structures at 

each site displayed microheterogeneity (Fig. 2-3b-e), a characteristic feature of plant glycoproteins 



 

49 

 

including PAPs (Olczak et al., 2003; Zeng et al., 2018). Glycan structures of AtPAP26-S1 and –S2 at 

Asn103 were indistinguishable (Fig. 2-3b), corresponding to ‘paucimannosidic’ N-glycans containing 

(1,2)-xylosylated and α-(1,3)-fucosylated residues attached to core mannose-N-acetylglucosamine2 

(GlcNAc2) structures. Paucimannosidic N-glycans are characteristic of many vacuolar and secreted plant 

glycoproteins, including cell wall-localized AtPAP25 of –Pi Arabidopsis suspension cells, as well as an 

AtPAP26 ortholog of developing yellow lupin seeds (Olczak et al., 2003; Del Vecchio et al., 2014). 

Consistent with the Con-A chromatography results (Appendix A, Fig. A-1b), however, AtPAP26-S2’s 

glycans at Asn365 and especially Asn422 were modified by the addition of up to seven terminal mannose 

residues to the GlcNAc2 core to form high-mannose glycans (Fig. 2-3c-e; Appendix A, Table A-3).  

2.3.4 Co-purification of the mannose-binding lectin AtGAL1 with the AtPAP26-S2 glycoform 

secreted into culture media and cell walls of Pi-starved Arabidopsis suspension cells 

Putative AtPAP26-S1 and -S2 glycoforms were first purified and characterized from the CCF of 

the –Pi Arabidopsis suspension cells (Tran et al., 2010b). CCF AtPAP26-S2, but not AtPAP26-S1, bound 

to GNA and Con-A lectins indicating the presence of terminal mannose residues (Tran et al., 2010b). 

AtPAP26-S2 isolated from the CCF of the –Pi cells appeared to be purified to electrophoretic 

homogeneity following lectin affinity chromatography on Con-A Sepharose (Fig. 2-4a). However, peptide 

mass fingerprinting by MALDI-TOF MS of the excised 55 kDa protein-staining and anti-AtPAP26 

immunoreactive polypeptide obtained following Con-A chromatography (Fig. 2-4a) indicated that it was 

a mixture of AtPAP26 (At5g34850) and a member of Arabidopsis’ GNA (mannose-binding) lectin family 

(Eggermont et al., 2017) encoded by gene loci At1g78850. Phenyl Superose FPLC of the pooled Con-A 

fractions resolved a pair of protein peaks that both migrated as 55 kDa polypeptides following SDS-

PAGE of the respective pooled fractions (Fig. 2-4b,c); they were identified as At1g78850 and AtPAP26 

following MALDI-TOF MS analysis (Appendix A, Table A-4). We have designated At1g78850 as 

AtGAL1 (i.e., GNA Apple Lectin-1) since it belongs to the GNA domain lectin family (Eggermont et al., 
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2017) and has been annotated as a ‘D-mannose binding lectin with an apple-like carbohydrate-binding 

domain’ (www.araport.org/search/thalemine/at1g78850).  

AtGAL1 also co-purified with the high-mannose AtPAP26-S2 glycoform during butyl-Sepharose, 

Fractogel SO3
-, and Con-A chromatography of cell wall extracts prepared from –Pi cells (Appendix A, 

Fig. A-1a,b). Subsequent SOURCE 15PHE FPLC partially resolved cell wall-localized AtGAL1 from 

AtPAP26-S2 (Appendix A, Fig. A-1c), whereas Mono-S cation-exchange FPLC of the pooled SOURCE 

15PHE fractions purified both proteins to apparent homogeneity (Fig. 2-1a,b). The first and second A280 

absorbing peaks eluting from the final Mono-S column (Fig. 2-1a) were respectively identified as 

AtGAL1 and AtPAP26 by MALDI-TOF MS (Appendix A, Table A-4). No APase activity or 

immunoreactive AtPAP26 polypeptides were detected in the final AtGAL1 preparations isolated from the 

CCF or cell walls of the –Pi cells (Figs. 2-1d and 2-4d). Likewise, immunoreactive AtGAL1 polypeptides 

were absent on immunoblots of the corresponding final AtPAP26-S1 and -S2 preparations. Orbitrap LC-

MS/MS (90% sequence coverage) confirmed that purified cell wall AtGAL1 (Fig. 2-1b) corresponded to 

At1g78850 (Fig. 2-5). The native molecular mass of AtGAL1 isolated from CCF or cell walls of the –Pi 

suspension cells was estimated by analytical gel filtration to be about 60 kDa, which coupled with its 

subunit size of 55 kDa as determined by SDS-PAGE (Figs. 2-1b and 2-4c) indicates that the purified 

lectin is monomeric. 

2.3.5 Immunological properties of AtGAL1 

AtGAL1 purified from the CCF of the –Pi cells (Fig. 2-4c) was used to immunize a rat for 

production anti-AtGAL1. A striking amplification of AtGAL1’s cross-reaction with anti-AtGAL1 

occurred when AtGAL1 was prepared in SDS sample buffer lacking a thiol-reducing compound (i.e. 

DTT) prior to immunoblotting (Fig. 2-1c,d). AtGAL1 titration coupled with densitometry indicated that 

AtGAL1 immunoreactivity was enhanced by at least 60-fold under non-reducing conditions (Fig. 2-1d). 

Unless otherwise noted, all protein samples subjected to anti-AtGAL1 immunoblotting in the current 

study were prepared in sample buffer lacking a thiol-reducing reagent. Under these conditions, a 1,000-
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fold dilution of anti-AtGAL1 immune serum readily detected 10 ng of AtGAL1 fully purified from cell 

walls or CCF of the –Pi cells (Figs. 2-1d and 2-4d). Immunoblots of clarified intracellular, cell wall, and 

CCF extracts from –Pi cells and seedlings established that anti-AtGAL1 was monospecific for 55 kDa 

AtGAL1 polypeptides (Fig. 2-6c). 

2.3.6 AtGAL1 is Pi-starvation inducible in Arabidopsis cell cultures and seedlings 

Semi-quantitative and/or quantitative RT-PCR using gene-specific primers demonstrated that 

AtGAL1 transcripts were induced following nutritional Pi deprivation of Arabidopsis suspension cells and 

seedlings (Fig. 2-6a,b). Similarly, anti-AtGAL1 immunoblotting established that Pi deprivation triggered 

a marked upregulation of 55 kDa AtGAL1 polypeptides in cell wall and intracellular samples, as well as 

CCF or seedling culture filtrates respectively prepared from liquid cultures of Arabidopsis suspension 

cells or seedlings (Fig. 2-6c). AtGAL1 polypeptide levels appeared to be upregulated to a far greater 

extent by the –Pi suspension cells or seedlings, relative to the corresponding increase in AtGAL1 

transcripts (Fig. 2-6). 

2.3.7 Bioinformatic analysis of AtGAL1 

The Arabidopsis lectin superfamily is encoded by over 200 genes classified into 12 different 

families, in which AtGAL1 belongs to the GNA family with 49 members  (Van Damme et al., 2008; 

Eggermont et al., 2017). GNA-related lectins show exclusive specificity towards high-mannose N-glycans 

(Van Damme et al., 2008). Most plant lectins are so-called ‘chimerolectins’ that contain at least one 

functional domain in addition to their carbohydrate-binding domain. Members of the GNA lectin family 

are no exception since they also contain S-locus glycoprotein, S-locus receptor kinase, protein kinase, 

and/or apple domains (Eggermont et al., 2017). Deduced amino acid sequences of Arabidopsis GNA 

lectins were aligned and a phylogenetic tree constructed (Figs. 2-5 and 2-7).  AtGAL1 belongs to a GNA 

lectin subgroup consisting of five members (AtGAL1-AtGAL5), each of which contains a conserved N-

terminal GNA and C-terminal apple domain, according to an analysis done using Prosite 

(www.expasy.ch/cgi-bin/prosite) (Table 2-1, Figs. 2-5 and 2-7). Apple domains are a distinctive type of 
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‘adhesion motif’ implicated in protein:protein and protein:carbohydrate interactions and are composed of 

six spatially conserved cysteine residues that form three disulfide bridges, creating an apple-like structure 

(Tordai et al., 1999; Brecht et al., 2001). Four cysteine residues located near AtGAL1’s C-terminus (i.e. 

Cys387, Cys391, Cys397, and Cys409) and its homologs precisely match the conserved CX3CX5CX11C 

sequence motif for the internal four cysteine residues of apple domains (Fig. 2-5; Appendix A, Fig. A-3) 

(Brecht et al., 2001). As discussed below, immunoblots presented in Fig. 2-1c,d are consistent with the 

presence of disulfide bonds in native AtGAL1 isolated from –Pi Arabidopsis.  

Sequence analysis predicted that in contrast to most (i.e. -75%) Arabidopsis GNA lectin family 

members (Van Damme et al., 2008; Eggermont et al., 2017) AtGAL1 and its homologs lack a 

transmembrane domain or lipid anchor. This agrees with the occurrence of AtGAL1 in the cell wall, 

secretome, and vacuolar proteomes of Arabidopsis seedlings or suspension cells (Chivasa et al., 2002; 

Borderies et al., 2003; Ndimba et al., 2003; Boudart et al., 2005; Kwon et al., 2005; Minic et al., 2007; 

Jaquinod et al., 2007). Sequence analysis also indicated that similar to most GNA lectins the N-terminus 

of the deduced AtGAL1 polypeptide contains a 22 amino acid signal peptide (Fig. 2-5). This was 

corroborated by automated Edman degradation of AtGAL1 purified from cell walls of –Pi Arabidopsis 

which demonstrated that the N-terminal sequence of the mature AtGAL1 polypeptide begins at position 

23 (Fig. 2-5). By contrast, Orbitrap LC-MS/MS indicated the presence of two N-terminal AtGAL1 

peptides (with one missed cleavage) at the doubly charged ions of m/z 552.2956 and 587.8140 that 

respectively corresponded to residues 23-31 (KVPVDDQFR, predicted mass at m/z 552.2958) and 22-31 

(AKVPVDDQFR, predicted mass at m/z 587.8144) (Appendix A, Fig. A-4). In silico analysis of the 

deduced AtGAL1 polypeptide indicated that the mature protein has a molecular mass of 46.7 kDa. The 

8.3 kDa discrepancy with the 55 kDa subunit molecular mass estimated for purified AtGAL1 isolated 

from cell walls or CCF of the –Pi cells (Figs. 2-1b and 2-4c) can be attributed to the addition of glycan 

groups (see below). 
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Examination of RNAseq datasets deposited in the Bio-analytic Resource for Plant Biology 

(http://bar.utoronto.ca/ ) indicated that AtGAL1-AtGAL4 are actively transcribed in Arabidopsis shoots 

and/or roots, whereas AtGAL5 is not significantly expressed (Appendix A, Fig. A-5). AtGAL1 and 

AtGAL2 exhibited similar expression profiles such that they are constitutively expressed in roots, but are 

also upregulated in roots and shoots by numerous abiotic and biotic stresses. 

2.3.8 N-Glycosylation of AtGAL1 

AtGAL1 and its homologs possess five conserved N-glycosylation sites (Fig. 2-5; Appendix A, 

Fig. A-3). We therefore examined the possible N-glycosylation of Asn66, Asn102, Asn209, Asn258, and 

Asn269 in purified AtGAL1. Orbitrap LC-MS/MS analysis of in-gel digested tryptic peptides identified a 

complete set of high mannose-, hybrid-, and complex-type N-glycans in the mature protein (Appendix A, 

Table A-5). The relative intensity and distribution of these N-glycans at Asn66, Asn102, Asn258, and Asn269 

is depicted in Fig. 2-8. As with AtPAP26 glycoforms (Fig. 2-3), glycan structures at each of these sites 

displayed microheterogeneity. Several glycan structures at Asn102 and Asn269 contained α-(1,3)-

fucosylated and (1,2)-xylosylated residues attached to core GlcNAc2 structures. However, AtGAL1’s 

glycans at Asn66, Asn258, and Asn269 were modified by the addition of up to eight terminal mannose 

residues to the GlcNAc2 core to form high-mannose glycans (Fig. 2-8; Appendix A, Table A-5). No 

glycopeptides were detected at Asn209, suggesting that this site is either unoccupied or is occupied at a 

low frequency. 

2.3.9 AtGAL1 is bisphosphorylated at Tyr38 and Thr39 

Ndimba and co-workers (2003) used two-dimensional PAGE, MALDI-TOF MS, and anti-

phosphotyrosine (anti-pTyr) immunoblotting to conclude that AtGAL1 (At1g78850) is 

phosphotyrosylated in the CCF of fungal elicitor-treated Arabidopsis suspension cells. Conversely, a high 

throughput LC-MS/MS study of microsomal-associated Arabidopsis phosphoproteins listed AtGAL1 

(At1g78850) as being phosphorylated at Thr39 (Wu et al., 2013). We therefore employed Orbitrap LC-

MS/MS to assess potential phosphosites in AtGAL1 purified from cell wall extracts of the –Pi cells. 
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Mascot database searching identified four post-translationally modified peptides corresponding to 

deamidated-Asn34, monophosphorylated-Tyr38, monophosphorylated-Thr39, and bisphosphorylated-Tyr38-

Thr39 peptides in the region corresponding to residues 23-51 (Appendix A, Figs. A-6 and A-7). The 

MS/MS spectrum of m/z 1082.1725 showed a 1 Da mass difference from the predicted value of peptide 

24-51 due to the deamidation of Asn34 to Asp34 (Appendix A, Fig. A-6). The collision-induced 

fragmentation of the peptide of m/z 1151.5289 at residues 23-51 revealed a high intensity daughter ion at 

m/z 1124.83, corresponding to a neutral loss of 80 Da (i.e. a phosphogroup, HPO3) from the parent ion 

(Fig. 2-9a). The predominant C-terminal yn ions (n = 1-13) of the peptide in the MS/MS spectrum have 

identical masses to the predicted values of the peptide fragments, suggesting unmodified amino acids at 

residues 39-51. In addition to deamidation, the remaining mass increase of 80 Da of this peptide was thus 

localized in the peptide region at residues 23-37, in which Tyr38 is the only phosphoamino acid. 

Furthermore, the peptide at triply charged ion of m/z 1135.4940 exhibited a 161 Da greater mass than the 

theoretical mass of the peptide corresponding to residues 24-51. Considering the unchanged masses of the 

C-terminal fragments yn (n = 1-12) from the predicted peptide sequence at residues 40-51, similarly, the 

MS/MS measurements in Fig. 2-9b indicated that the mass difference of 161 Da at residues 24-39 arises 

from Asn34 deamidation (1 Da) and bisphosphorylation of Tyr38 and Thr39 (80 Da each). Peptide 

phosphorylation generally leads to its decreased elution time during reversed-phase C18 chromatography 

(due to reduced hydrophobicity). Indeed the retention time of AtGAL1’s (bis)phosphorylated peptides 

was significantly reduced relative to the corresponding non-phosphopeptides during LC-MS/MS (results 

not shown). Immunoblotting of purified AtGAL1 with anti-pTyr confirmed that it exists as a 

phosphotyrosylated protein in cell walls of –Pi Arabidopsis; preincubation with exogenous phosphatase 

abolished AtGAL1’s cross-reaction with anti-pTyr (Fig. 2-9c). 

2.3.10 Characterization of an atgal1 loss-of-function mutant 

To assess the impact of AtGAL1 silencing on the development of +Pi versus –Pi Arabidopsis, a T-

DNA insertion line was identified in the GABI-kat collection. The insert was predicted to be near the start 
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codon and this was verified by PCR screening of gDNA using an AtGAL1-specific primer and a T-DNA 

left border primer (Appendix A, Fig. A-7a,b). Mutant homozygosity was established by PCR of gDNA 

using AtGAL1-specific primers (Appendix A, Fig. A-7b). The impact of the T-DNA insertion on AtGAL1 

expression was investigated by performing RT-PCR using a primer pair to amplify AtGAL1 cDNA. 

AtGAL1 transcripts were observed in mRNA isolated from Col-0, but not atgal1 mutant plants (Appendix 

A, Fig. A-7c). Consistent with the results of Fig. 2-6c, the amount of 55 kDa AtGAL1 immunoreactive 

polypeptides was at least 10-fold greater in cell wall extracts prepared from –Pi relative to +Pi Col-0 

seedlings (Appendix A, Fig. A-7d). By contrast, immunoreactive AtGAL1 polypeptides were absent on 

immunoblots of cell wall extracts prepared from –Pi or +Pi atgal1 seedlings (Appendix A, Fig. A-7d). 

The growth of Col-0 versus atgal1 seedlings during their cultivation in +Pi and –Pi agar-solidified or 

liquid Murashige-Skoog media, or soil was also compared (Appendix A, Fig. A-8). Loss of AtGAL1 

expression did not exert a detectable impact on the development or appearance of atgal1 relative to Col-0 

seedlings under each growth condition (Appendix A, Fig. A-8).  We hypothesize that the closely related 

AtGAL2 encoded by At1g78860 (Figs. 2-5 and 2-7; Table 2-1) compensated for loss of AtGAL1 

expression in the atgal1 mutant. 

2.4 Discussion  

N-glycosylation is a widespread post-translational modification of secreted proteins that can 

influence their folding, stability, enzymatic activity, and protein:protein interactions. Glycosylation is the 

most complex post-translational protein modification, owing to the diversity of the carbon backbone, 

length of monomer, anomericity, and side group branching, orientation, and substitution (Strasser, 2016). 

Co- and post-translational glycan alterations appear to be of fundamental biological importance since they 

provide a mechanism to fine-tune glycoprotein function within the cell. Changes in glycan composition 

and structure can therefore lead to glycosylated variants of the same protein referred to as “glycoform”. 

Glycoforms frequently differ in their activity and/or ligand-binding specificity, and have been well 

established for a broad range of animal glycoproteins including ribonucleases, proteases, APases, and 
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immunoglobulins (Szalewicz et al., 1992; Rudd et al., 1995; Navazio et al., 2002; Maeda and Kimura, 

2006). Although plant glycoforms appear to be equally prevalent, there are few comprehensive studies of 

plant glycoforms. One such instance is calreticulin, a Ca2+ binding protein and lectin chaperone that 

localizes to either the Golgi or endoplasmic reticulum (ER) of yellow-poplar tree (Liriodendron 

tulipifera) cells depending on the specific glycans bound at its N-linked glycosylation sites (Navazio et 

al., 2002). 

2.4.1 Glycoprofiling confirms that AtPAP26 glycoforms are secreted by Pi-deprived Arabidopsis 

Plant N-glycan biosynthesis has been examined extensively with all the major biosynthetic 

enzymes characterized. The core structure of N-glycans is comprised of GlcNAc 

and mannose (i.e., Man3GlcNAc2) and is conserved across kingdoms (Strasser, 2016; Zeng et al., 2018). 

However, few studies have profiled plant N-glycopeptides, nor considered the role of glycobiology in 

plant Pi-starvation responses. The current study exploited high resolution MS to corroborate and extend 

our observation that AtPAP26 is secreted into CCF and cell walls of –Pi Arabidopsis cell cultures as a 

pair of apparent glycoforms (Tran et al., 2010b; Del Vecchio et al., 2014). Although their glycan 

structures at Asn103, Asn365, and Asn422 displayed microheterogeneity, AtPAP26-S2 clearly corresponds to 

a high-mannose glycoform relative to AtPAP26-S1 (Fig. 2-3). This explains why the two AtPAP26 

glycoforms were readily separated during Con-A Sepharose affinity chromatography of CCF and/or cell 

wall extracts prepared from –Pi cells or seedlings (Appendix A, Figs. A-1a and A-2) (Tran et al., 2010b). 

Glycoproteins with high-mannose glycan chains originate from the activity of specific enzymes that 

modify the precursor oligosaccharide glucose3-mannose9-GlcNAc2 within the ER (Strasser, 2016; Zeng et 

al., 2018). Complex glycans are derived from the processing of the oligomannose oligosaccharides by 

specific glycosidases and glycosyltransferases that operate in an ordered sequence within the Golgi 

apparatus, resulting in the covalent attachment of fucose and/or xylose residues to the GlcNAc2 core. 

Thus, glycoproteins of Arabidopsis and other plant species that contain high mannose structures are most 

prevalent in the ER, while glycoproteins containing complex N-glycans are widespread in Golgi, plasma 
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membrane, vacuolar, and extracellular glycoproteins (Zeng et al., 2018). The secreted high-mannose 

AtPAP26-S2 glycoform isolated from –Pi Arabidopsis represents an interesting exception to this 

generalized subcellular pattern of plant glycoprotein glycosylation. Site-directed mutagenesis of an 

AtPAP26 ortholog from common bean (Phaseolus vulgaris) generated several mutants lacking N-

glycosylation at specific Asn residues (Olczak and Olczak, 2007). The results established that 

incorporation of N-linked glycans at the conserved NX(S/T) glycosylation site nearest to the C-terminus 

was an essential prerequisite for PAP stability and secretion. It is thus intriguing that the AtPAP26-S1 and 

AtPAP26-S2 glycoforms differed mostly with respect to the nature of their N-linked glycans at Asn422 

(Fig. 2-3d,e; Appendix A, Table A-3). Since this site is proximal to the C-terminal domain which includes 

the metal-coordinating active site it may influence their activity (Schenk et al., 2013).  

2.4.2 AtPAP26-S1 and AtPAP26–S2 exhibit distinctive phosphatase activities and visible absorption 

spectra 

The average final specific APase activity of four independent preparations of fully purified 

AtPAP26-S2 was about twice that of AtPAP26-S1 (i.e. 411 ±33 and 204 ±27 U/mg, respectively) with 5 

mM (i.e. saturating) phosphoenolpyruvate as the substrate. Similarly, Tran and coworkers (2010b) noted 

that while both AtPAP26 glycoforms secreted into the CCF by the –Pi suspension cells displayed non-

specific APase substrate selectivities, purified AtPAP26-S2 appeared to demonstrate a broader range of 

substrates utilization than AtPAP26-S1. Highly dissimilar visible absorption spectra were also exhibited 

by the pair of AtPAP26 glycoforms purified from cell walls of the –Pi Arabidopsis cells, despite their 

similar Fe3+, Zn2+, and Mn2+ metal ion contents (Fig. 2). The distinct visible absorption spectra and APase 

activities could potentially arise from their differential glycosylation at Asn422 which lies proximal to the 

metal-coordinating bimetallic active center located within the C-terminal domain of PAPs (Schenk et al. 

2013). However, this would likely require direct coordination of the sugar groups to the metal ions in the 

active site, which seems improbable. Alternately, the oxidation state of the chromophoric Fe3+ atom could 

potentially influence AtPAP26’s absorption spectra and activity, as previously noted for uterofferin (a pig 
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uterine fluid PAP) (Mitic et al. 2010). Similarly, replacement of the chromophoric Fe3+ of a sweet potato 

PAP with Mn2+ caused a significant shift in its absorption maxima (i.e. from 560 to 549 nm), with a 

concomitant change in its phosphatase activity (Mitic et al. 2009). Establishing the structural basis for the 

distinctive visible absorption spectra and APase activities of the purified AtPAP26 glycoforms will be an 

interesting area for future research. 

2.4.3 AtGAL1 is a secreted GNA-apple domain lectin that co-purifies with AtPAP26-S2 and is 

induced during Pi-deprivation and numerous additional stresses 

A key observation of the current study was the extensive co-purification of the high-mannose 

AtPAP26-S2 glycoform with a 55 kDa phosphotyrosylated and Pi starvation-inducible protein that we 

fully purified and identified as AtGAL1 (i.e. At1g78850). AtGAL1 was previously detected in the cell 

wall, apoplast, and vacuolar proteomes of Arabidopsis seedlings and/or suspension cells (Chivasa et al., 

2002; Borderies et al., 2003; Ndimba et al., 2003; Boudart et al., 2005; Kwon et al., 2005; Minic et al., 

2007; Jaquinod et al., 2007). Thus, this lectin is dual-targeted to the secretome and vacuole, as is the case 

with AtPAP26 (Veljanovski et al., 2006; Hurley et al., 2010; Tran et al., 2010b; Robinson et al., 2012b). 

Although plant genomes encode a large array of lectin isoforms, few lectins have been examined in detail 

or functionally characterized. Plant lectin research has traditionally focused on ‘classical’ lectins that 

accumulate to high concentrations within the cell wall or vacuole of developing seeds, or vegetative 

organs such as roots, leaves, and stems (Van Damme et al., 2008). A probable function for classical 

lectins is in plant defense; e.g. lectins released from the vacuole may bind glycoproteins lining the 

intestinal tracts of insect herbivores, thereby inhibiting nutrient absorption. Similarly, the binding of plant 

lectins to the fungal cell-wall component chitin is thought to hinder the growth of pathogenic fungi. 

Alternatively, microbial ligand-plant lectin receptor kinase interactions can activate signal transduction 

pathways that induce plant defense responses. More recent attention has been devoted to non-classical 

lectins such as AtGAL1 that are expressed at low levels in non-storage tissues such as leaves or roots, but 

are induced in response to stresses such as drought, salinity, wounding, insect herbivory, or pathogen 
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infection (Van Damme et al., 2008). Inducible plant lectins are believed to only reside in the nucleus and 

cytoplasm in which lectin mediated protein–carbohydrate interactions play a crucial role in plant stress 

physiology (Van Damme et al., 2008). However, AtGAL1 provides an important precedent that stress-

inducible lectins are also secreted by plant cells. In this regard, it is notable that AtGAL1 polypeptide 

levels appeared to be upregulated to a far greater extent during Pi deprivation, relative to the 

corresponding increase in AtGAL1 transcripts (Fig. 2-6). This is reminiscent of the marked upregulation 

of secreted and intracellular (vacuolar) AtPAP26 polypeptides by –Pi Arabidopsis cell cultures or 

seedlings, without concomitant changes in AtPAP26 transcript abundance (Veljanovski et al., 2006; 

Hurley et al., 2010; Tran et al., 2010b). Proteomic studies have documented numerous proteins such as 

AtPAP26 and AtGAL1 that are controlled post-transcriptionally mainly at the level of protein 

accumulation, in plants responding to altered Pi nutrition. The involvement of post-transcriptional 

processes such a microRNAs in Pi-starvation inducible gene regulation has been well established. Mining 

of transcriptomic datasets indicated that AtGAL1 induction is not specific to Pi-deprivation, but also 

occurs during various abiotic and biotic stresses (Appendix A, Fig. A-5). AtGAL1 is also induced by 

fungal elicitors (Ndimba et al., 2003), as well as during leaf senescence (Swidzinski et al., 2004), 

indicating that it is indeed responsive to multiple stimuli.  

The large amount of data generated by genome annotation and bioinformatics indicates that the 

majority of plant lectin genes encode a chimeric polypeptide domain architecture. This underscores the 

fact that most plant lectins are not simple sugar binding proteins, but are bi- or multi-functional proteins 

(Van Damme et al., 2008). AtGAL1 is no exception as it contains both an N-terminal GNA domain and 

C-terminal apple domain. GNA and related lectins exhibit a strong affinity toward oligomannosides and 

high-mannose N-glycans such as those prevalent on AtPAP26-S2 (Van Damme et al., 2008). 

2.4.4 AtGAL1 undergoes multiple post-translational modifications 

Our results indicate that cell wall-localized AtGAL1 upregulated by –Pi Arabidopsis undergoes at 

least four post-translational modifications, namely: cleavage of a 22 or 23 amino acid transit peptide, N-
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glycosylation at four conserved Asn residues, dithiol-disulfide interconversion in its apple domain, and 

(bis)phosphorylation at Tyr38/Thr39. Bioinformatic analysis indicated that AtGAL1 and its homologs 

contain a C-terminal apple domain arising from three disulfide bonds formed between six conserved 

cysteine residues (Fig. 2-5). This prediction is consistent with the remarkable amplification of AtGAL1 

cross-reactivity with anti-AtGAL1 when the lectin was prepared in absence of the thiol-reducing reagent 

DTT prior to immunoblotting (Fig. 2-1c,d). These results indicate that the native AtGAL1 used to 

produce rat anti-AtGAL1 contained intramolecular disulfide bonds and that the resulting, highly antigenic 

epitopes (i.e. the apple domain) were eliminated following AtGAL1 reduction with DTT (i.e. disulfide to 

dithiol conversion) prior to immunoblotting. The apple domain is a subset of the PAN superfamily which 

is broadly expressed in plants, animals, and microbes to fulfill diverse biological roles by mediating 

protein:protein or protein:carbohydrate interactions (Tordai et al., 1999; Brecht et al., 2001). Thus, future 

studies are required to assess the potential involvement of AtGAL1’s apple domain in (glyco)protein 

target binding, and functional/structural interactions of this C-terminal domain with AtGAL1’s N-

terminal GNA domain.  

 Orbitrap LC-MS/MS also detected AtGAL1 (bis)phosphorylation at Tyr38/Thr39, thus 

corroborating previous results (Ndimba et al., 2003; Wu et al., 2013). Interrogation of the PhosPhAt4.0 

database (http://phosphat.uni-hohenheim.de/phosphat.html) indicated that bisphosphorylated Arabidopsis 

proteins are relatively common. This includes the abundant phloem lectin AtPP2 (At4g19850) which, 

similar to AtGAL1, appears to be bisphosphorylated at Tyr30 and Ser31. Conservation of AtGAL1’s Tyr38 

and Thr39 phosphosites in its paralogs AtGAL2 and AtGAL3 (Fig. 2-5), as well as several of its closest 

orthologs (Appendix A, Fig. A-3), indicates that this unusual post-translational modification may be of 

widespread importance for members of this GNA-apple domain lectin subgroup. Our understanding of the 

occurrence or role of plant lectin phosphorylation is extremely limited. However, phosphorylation of the 

intracellular wheat lectin VER2 at Ser33 appears to promote its binding to glycoprotein targets within the 

nucleus, thereby triggering the vernalization response (Xing et al., 2009). Determining the mechanisms 
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and functions of AtGAL1 (bis)phosphorylation promises to be an exciting avenue for future research. In 

this regard it is important to note that: (i) cell communication via the extracellular matrix (apoplast) 

controls many processes vital for plant survival, and (ii) secretion of ATP into the apoplast is an 

important stimulus for cell signalling that functions in many aspects of plant physiology, including 

reallocation of resources to protein networks that support acclimation to stress (Chivasa and Slabas, 

2012). A striking feature of the mammalian phosphoproteome is that a substantial proportion of 

extracellular proteins of cultured or primary tissue samples contain phosphotyrosine, and at least one 

secreted mammalian tyrosine kinase has been well described (Bordoli et al., 2014). Two-dimensional 

PAGE coupled with anti-phosphotyrosine immunoblotting revealed several cell wall and CCF proteins of 

suspension cultured Arabidopsis and tobacco cells that appear to be phosphorylated on tyrosine residues 

(Ndimba et al., 2003; Kaida et al., 2010). However, it is unknown whether these proteins are 

phosphorylated in the ER or Golgi during the sorting pathway, or are phosphorylated post-secretion by 

extracellular protein kinases. There is an obvious requirement for detailed studies of the impact of 

stressors such as Pi-deprivation or bacterial pathogens on the extracellular phosphoproteome of plant 

cells, as well as the potential occurrence and targets of secreted plant protein (including tyrosine) kinases. 

2.5 Concluding Remarks 

The present study builds upon extensive research on the biochemical, molecular, and functional 

properties of AtPAP26, and its central role in Arabidopsis Pi-acquisition and Pi-use efficiency. Isolation 

of the high-mannose AtPAP26-S2 glycoform from CCF and cell wall extracts of –Pi cell cultures led to 

the discovery of AtGAL1 as a novel co-purifying, secreted, Pi starvation-inducible, bisphosphorylated, 

and soluble GNA-apple domain lectin. Although AtGAL1 has been detected at transcriptome and/or 

proteome levels in numerous studies, we are unaware of any follow-up experimental work to characterize 

its biochemical or functional properties. Protein co-purification is considered to be a robust indicator of 

multiprotein complexes that prevail in vivo (Srere and Mathews, 1990). An obvious hypothesis is that 

AtGAL1 binds AtPAP26-S2’s high-mannose glycans, and that this association modulates the catalytic 
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activity and physico-chemical properties of AtPAP26-S2. Indeed our companion paper (Ghahremani et 

al., 2018a) documents that: (i) AtGAL1specifically interacts with AtPAP26-S2, and (ii) AtGAL1 

preincubation significantly enhances the APase activity and thermal stability of purified AtPAP26-S2, but 

not AtPAP26-S1. AtGAL1’s induction by numerous stresses combined with the broad distribution of 

AtGAL1-like lectins in phylogenetically diverse species (Table 2-1; Appendix A, Fig. A-4), implies an 

important and conserved function for AtGAL1 orthologs within the plant kingdom.   

Few studies appear to have considered the involvement of secreted glycoforms, lectins, or 

bisphosphorylated or phosphotyrosylated proteins in plant Pi-starvation responses. This clearly represents 

an important area for future research that may facilitate development of effective biotechnological 

strategies for improving crop Pi-acquisition and Pi-use efficiency. This in turn would help to reduce the 

overuse of unsustainable, inefficient, and polluting Pi-containing fertilizers in agriculture. Overall, the 

current study illustrates the incredible challenge of ‘functional genomics’ since many annotated genes 

belong to large gene families encoding multiple isoforms whose individual biochemical and functional 

properties, expression patterns, subcellular targeting, post-translational modifications, and protein:protein 

interactions remain poorly understood. Furthermore, our results illustrate how the integration of classical 

protein and enzyme biochemistry with modern MS and bioinformatic tools can yield interesting 

discoveries concerning gene function, and the organization and control of plant metabolism. 
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2.7 Tables  

Table 2-1. Protein accession, sequence identity, and predicted molecular mass, localization, and domains of AtGAL1-AtGAL5 and several of 

AtGAL1’s closest orthologs from other plant species. 

AtGAL 
isoform #  

or species 
name 

Monocot 
or 
Dicot? 

Family Protein 
Accessiona 

Percent 
Identity  

to 
AtGAL1 

Number 
of 
Amino 
Acid 
Residues 

Predicted 
Mr 

Predicted 
Localizationb 

Conserved 
Domainsc 

Transmembrane 
Domain(s)?d 

AtGAL1 
(At1g78850) 

Dicot Brassicaceae Q9ZVA4 100 441 49.0 Secretory GNA/PAN No 

AtGAL2 
(At1g78860) 

Dicot Brassicaceae Q9ZVA5 93 443 49.2 Secretory GNA/PAN No 

AtGAL3 
(At1g78820) 

Dicot Brassicaceae Q9ZVA1 44 455 50.6 Secretory GNA/PAN No 

AtGAL4 
(At1g78830) 

Dicot Brassicaceae Q9ZVA2 46 455 50.3 Secretory GNA/PAN Yes 

AtGAL5 
(At1g16905) 

Dicot Brassicaceae AEE29519 45 423 47.3 Secretory GNA/PAN Yes 

Arabidopsis 
lyrata 

Dicot Brassicaceae XP_002889216 97 441 49.1 Secretory GNA/PAN No 

Eutrema 
salsugineum 

Dicot Brassicaceae XP_006389952 94 441 49.2 Secretory GNA/PAN No 

Raphanus 
sativus 
(radish) 

Dicot Brassicaceae XP_018442842 93 439 49.2 Secretory GNA/PAN No 

Brassica 
napus 
(Canola) 

Dicot Brassicaceae CDY62606 93 419 47.0 Secretory GNA/PAN No 

Arabis 
alpina 

Dicot Cleomaceae KFK42262 90 440 49.2 Secretory GNA/PAN No 
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Tarenaya 
hassleriana 

Dicot Amaranthaceae XP_010531929 77 425 47.4 Secretory GNA/PAN No 

Spinacia 
oleracea 
(Spinach) 

Dicot Vitaceae KNA07364 51 437 49.1 Secretory GNA/PAN No 

Vitis vinifera 
(Grape) 

Dicot Apiaceae XP_010644121 51 461 51.8 Secretory GNA/PAN Yes 

Daucus 
carota 
(carrot) 

Dicot Fabaceae XP_017253684 50 453 50.6 Secretory GNA/PAN No 

Glycine max 
(Soybean) 

Dicot Cucurbitaceae XP_003543212 49 435 48.8 Secretory GNA/PAN Yes 

Cucumis 
sativus 
(Cucumber) 

Dicot Solanaceae KGN53560 48 440 49.7 Secretory GNA/PAN Yes 

Solanum 
lycopersicum 
(Tomato) 

Dicot Musaceae XP_004233063 42 436 48.9 Secretory GNA/PAN No 

Musa 
acuminate 
(Banana) 

Monocot Arecaceae XP_009404508 46 434 48.2 Secretory GNA/PAN No 

Phoenix 
dactylifera 
(Date palm) 

Monocot Asparagaceae XP_008812087 44 430 47.4 Secretory GNA/PAN No 

Asparagus 
officinalis 

Monocot Poaceae XP_020259496 38 283 31.7 Secretory GNA/PAN No 

a Given by NCBI Protein Database (https://www.ncbi.nlm.nih.gov/guide/proteins/). 
b Predicted by Signal P ( http://www.cbs.dtu.dk/services/SignalP/); secretory denotes presence of signal peptides for the secretory pathway which 
includes both the cell vacuole, cell wall, and apoplast. 
c Predicted by the NCBI Conserved Domain Search tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).  
dPredicted by TMHMM Server, version 2.0 (http://www.cbs.dtu.dk/services/TMHMM/).
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2.8 Figures 

 
Fig. 2-1. Separation of cell wall-localized AtPAP26-S2 from AtGAL1 by Mono-S FPLC, and SDS-

PAGE and immunoblot analysis of final AtPAP26-S1, AtPAP26-S2, and AtGAL1 preparations 

isolated from cell wall extracts of –Pi Arabidopsis suspension cells. (a) Mono-S cation-exchange FPLC 

of pooled SOURCE 15PHE peak AtPAP26-S2 fractions (see Appendix A, Fig. A-1 and Table A-1). (b) 

Final preparations of AtPAP26-S1, AtPAP26-S2, and AtGAL1 (5 µg each) were subjected to 10% SDS-

PAGE and stained with Coomassie brilliant blue G-250 (CBB G-250). ‘M’ denotes various protein 

molecular mass standards. (c) Purified AtPAP26-S1 and -S2 (50 ng each) and AtGAL1 (15 ng) were 

subjected to 10% SDS-PAGE using a sample buffer lacking (-) or containing 50 mM DTT (+), followed 
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by anti-AtPAP26 or anti-AtGAL1 immunoblotting. (d) Indicated amounts of purified AtGAL1 were 

subjected to SDS-PAGE using a sample buffer lacking (-DTT) or containing 50 mM DTT (+DTT), 

followed by anti-AtGAL1 immunoblotting. O, origin; TD, tracking dye front. 
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Fig. 2-2. AtPAP26-S1 and AtPAP26-S2 exhibit dissimilar absorption spectra, but similar metal ion 

contents. (a) AtPAP26-S2 purified from cell walls of –Pi Arabidopsis suspension cells displayed a darker 

purple color in solution, relative to an equivalent concentration of AtPAP26-S1 (3.5 mg ml-1 each). (b) 

Absorbance spectrum of a 3.5 mg ml-1 solution of AtPAP26-S1 versus AtPAP26-S2. (c) Metal ion content 

of AtPAP26-S1 and AtPAP26-S2 was determined by ICP-MS as described in the Materials and Methods. 

All values represent means ±SEM of n = 3 independent determinations. 
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Fig. 2-3. AtPAP26-S1 and AtPAP26-S2 glycoprofiling. (a) AtPAP26’s amino acid sequence 
highlighting positions of its N-linked glycosylation sites; the NX(S/T0 N-glycosylation consensus motif 
is underlined. (b-d) AtPAP26-S1 and AtPAP26-S2 glycan microheterogeneity and abundance at Asn103 
(b), Asn356 (c), and Asn422 (d) was determined by LTQ-FT ICR MS. (e) Schematic of the most abundant 
glycans at the three glycosylation sites of AtPAP26-S1 and AtPAP26-S2. The model was generated using 
SWISS-MODEL Workspace (Arnold et al., 2006; Bordoli et al., 2008; Biasini et al., 2014). 
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Fig. 2-4. Co-purification of AtGAL1 with the AtPAP26-S2 glycoform isolated from clarified culture 

filtrates (CCFs) of –Pi Arabidopsis suspension cells. (a) SDS-PAGE followed by protein staining with 

Coomassie brilliant blue G-250 (CBB-G250) and anti-PAP26 immunoblot (5 µg and 50 ng protein 

loaded, respectively) of pooled peak APase activity fractions obtained following Con-A affinity 

chromatography of partially purified AtPAP26-S2 (see Tran et al., 2010b for details). (b) Pooled peak 

APase activity fractions eluting from the Con-A column were subjected to Phenyl-Superose FPLC as 

described by Tran et al. (2010b). A280 and APase activity are indicated by a solid and dotted line, 

respectively. Peak AtGAL1 and AtPAP26-S2 fractions were separately pooled, concentrated and 

analyzed via (c) SDS-PAGE (5 µg protein lane-1) followed by protein staining with CBB G-250, and (d) 

anti-AtGAL1 or anti-PAP26 immunoblotting (15 and 25 ng protein loaded lane-1, respectively). Samples 

destined for anti-AtGAL1 immunoblotting were boiled in SDS sample buffer lacking a thiol reducing 

compound. ‘M’ denotes various protein molecular mass standards; O, origin; TD, tracking dye front. 
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Fig. 2-5. Alignment of tryptic peptide sequences of AtGAL1 isolated from cell walls of –Pi 

Arabidopsis suspension cells with deduced amino acid sequence of At1g78850 gene product and its 

paralogs. Tryptic peptides derived from the 55 kDa protein-staining polypeptide of purified AtGAL1 

(Fig. 2-1b) were sequenced via Orbitrap LC-MS/MS and are underlined. The arrow indicates the 

predicted signal peptide cleavage site, whereas the actual signal peptide sequence as determined by 

Edman degradation is overlined. NX(S/T) N-linked glycosylation motifs are enclosed in a rectangle, 

whereas six conserved, disulfide-bond forming, cysteine residues in AtGAL1’s apple domain are marked 

by asterisks. The phosphorylated Tyr38 and Thr39 residues that were identified by LC-MS/MS are also 

highlighted. Identical and similar amino acids are indicated by black and gray shading, respectively. Inset: 

schematic diagram of AtGAL1 functional domains. 
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Fig. 2-6. AtGAL1 is induced following nutritional Pi-deprivation of Arabidopsis suspension cells or 

seedlings. (a) Levels of AtGAL1 mRNA in +Pi versus –Pi suspension cells were analyzed by semi-

quantitative RT-PCR. AtACT2 was used as 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) AtGAL1 transcript levels of +Pi and –Pi Arabidopsis suspension 

cells and seedlings were also determined by quantitative RT-PCR. Relative expression was normalized to 

the abundance of AtACT2 mRNA. Transcript data represent means ±SEM using cDNAs prepared from 

n = 3 biological replicates. Statistically significant differences (p < 0.05; Students’ t-test) between +Pi and 

corresponding –Pi samples are indicated with an asterisk. (c) Cell wall, culture filtrates, and intracellular 

extracts of +Pi and –Pi Arabidopsis suspension cells or seedlings were subjected to immunoblotting with 

anti-AtGAL1 (2.5 µg protein loaded lane-1). CCF and SCF denote cell culture and seedling culture 

filtrates, respectively. AtGAL1 purified from cell walls of –Pi suspension cells (15 ng, labeled as 

‘AtGAL1’) served as a reference and positive control. The bottom panels of each immunoblot show 

portions of replicate Coomassie Blue G-250 protein-stained gels as loading controls (10 µg protein loaded 

lane-1). O, origin; TD, tracking dye front. 
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Fig. 2-7. Maximum likelihood tree of Arabidopsis GNA lectin family. The tree was constructed in 

MEGA 7.0 based upon clustering analysis of deduced amino acid sequences using the WAG+G+I model 

(with partial deletion option). GNA subgroups are represented using the same color code. AtGAL1 is 

marked by a red arrow. Bootstrap values are percentages of 500 replications. The proteins are named 

according to their chromosomal based nomenclature provided by TAIR. The scale bar represents the 

mean of the number of substitutions per site according to a Maximum Likelihood estimation. 
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Fig. 2-8. AtGAL1 glycan microheterogeneity and abundance at (a) Asn66, (b) Asn102, (c) Asn258, and 

(d) Asn269 was determined by Orbitrap LC-MS/MS. 
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Fig. 2-9. Orbitrap LC-MS/MS spectra of the phosphorylated peptides at AtGAL1 residues 23-51 

and residues 24-51. (a) the monophosphorylated-Tyr38 peptide at residues 23-51 at the triply charged ion 

of m/z 1151.5289; (b) the bisphosphorylated-Tyr38-Thr39 peptide at residues 24-51 at the triply charged 

ion of m/z 1135.4940. (c) Approximately 1 µg of AtGAL1 was treated with or without calf intestinal 

alkaline phosphatase (CIP) (abcam) for 60 min at 37 °C. Then, the samples were subjected to 

immunoblotting with 1:5000 dilution of monoclonal anti-pTyr (Milipore Sigma). An identical membrane 

was immune-detected with anti-AtGAL1 to serve as a loading control. Immuno-reactive proteins were 

visualized using a peroxidase-tagged secondary antibody. 
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Chapter 3 

The lectin AtGAL1 interacts with the high-mannose glycoform of the purple acid 

phosphatase AtPAP26 secreted by phosphate-starved Arabidopsis  

Mina Ghahremani, Joonho Park, Erin M. Anderson, Naomi J. Marty-Howard, Robert T. 

Mullen, and William C. Plaxton (2018) Plant, Cell & Environment (accepted pending minor 

revisions) 

Abstract 

Among 29 predicted Arabidopsis purple acid phosphatases (PAPs), AtPAP26 functions as the principle 

extra- and intracellular PAP isozyme that is upregulated to recycle and scavenge Pi during Pi-deprivation 

or leaf senescence. Our companion paper documented the co-purification of a secreted, high-mannose 

AtPAP26-S2 glycoform with AtGAL1 (At1g78850), a Pi starvation-inducible (PSI) and Galanthus 

nivalis agglutinin-related (mannose-binding) and apple domain lectin. This study tests the hypothesis that 

AtGAL1 binds AtPAP26-S2 to modify its enzymatic properties. Far-western immunodot blotting 

established that AtGAL1 readily associates with AtPAP26-S2, but not the low mannose AtPAP26-S1 

glycoform, nor other secreted PSI PAPs (i.e. AtPAP12 or AtPAP25). Analytical gel filtration indicated 

that 55 kDa AtGAL1 and AtPAP26-S2 polypeptides associate to form a 112 kDa heterodimer. 

Microscopic imaging of transiently-expressed, fluorescent protein-tagged AtGAL1, and associated 

bimolecular fluorescence complementation assays demonstrated that: (i) like AtPAP26, AtGAL1 also 

localizes to lytic vacuoles of Pi-deprived Arabidopsis, and (ii) both proteins interact in vivo. AtGAL1 

preincubation significantly enhanced the acid phosphatase activity and thermal stability of AtPAP26-S2, 

but not AtPAP26-S1. We hypothesize that AtGAL1 plays an important role during Pi deprivation through 

its interaction with mannose-rich glycans of AtPAP26-S2, and consequent positive impact on AtPAP26-

S2 activity and stability. 
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3.1 Introduction 

Integrated biochemical and functional genomic studies have established that the Arabidopsis 

purple acid phosphatase (PAP) AtPAP26: (i) is a principal contributor to intra- and extracellular Pi-

starvation inducible (PSI) acid phosphatase (APase) activity, and (ii) plays a central role in Pi-recycling 

and scavenging during Pi deprivation or leaf senescence (Veljanovski et al., 2006; Hurley et al., 2010; 

Tran et al., 2010b; Robinson et al., 2012b; Wang et al., 2014). Native enzyme purification and 

characterization led to the surprising discovery that AtPAP26 is secreted as a pair of distinct glycoforms 

(AtPAP26-S1 and AtPAP26-S2) by Pi-starved (–Pi) Arabidopsis (Tran et al., 2010b; Del Vecchio et al., 

2014; Ghahremani et al., 2018b). Our companion paper employed high-resolution mass spectrometry to 

compare structural features of their N-linked glycans (Ghahremani et al., 2018b). Both AtPAP26 

glycoforms shared identical glycosylation sites. However, while AtPAP26-S1’s glycans uniformly 

consisted of complex-type N-glycans, the Asn365 and Asn422 glycosylation sites of AtPAP26-S2 were 

extensively modified by the addition of up to seven terminal mannose residues to the N-

acetylglucosamine core to form high-mannose glycans (Ghahremani et al., 2018b). These results led us to 

hypothesize that co- and posttranslational glycosylation processes mediate functional diversity of secreted 

AtPAP26 glycoforms during Pi deprivation. Ghahremani and co-workers (2018) also documented 

extensive co-purification of the high-mannose AtPAP26-S2 glycoform with a secreted, bisphosphorylated 

PSI lectin designated as AtGAL1 (At1g78850). AtGAL1 is a member of Arabidopsis’ Galanthus nivalis 

agglutinin (GNA) lectin family that bind high-mannose glycans (Van Damme et al., 2008; Eggermont et 

al., 2017). The aim of the present study was to test the hypothesis that AtGAL1 interacts with the high-

mannose AtPAP26-S2 glycoform and that this association enhances the APase activity and physical 

stability of AtPAP26. 
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3.2 Material and Methods 

3.2.1 Proteins, antibodies, APase activity assays, and protein concentration determination 

AtPAP26-S1, AtPAP26-S2, AtPAP12, AtPAP25, and AtGAL1 were fully purified from cell wall 

extracts of –Pi Arabidopsis suspension-cultured cells, and rabbit anti-AtPAP26 immune serum (anti-

AtPAP26) and rat anti-AtGAL1 immune serum (anti-AtGAL1) obtained as previously described 

(Veljanovski et al., 2006; Robinson et al., 2012b; Del Vecchio et al., 2014; Ghahremani et al., 2018b). 

APase activity assays and protein concentration determinations were conducted as described by 

Ghahremani and co-workers (2018). 

3.2.2 Far-western immunodot blotting 

Bait proteins were spotted in parallel onto a pair of nitrocellulose strips (2 µl per dot). One of the 

membranes was incubated for 30 s in 0.1% (w/v) Coomassie Blue R-250 in 50% methanol, followed by 

rapid destaining with 10% acetic acid in 50% methanol (loading control). The other membrane was 

blocked with 5% (w/v) skim milk powder in Tris-buffered saline for 1 h, followed by incubation with 3 

µg/ml of the prey protein for 2 h. After overnight incubation at 4 oC with 1,000-fold diluted anti-prey 

protein immune serum, antigenic immunodots were visualized using an alkaline phosphatase-tagged 

secondary antibody and chromogenic detection as previously described (Veljanovski et al., 2006; 

Ghahremani et al., 2018b). To investigate the effect of dithiothreitol (DTT) on AtGAL1’s interaction with 

AtPAP26-S2, AtGAL1 was incubated with 0 or 50 mM DTT for 15 min prior to spotting onto the 

nitrocellulose membrane. AtGAL1 was also treated with Lambda protein phosphatase (New England 

Biolabs Ltd., Whitby, ON, Canada) for 30 min at 30 °C to determine if its phosphorylation status 

(Ghahremani et al., 2018b) influences its interaction with AtPAP26-S2. The AtPAP26-S2 binding activity 

of AtGAL1 was also investigated by addition of 0, 10, or 50 mM methyl α-D-mannopyranoside to the 

pure protein prior to dotting onto the nitrocellulose membrane. All far-western immunodot blots were 

replicated a minimum of three times, with representative results shown in Fig. 3-1. 
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3.2.3 Plasmid construction 

AtPAP26 (U11049) and AtGAL1 (CIW00534) cDNAs were obtained from the Arabidopsis 

Biological Resource Center (ABRC) and amplified using PCR and appropriate oligonucleotide primers 

(Appendix B, Table B-1). A PCR fragment containing the entire open reading frame of AtGAL1 was 

inserted into pSAT6-eYFP-N1 (ABRC) using NcoI and BglII to yield AtGAL1-eYFP, encoding AtGAL1 

fused to the N-terminus of the enhanced yellow fluorescent protein (eYFP). The AtPAP26-mCherry 

plasmid, encoding the monomeric red fluorescent protein, Cherry, has been previously described (Hurley 

et al., 2010). Amplified AtPAP26 and AtGAL1 products were mixed in 3:1 molar ratio with pSAT4-Myc-

nVenus-N1 (VN) and pSAT4-cVenus-HA (VC) (ABRC) linearized by EcoRI and SacII, respectively. Each 

sample was incubated with In-Fusion reaction mix and transformed according to manufacturer’s protocol 

(Clontech) to yield AtPAP26-VN and AtGAL1-VC. Refer to Citovsky et al. (2006) for details on the VN 

and VC plasmids, which, in addition to encoding the N- or C-terminal halves of the Venus fluorescent 

protein, also encode the Myc or hemagluttinin (HA) epitope tag, respectively, to allow for 

immunodetection of the corresponding fusion proteins. Construction of plasmids encoding the red 

fluorescent protein (RFP) or pSpo-GFP, consisting of the Arabidopsis basic chitinase N-terminal signal 

sequence fused to the green fluorescent protein (GFP), followed by the 16-amino-acid-long sweet potato 

(Ipomoea batatas) sporamin N-terminal propeptide, are described elsewhere (Shockey et al., 2006; 

Hurley et al., 2010). 

3.2.4 Transient transformations, immunofluorescence staining, BiFC analysis, and imaging of 

Arabidopsis suspension cells 

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

were maintained at 21 °C in the dark as previously described (Veljanovski et al., 2006). Pi-sufficient (+Pi) 

and –Pi cells were prepared by subculturing 10 mL aliquots of 7-d-old cultures into 40 mL of fresh 

Murashige-Skoog media containing or lacking 5 mM Pi, respectively.  Seven day old +Pi or –Pi cells 

were transiently transformed with 5 µg (intracellular localization experiments) or 2 µg (for bimolecular 
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fluorescence complementation (BiFC) assays) plasmid DNA by using a biolistic particle delivery system 

1000/HE (Bio-Rad, Mississauga, ON, Canada) (Lingard et al., 2008). For BiFC assays, cells were also 

bombarded with plasmid DNA encoding red fluorescent protein (RFP), serving as a transformation 

control. Bombarded cells were incubated for 8 h to allow for protein expression and intracellular 

localization, fixed in 4% (w/v) formaldehyde and processed further for epi-(immuno)fluorescence 

microscopy. Details on immunofluorescence staining of cells transformed with AtPAP26-VN or AtGAL1-

VC and the sources of primary and dye-conjugated secondary antibodies used in these experiments (e.g. 

anti-Myc and anti-HA antibodies) have been described previously (Lingard et al., 2008). 

All images were acquired using a Zeiss Axioscope 2 MOT epifluorescence microscope (Carl 

Zeiss Inc., Thornwood, NY, USA) with a Zeiss 63x Plan Apochromat oil-immersion objective. Image 

capture was performed using a Retiga 1300 charge-coupled device camera (Qimaging, Burnaby, BC, 

Canada) and Northern Eclipse 5.0 software (Empix Imaging Inc., Mississauga, ON, Canada). Figure 

compositions were generated using Adobe Illustrator (Adobe Systems Inc., Toronto, ON Canada). Images 

of protein localization and BiFC assays are representative of the results obtained from analyzing ≥25 

individual transformed cells from at least three separate experiments (i.e., biolistic bombardments). BiFC 

assays followed guidelines for control assays with ‘empty’ plasmids and assessing for any potential cell-

to-cell variability as previously described (Hwang et al., 2008; Lee et al., 2012). 

3.3 Results and Discussion 

3.3.1 Far-western immunodot blotting demonstrates that AtGAL1 associates with the high-

mannose AtPAP26-S2 glycoform 

Since far-western immunodot blotting can provide a robust in vitro indication of protein:protein 

interactions prevailing in vivo (Wu et al., 2007), fully purified AtPAP26-S2 was dotted as a bait protein 

and the membrane incubated with purified AtGAL1 as a prey protein, and vice versa (Fig. 3-1). AtGAL1-

AtPAP26-S2 interactions were observed beginning at about 25-50 ng of bait protein loaded for both blots 
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and increased in intensity as the amount of bait protein was increased (Fig. 3-1a,b). The interaction was 

largely abolished by adding methyl α-D-mannopyranoside (Fig. 3-1c), suggesting a lectin-carbohydrate 

interaction. By contrast, negligible or weak interactions were observed between AtGAL1 and purified 

AtPAP26-S1, AtPAP12, or AtPAP25 on parallel immunodot blots (Fig. 3-1a). AtPAP12 and AtPAP25 

are PSI PAPs that are also secreted into culture media and/or cell walls of the –Pi cells, and function with 

AtPAP26 in facilitating acclimation of Arabidopsis to nutritional Pi deprivation (Tran et al., 2010b; 

Robinson et al., 2012b; Del Vecchio et al., 2014). 

Disulfide bonds formed between three pairs of conserved cysteine residues in AtGAL1’s C-

terminus were predicted by Prosite (www.expasy.ch/cgi-bin/prosite) to form a characteristic apple shape, 

known as an ‘apple domain’ (Ghahremani et al., 2018b). Apple domains are common to many eukaryotic 

and prokaryotic proteins and have been implicated in protein:protein and protein:carbohydrate 

interactions (Tordai et al., 1999). It is notable that DTT preincubation largely abolished AtGAL1 binding 

to AtPAP26-S2 (Fig. 3-1d), indicating that AtGAL1’s adhesive properties are dependent on the presence 

of intact disulfide bonds. By contrast, AtGAL1’s bisphosphorylation at Tyr38/Thr39 (Ghahremani et al., 

2018b) does not appear to function in AtPAP26-S2 binding, as AtGAL1 dephosphorylation via lambda 

phosphatase preincubation did not influence its ability to bind AtPAP26-S2 (Fig. 3-1e). We hypothesize 

that AtGAL1-AtPAP26-S2 association is promoted by an interaction of AtGAL1’s GNA and apple 

domains with AtPAP26-S2’s high-mannose glycans at Asn365 and Asn422 (Ghahremani et al., 2018b). 

3.3.2 AtGAL1 forms a heterodimeric complex with AtPAP26-S2 glycoform 

The native and subunit molecular masses of fully purified AtPAP26-S2 and AtGAL1 were 

estimated to be approximately 55 kDa, indicating that the purified proteins exist as monomers (Fig. 3-2a) 
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(Del Vecchio et al., 2014; Ghahremani et al., 2018b). However, both proteins co-eluted as a 112 ±10 kDa 

(means ±SEM, n = 3) complex when fractions containing partially purified AtGAL1 and AtPAP26-S2 

that co-eluted following Concanavlin-A (Con-A) Sepharose lectin-affinity chromatography of cell wall 

extracts prepared from –Pi Arabidopsis suspension cells were pooled, concentrated, and directly subjected 

to Superdex 200 Increase gel filtration FPLC (Fig. 3-2a,b). This indicates that AtPAP26-S2 and AtGAL1 

can associate to form a heterodimer. 

3.3.3 AtGAL1 co-localizes and interacts with AtPAP26 in lytic vacuoles of Pi-deprived Arabidopsis 

suspension cells 

AtGAL1’s coding region was fused to the 5’-end of the eYFP reporter gene and transiently 

expressed via biolistic bombardment in +Pi and –Pi Arabidopsis suspension cells under the control of the 

cauliflower mosaic virus 35S promoter. Epifluorescence microscopy demonstrated AtGAL1-eYFP 

localization to lytic vacuoles of –Pi cells, as evidenced by its co-localization with AtPAP26-mCherry 

(Fig. 3-3a, top row), a well-characterized lytic vacuole protein (Hurley et al., 2010). These results 

corroborate those from earlier studies wherein AtGAL1 was annotated as a member of the vacuolar 

proteome of Arabidopsis suspension cells (Carter et al., 2004). Lytic vacuoles provide a valuable source 

of Pi-monoester substrates for vacuolar PAPs such as AtPAP26, thereby playing a key role in intracellular 

Pi scavenging and recycling during Pi-stress or senescence (Tran et al., 2010b; Yang et al., 2017b). 

Despite both constructs being under the control of a constitutive (i.e., 35S) promoter, it is intriguing that 

expression and vacuolar targeting of AtPAP26-mCherry and AtGAL1-eYFP was significantly augmented 

in the –Pi cells, relative to +Pi cells; i.e., the fluorescence signal attributable to both fusion proteins was 

conspicuously brighter in –Pi cells and their localization to lytic vacuoles was also evident only in the –Pi 

cells (Fig. 3-3a). This indicates that some form of post-transcriptional control exists for AtPAP26 and 

AtGAL1 expression and/or vacuolar targeting that is dependent upon the Pi status of the cell. These 

observations are reminiscent of previous reports that although AtPAP26 activity and protein levels are 

substantially upregulated following Pi-deprivation, AtPAP26 transcripts occur at similar levels in 
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Arabidopsis suspension cells and seedlings irrespective of their nutritional Pi status (Veljanovski et al., 

2006; Hurley et al., 2010; Tran et al., 2010b). Similarly, levels of intracellular and secreted AtGAL1 

polypeptides showed a far greater increase during Pi-deprivation of Arabidopsis relative to corresponding 

changes in AtGAL1 transcripts (Ghahremani et al., 2018b).  

A BiFC assay was used to assess the potential in vivo interaction of transiently-expressed 

AtPAP26 with AtGAL1 in the –Pi Arabidopsis cells. BiFC assays provide detection of in vivo 

protein:protein interactions with subcellular localization information (Weinthal and Tzfira, 2009). Our 

BiFC assay was based on the premise that there would be an association between the non-fluorescent N-

terminal and C-terminal fragments of the Venus fluorescent protein if they were brought in close 

proximity due to an interaction between the corresponding appended AtPAP26 and AtGAL1 (i.e., 

AtPAP26-VN and AtGAL1-VC).  Our BiFC assay also involved co-transformation with cytoplasmic RFP 

in order to identify transformed cells regardless of whether a BiFC signal was present or not. As shown in 

Fig. 3-3b, AtPAP26-VN and AtGAL1-VC both localized at lytic vacuoles of –Pi cells, as evidenced by 

their co-localization with pSPo-GFP, a lytic vacuolar marker protein (Jin et al., 2001). Negligible BiFC 

(Venus) fluorescence was detected, however, when PAP26-VN or AtGAL1-VC were co-expressed with 

the corresponding ‘empty’ vector containing the VC or VN fragments alone (Fig. 3-3c), as expected; refer 

also to Fig. 3-3d for quantification of the BiFC results assays. However, co-expression of PAP26-VN 

with AtGAL1-VC resulted in an obvious BiFC signal, consistent with an association between AtPAP26 

and AtGAL1 in lytic vacuoles of the –Pi cells (Fig. 3-3c,d). We hypothesize that the basis for this 

interaction is that, similar to AtPAP26-S2, vacuolar AtPAP26 of –Pi Arabidopsis appears to contain high-

mannose glycans (i.e., it binds to Con-A) (Veljanovski et al., 2006) that would interact with AtGAL1’s 

GNA and apple domains. 

3.3.4 AtGAL1 enhances the phosphatase activity and thermal stability of AtPAP26-S2 

Lectins that modulate glycoprotein function and stability by means of their carbohydrate binding 

site have been well described (Van Damme et al., 2008). For example, glycosylated APases from soybean 
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seeds, rye germ, and potato tubers were activated 40 - 60% by a 10-fold excess (w/w) of an unspecified 

endogenous lectin (Ferens and Morawiecka, 1985; Wierzba-Arabska and Morawiecka, 1987; Aoyama et 

al., 2001). Similarly, the thermal stabilities of the potato tuber and rye germ APase also increased in the 

presence of an endogenous lectin (Ferens and Morawiecka, 1985; Wierzba-Arabska and Morawiecka, 

1987). We therefore assessed the impact of AtGAL1 on the APase activity and thermal stability of 

AtPAP26-S1 versus AtPAP26-S2 (Fig. 3-4). Activation of AtPAP26-S2’s APase activity at its pH 

optimum of 5.5 was most pronounced (60%) by a 10-fold excess of AtGAL1, whereas a similar amount 

of bovine ү–globulin had no effect (Fig. 3-4a). AtPAP26-S2 activation by AtGAL1 depended on the 

enzyme:lectin ratio; i.e. activation at a 1:1 ratio was about 50% of that achieved at the 1:10 ratio. By 

contrast, addition of up to a 20-fold excess of AtGAL1 had no influence on the APase activity of 

AtPAP26-S1 (Fig. 3-4a).  

AtPAP26-S1 and AtPAP26-S2 exhibited identical, bell-shaped pH-activity profiles in the absence 

of AtGAL1, similar to that reported for purified vacuolar AtPAP26 (Veljanovski et al., 2006). Maximal 

activity was centered at pH 5.5, with half-maximal activity occurring at about pH 5.0 and 6.5 (Fig. 3-4b). 

AtGAL1 addition had no impact on AtPAP26-S1’s pH-activity profile at a 1:2 (w:w) enzyme:lectin ratio, 

but significantly increased AtPAP26-S2 activity over the range of pH 5.0 to 6.5, particularly at pH 5.0 

where its APase activity was increased by over 100% (Fig. 3-4b). 

Both AtPAP26 glycoforms exhibited indistinguishable thermal inactivation curves, such that 

approximately 50% of their APase activity was lost following incubation at 60 oC for 10 min (Appendix 

B, Fig. B-1). At a 1:2 ratio of AtPAP26:AtGAL1, however, AtPAP26-S1’s thermal instability at 60 oC 

was unaffected, whereas AtPAP26-S2 activity was only reduced by about 10% (Fig. 3-4c). Thus, 

AtGAL1 not only enhanced AtPAP26-S2’s APase activity, but it also protected the enzyme from thermal 

denaturation. 
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3.4 Concluding Remarks 

Although genome annotation has identified numerous plant lectins, their physiological roles 

remain poorly understood (Van Damme et al., 2008; Eggermont et al., 2017). Furthermore, the role of 

glycobiology in plant Pi starvation responses has received scant attention, despite the fact that crucial Pi 

scavenging enzymes such as PAPs, phosphodiesterases, and ribonucleases that are upregulated and 

secreted during Pi stress are glycoproteins. AtPAP26 has been characterized as a principal intracellular 

(i.e. vacuolar), cell wall, and secreted (i.e. apoplast and rhizosphere) APase that plays a pivotal role in 

Arabidopsis Pi-acquisition and -use efficiency (Veljanovski et al., 2006; Hurley et al., 2010; Tran et al., 

2010b; Robinson et al., 2012a; Robinson et al., 2012b; Wang et al., 2014). Isolation of the high-mannose 

AtPAP26-S2 glycoform from –Pi Arabidopsis cell cultures led to the unexpected discovery of AtGAL1 as 

a novel co-purifying, secreted, PSI and soluble GNA-apple domain lectin (Ghahremani et al., 2018b). 

Further, like AtPAP26, AtGAL1 is dual-targeted to lytic vacuoles (Fig. 3-3) and secreted into the cell 

wall and apoplast by –Pi Arabidopsis (Ghahremani et al., 2018b).  

Results of the current study support our hypothesis that AtGAL1 enhances the ability of –Pi 

Arabidopsis to scavenge Pi from Pi-monoesters via its interaction with AtPAP26-S2’s mannose-rich 

glycans and consequent, positive impact on AtPAP26’s APase activity and physical stability. Disruption 

of AtGAL1-AtPAP26-S2 interactions by DTT indicated that AtGAL1’s apple domain functions as an 

‘adhesion motif’ that promotes AtPAP26 binding. Thus, future research is needed to assess the structural 

basis for AtGAL1-AtPAP26-S2 interactions in order to establish the relative contributions of AtGAL1’s 

GNA versus apple domains to AtPAP26-S2 binding. Far-western analysis also indicated that AtGAL1 

exhibits negligible interactions with AtPAP26-S1, nor other major glycosylated AtPAP isozymes secreted 

by –Pi Arabidopsis (i.e. AtPAP12 or AtPAP25) (Fig. 3-1). Nevertheless, the identification of additional 

AtGAL1 interacting partners will be required before our understanding of its role in Arabidopsis stress 

physiology will be complete. The susceptibility of the soil’s organic-P pool to enzymatic hydrolysis is an 

important constraint for crop Pi acquisition (Richardson et al., 2009). Thus, AtPAP26 has become an 
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attractive candidate for biotechnological strategies aimed at improving crop Pi acquisition from abundant 

organic-P sources prevalent in agricultural soils. Indeed, overexpression of AtPAP26, or its closest 

ortholog from other dicot or monocot species (i.e., rice, stylo, common bean), has been reported to 

improve biomass and Pi accumulation of –Pi plants (Liang et al., 2012; Wang et al., 2014; Liu et al., 

2016; Gao et al., 2017). It will thus be of considerable interest to examine the Pi metabolism and growth 

characteristics of combined AtGAL1 and AtPAP26 overexpressors during their cultivation on unfertilized 

soils and/or with various Pi-monoesters as their sole source of exogenous P. 
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3.6 Figures 

 
Fig. 3-1. Far-western immunodot blot evidence for interaction of AtGAL1 with AtPAP26-S2. (a-e), 

Various amounts of purified AtPAP26-S1, AtPAP26-S2, AtPAP12, AtPAP25, or AtGAL1 (bait proteins) 

were dotted onto nitrocellulose, followed by either protein staining with Coomassie Blue R-250 (CBB R-

250) as loading controls, or incubation with 3 µg/ml of the indicated prey protein. The membranes were 

blocked with skim milk powder dissolved in Tris-buffered saline, and then incubated with anti-AtGAL1 

(a) or anti-AtPAP26 (b-e). All protein samples were prepared in a buffer lacking DTT, with the exception 

of the ‘+DTT’ AtGAL1 prey protein sample of panel d which contained 50 mM DTT prior to dotting on 

the membrane. (e) AtGAL1 was also incubated with (+) and without (-) Lambda phosphatase (New 

England Biolabs Ltd., Whitby, ON, Canada) for 30 min at 30 °C prior to dotting as a bait protein. 

Immunoreactive proteins of panels a-e were visualized using an alkaline phosphatase-tagged secondary 

antibody with chromogenic detection. 



 

88 

 

 

Fig. 3-2. Analytical gel filtration indicates that AtPAP26-S2 and AtGAL1 associate to form a 

heterodimeric complex. (a) Native molecular masses of fully purified AtGAL1 and AtPAP26-S2, and 

the pooled Con-A fractions containing partially purified AtPAP26-S2 and AtGAL1 were estimated from a 

plot of Kav versus log Mr for the indicated protein standards; sample volume =200 µl, flow rate = 0.25 ml 

min-1. (b) Co-elution of AtPAP26-S2 and AtGAL1 during Superdex 200 Increase 10/300 gel filtration 

FPLC. This elution profile was generated with a mixture of partially purified AtPAP26-S2 and AtGAL1 

(i.e., concentrated, pooled APase activity peak fractions obtained following butyl-Sepharose, Fractogel-

SO3
-, and Con-A chromatography of cell wall extracts prepared from 300 g of –Pi Arabidopsis suspension 

cells) (Ghahremani et al., 2018b). An aliquot (3 µl) of each APase-activity containing fraction was 

subjected to SDS-PAGE and immunoblotting with anti-AtPAP26 or anti-AtGAL1 as indicated. The 

column’s void volume (Vo) is indicated with an arrow. 
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Fig. 3-3. Epifluorescence images illustrating in vivo interaction of AtPAP26 and AtGAL1 in lytic 

vacuoles of –Pi Arabidopsis suspension-cultured cells. (a) AtGAL1-eYFP localizes to lytic vacuoles of 

Arabidopsis cells grown –Pi MS media. Heterotrophic Arabidopsis suspension cells cultured for 7 d in 

+Pi or –Pi media were transiently co-transformed via biolistic bombardment with AtGAL1-eYFP and 

AtPAP26-mCherry, the latter serving as a lytic vacuolar marker (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 AtGAL1-eYFP and AtPAP26-mCherry co-localize, as evidenced by the yellow color in the 
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merged image; obvious examples of co-localization are also indicated by arrowheads. (b) Localization of 

AtPAP26 and AtGAL1 BiFC fusion proteins to lytic vacuoles in cells grown –Pi Murashige-Skoog 

media. Cells were transiently co-transformed with AtPAP26-VN (which also contains a myc eptitope tag) 

and pSPO-GFP (a lytic vacuole marker (Jin et al., 2001)) or AtGAL1-VC (which also contains a HA 

epitope tag) and pSPO-GFP. After bombardment, cells were incubated for ~8 h for gene expression and 

protein sorting, and then fixed in formaldehyde. Transformed cells were immunostained for myc or HA, 

accordingly. Note that the fluorescence patterns attributable to either to co-expressed AtPAP26-VN or 

AtGAL1-VC and pSpo-GFP generally co-localize in the same cell, as evidenced by the yellow color in 

the merged images, and indicated also by arrowheads. (c) AtPAP26 and AtGAL1 interact in the BiFC 

assay in suspension cells grown in –Pi media. Shown are representative images of cells co-transformed 

with either AtPAP26-VN or VN alone and AtGAL1-VC or VC alone, as well as with RFP, which served as 

a convenient means of identifying transformed cells. At 8 h post-bombardment, cells were formaldehyde 

fixed and viewed by epifluorescence microscopy. Note the presence and absence of BiFC (Venus) 

fluorescence in AtPAP26-VN and AtGAL1-VC-transformed cells (top row) compared with cells 

(co)transformed with the corresponding ‘Empty’ vectors containing the VN or VC fragments alone. (d) 

Quantification of BiFC assays with AtPAP26 and AtGAL1 in cells cultured in –Pi media. For each pair of 

plasmids tested, ≥ 75 RFP-transformed cells (as shown in panel c) were analyzed from three independent 

biolistic bombardment experiments and scored for the presence or absence BiFC (Venus) fluorescence. 

The plot shows the corresponding mean number (± SD) of BiFC-positive, RFP-transformed cells. 
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Fig. 3-4. AtGAL1 enhances the APase activity and thermal stability of the high mannose AtPAP26-
S2 glycoform. (a) Purified AtPAP26-S1 or AtPAP26-S2 (20 ng each) was mixed with 0, 20, 40, 100, 
200, and 400 ng of purified AtGAL1 or bovine γ-globulin (BGG) (10 µL final volume) and APase 
activity determined using the standard spectrophotometric assay. (b) The pH-APase activity profile of 
AtPAP26-S1 versus AtPAP26-S2 (20 ng each) was determined in the presence (+AtGAL1) and absence 
(-AtGAL1) of 40 ng of AtGAL1. All assays were buffered with a mixture of 25 mM sodium acetate, 25 
mM MES, and 25 mM Bis-Tris propane. (c) Aliquots (10 µl) of purified AtPAP26-S1 or AtPAP26-S2 (5 
µg each) were incubated with and without 10 µg of AtGAL1 for 10 min at 60 oC. Samples were cooled on 
ice, and their residual APase activities determined. All values in panels a-c represent the means ±SEM of 
n = 3 independent experiments; significant differences are indicated as * (p £ 0.05) or ** (p £ 0.01; 
Student’s t-test).   



 

92 

 

Chapter 4 

General Discussion 

Plant growth and metabolism are substantially influenced by the availability of soil Pi. To survive 

periods of nutritional Pi deficiency plants have evolved, within species-dependent limits, a complex series 

of morphological, biochemical, and molecular adaptive strategies. Different aspects of these adaptations 

were reviewed in the first chapter of this thesis, including the developmental responses that occur to alter 

the RSA of –Pi plants through the formation of lateral roots and root hairs, and the inhibition of primary 

root growth. The importance of metabolic remodeling to optimize PAE and PUE of –Pi plants was also 

reviewed. Recent techniques for gene expression analyses such as microarrays and next-generation 

sequencing platforms have revealed the involvement of a large set of PSI genes during Pi deficiency 

(Meng et al., 2010; Jain et al., 2012; Oono et al., 2013; Bielecka et al., 2015). These analyses have 

contributed to our understanding of plant PSRs. However, despite the insights brought about by 

identifying PSI genes, many aspects of the plant PSR remain unknown. The first proteomic study of the 

influence of Pi deficiency on the secretome of a –Pi plant was through the comparison of protein spot 

patterns on 2-DE gels, followed by use of MS technologies to identify secreted Arabidopsis proteins that 

were significantly up- or downregulated during Pi stress  (Tran and Plaxton, 2008). This study indicated 

that major changes occur in the secretome of Arabidopsis suspension cells in response to Pi deficiency. It 

should be noted that transcript levels did not always correlate with protein content, and therefore post-

translational control is considered to be a regulatory factor in plant PSR. The proteomic/biochemical 

approach played a crucial role for determining which PAP isozymes are most important in Arabidopsis 

PAE and PUE, emphasizing AtPAP26 upregulation as a hallmark response in Pi deprivation and leaf 

senescence (Veljanovski et al., 2006; Tran et al., 2010b; Robinson et al., 2012a; Robinson et al., 2012b; 

Shane et al., 2014). Although AtPAP26 is one of the key elements of the Arabidopsis PSR, its transcript 

levels remain unchanged during Pi deprivation, which was shown to be due to a post-transcriptional 
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control mechanism in the upregulation of AtPAP26 abundance and activity (Veljanovski et al., 2006; 

Tran et al., 2010b; Robinson et al., 2012b). In this thesis, I further investigated the biochemical properties 

of the CW-localized AtPAP26 of –Pi Arabidopsis to build upon the extensive research that has been done 

on its biochemical, molecular, and functional properties. 

4.1 Discussion of Important Results 

4.1.1 AtPAP26 secreted as a pair of 55 kDa glycoforms 

Glycosylation is by far the most ubiquitous co- and post-translational protein modification found 

within the CW (Strasser, 2016; Ghahremani et al., 2016). Although N-glycosylation likely plays an 

important role in the secretion and function of secretory proteins such as PAPs, phosphodiesterases, and 

RNases that are upregulated during Pi stress, the role of glycobiology in plant PSR has received scant 

attention. This thesis provides the first definitive evidence for glycoforms of any protein involved in the 

plant PSR. Chapter 2 presented the purification and characterization of a pair of AtPAP26 glycoforms, 

fully purified from CW extracts of –Pi Arabidopsis suspension cells. The existence of putative AtPAP26 

glycoforms emerged from the Plaxton lab’s previous work on the purification, and biochemical and 

molecular characterization of native AtPAP26 secreted into the CCF by –Pi Arabidopsis (Tran et al., 

2010b). The AtPAP26 peak activity fractions, collected from a phosphocellulose column, resolved as a 

pair of putative glycoforms (AtPAP26-S1 and AtPAP26-S2) during Con-A chromatography (Appendix 

A, Fig. A-1b). This was corroborated by using glycan differentiation kit, in which CCF AtPAP26-S2, but 

not AtPAP26-S1, bound GNA and Con-A lectins, indicating the presence of terminal mannose residues 

(Tran et al., 2010b). Additionally, differential glycosylation appeared to influence the substrate 

specificities of AtPAP26-S1 and -S2 which was hypothesized to be due to steric hindrance of substrate 

binding to the glycoforms. For example, AtPAP26-S2 used phenyl-P as a substrate, while AtPAP26-S1 

exhibited little activity towards this substrate (Tran et al., 2010b). Glycosylation influences many 

properties of glycoproteins, such as their stability, solubility, activity, conformation, and interaction with 

other proteins (Spearman and Butler, 2015). Although the existence of putative AtPAP26 glycoforms was 
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proposed in previous works (Tran et al., 2010b; Del Vecchio et al., 2014), extensive glycoprofiling was 

required to validate the differential glycosylation of AtPAP26-S1 and -S2. With the kind collaboration of 

our highly talented protein MS expert, Dr. Yi-Min She, I identified three N-linked glycosylation sites 

within AtPAP26’s consensus NX(S/T) glycosylation motif. At the first glycosylation site, Asn103, the 

glycans structure was analogous in both glycoforms (Fig. 2-3). However, AtPAP26-S2’s glycans at 

Asn365 and Asn422 were further modified by the formation of high mannose glycans. This explains why 

AtPAP26-S2, but not AtPAP26-S1, readily binds to Con-A Sepharose. I also compared the absorbance 

spectrum of AtPAP26-S1 versus AtPAP26-S2, which revealed additional dissimilarity amongst the two 

glycoforms. Although AtPAP26-S2 absorbed maximally at 520 nm (similar to other PAPs), AtPAP26-S1 

exhibited a shifted absorption maxima to 465 nm (Fig. 2-2b). It was initially hypothesized that this might 

be due to the existence of dissimilar metal ions at their respective active centers. However, analytical ICP-

MS revealed that AtPAP26-S1 and -S2 possess similar concentrations of Fe3+ and Zn2+; with, trace 

amounts of Mn2+ was also detected in both glycoforms (Fig. 2-2c). Similarly, a soybean PAP contains the 

same metal ions as AtPAP26, while small amounts of Mg2+, Co2+, and Mn2+ were also detected; by 

contrast, Fe3+ and Mn2+ along with minor amounts of Zn2+ and Co2+ were identified in a sweet potato PAP 

(Schenk et al., 1999). The dissimilar visible absorption spectra of AtPAP26-S1 versus AtPAP26-S2 was 

therefore suggested to possibly arise from their differential glycosylation at Asn422, which is proximal to 

the metal coordinating bimetallic active center located within their C-terminal end. The key role of N-

linked glycans at the nearest glycosylation site to the C-terminus in plant PAP secretion, stability, and 

activity has been previously established (Olczak and Olczak, 2007). 

4.1.2 A GNA-apple domain lectin (AtGAL1) co-purified with AtPAP26-S2 

It was also determined that a GNA-apple domain lectin extensively co-purified with AtPAP26-S2 

during its isolation from CCF or CW of the –Pi suspension cells. This led to the discovery of AtGAL1 as 

a novel secreted, PSI, and soluble GNA-apple domain lectin. I fully purified the lectin from the CW of –

Pi Arabidopsis suspension cells for further investigation. Several proteomic studies previously listed 
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AtGAL1 as a member of the CW, apoplast, and vacuolar proteomes of Arabidopsis (Chivasa et al., 2002; 

Borderies et al., 2003; Ndimba et al., 2003; Boudart et al., 2005; Kwon et al., 2005; Jaquinod et al., 2007; 

Minic et al., 2007). For example, Ndimba and colleagues (2003) reported AtGAL1 induction in the CW 

of Arabidopsis suspension cells treated with fungal elicitors; although at that time the gene encoding 

AtGAL1 (i.e. At1g78850) was mistakenly annotated as a receptor-like kinase. This lectin was also 

detected as a putative vacuolar sorting receptor cargo protein, indicating its vacuolar subcellular 

localization (Shen et al., 2013). Lectins are typically believed to function in plant defense, since they 

represent a major part of the innate immune system by sensing conserved microbial structures (Lannoo 

and Van Damme, 2014). The induction of AtGAL1 as a non-classical lectin was previously observed 

under different stress conditions such as drought, salinity, wounding, insect herbivory, or pathogen 

infection (Van Damme et al., 2008). I further identified AtGAL1 as a PSI gene that is also upregulated 

during Pi deprivation (Fig. 2-6). It should be noted that although several studies have reported the 

induction of AtGAL1 in response to a variety of biotic and abiotic stresses, my thesis provided the first 

evidence of involvement of any lectin in plant PSR. Although AtGAL1 transcripts and polypeptides were 

both induced in response to Pi starvation, it was notable that AtGAL1 protein levels exhibited a far 

greater upregulation than AtGAL1 transcripts (Fig. 2-6). This indicates the involvement of post-

transcriptional control in accumulation of AtGAL1 polypeptides during Pi deprivation. Similarly, 

vacuolar and secreted AtPAP26 polypeptides were markedly upregulated during Pi starvation, without 

any obvious change in AtPAP26 transcript abundance (Veljanovski et al., 2006; Hurley et al., 2010; Tran 

et al., 2010b). To further investigate the role that AtGAL1 plays in Arabidopsis acclimation to Pi 

deprivation, Col-0 (i.e. WT) and atgal1 seedlings were cultivated on +Pi and –Pi liquid or agar solidified 

Murashige-Skoog media, as well as in soil. No significant difference was noted between the WT and 

transgenic lines, which could be explained by the following reasons: (i) certain growth conditions are 

required for atgal1 line to exhibit its irregular phenotype under Pi starvation; (ii) close paralogs of 

AtGAL1, such as AtGAL2 (Fig. 2-5), compensate the lack of AtGAL1’s function during Arabidopsis PSR.  
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AtGAL1 was further characterized by identification of multiple PTMs. Chapter 2 reported that 

AtGAL1 possesses a 22 or 23 amino acid signal peptide, glycosylation at four conserved NX(S/T) 

glycosylation motifs, probable dithiol-disulfide interconversion in its apple domain, and 

(bis)phosphorylation at Tyr38/Thr39. N-glycosylation is typically considered as a prerequisite for secretion 

of N-linked glycoproteins (Olczak and Olczak, 2007; Agrawal et al., 2010). The two phosphorylation 

sites in AtGAL1 are conserved in its paralogs AtGAL2 and AtGAL3 (Fig. 2-5a), as well as several of its 

closest orthologs (Appendix A, Fig. A-4). Further studies are required to investigate the role of 

glycosylation and phosphorylation on AtGAL1’s biochemical and functional properties. An additional 

unexpected finding that emerged from this thesis involved evidence supporting the existence of three 

disulfide bonds at the C-terminus end of AtGAL1 to form the apple domain. Bioinformatic analysis 

demonstrated the existence of six conserved cysteine residues in AtGAL1 and its orthologs (Appendix A, 

Fig. A-4). I corroborated this result by discovering that a striking amplification of AtGAL1’s cross-

reactivity with anti-AtGAL1 occurred when AtGAL1 was prepared in SDS sample buffer lacking a thiol-

reducing compound (i.e. DTT) prior to immunoblotting (Fig. 2-6). These results support the occurrence of 

intramolecular disulfide bonds in native AtGAL1 used to produce rat anti-AtGAL1. These multiple 

disulfide bonds within the apple domain were hypothesized to form highly antigenic epitopes that were 

eliminated following AtGAL1 reduction with DTT prior to immunoblotting.  

4.1.3 AtGAL1 interacts with AtPAP26-S2 in –Pi Arabidopsis  

Interaction between AtPAP26-S2 and AtGAL1 was hypothesized because: (i) of their extensive 

co-purification following butyl Sepharose, SO3
--Fractogel, and Con-A chromatography (Appendix A, Fig. 

A-1a,b), (ii) AtPAP26-S2’s glycans at Asn365 and especially Asn422 were modified to form high mannose 

glycans (Fig. 2-3), and (iii) AtGAL1 contains a GNA domain predicted to bind high mannose glycans 

(Fig. 2-5). I therefore performed Far-Western immunodot blotting, in which AtGAL1 and AtPAP26-S2 

were used as prey and bait proteins, respectively; and vice versa (Fig. 3-1). This set of experiments 

revealed several results, including: (i) the in vitro interaction between AtPAP26-S2 and AtGAL1; (ii) 
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AtGAL1’s weak or insignificant interaction with other purified AtPAPs from the CW of –Pi Arabidopsis 

suspension cells, including AtPAP12, AtPAP25, and AtPAP26-S1; (iii) disruption of the AtPAP26-

S2:AtGAL1 interaction by adding DTT or methyl α-D-mannopyranoside; and (iv) the apparent lack of 

correlation between AtGAL1’s phosphorylation status and its interaction with AtPAP26-S2. Due to the 

exclusive specificity of the GNA domain towards mannose (Eggermont et al., 2017), this domain is 

believed to be the key element in AtGAL1’ interaction with AtPAP26-S2. However, apple domains have 

also been implicated in protein:protein and protein:carbohydrate interactions (Tordai et al., 1999). 

Interestingly, AtGAL1’s interaction with AtPAP26-S2 was disrupted when the putative disulfide bonds of 

its apple domain were reduced to their corresponding thiols by DTT. In my thesis, I provided new 

evidence supporting the importance of apple domains in a lectins’ interaction with glycoproteins. 

Furthermore, I confirmed that the pre-incubation of AtGAL1 with exogenous methyl α-D-

mannopyranoside abolished its interaction with AtPAP26-S2. This indicates that the interaction between 

AtGAL1 and AtPAP26-S2 is a protein:carbohydrate interaction.    

Additionally, I performed analytical gel filtration with fully purified AtGAL1, AtPAP26-S2, as 

well as pooled Con-A fractions containing a mixture of partially purified AtPAP26-S2 and AtGAL1. 

While the native molecular mass of fully purified AtGAL1 and AtPAP26-S2 were both estimated to be 

about 55 kDa (indicating the native proteins are monomeric), the mixture of AtGAL1 and AtPAP26 co-

eluted as 112 kDa complex (Fig. 3-2). The combined results indicated that (i) the two proteins associate to 

form a heterodimer in vitro, and (ii) 1:1 stoichiometry of AtGAL1 and AtPAP26-S2 appears to form the 

complex.  

After I identified the in vitro interaction, I collaborated with Prof. Rob Mullen’s lab (Univ. of 

Guelph) to determine whether AtGAL1 interacts with AtPAP26 in vivo. Using a BiFC assay, the PAP26-

VN and AtGAL1-VC association signals were detected in lytic vacuoles of –Pi Arabidopsis suspension 

cells, which was also supported by the co-localization of AtGAL1-eYFP with AtPAP26-mCherry, a well-

characterized lytic vacuole protein (Fig. 3-3) (Hurley et al., 2010). Furthermore, these observations 
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demonstrated that, like AtPAP26, AtGAL1 is dual-targeted to the secretome and vacuole of –Pi 

Arabidopsis.   

Despite our success in identifying the in vivo interaction between AtGAL1 and AtPAP26-V, there 

are gaps in our knowledge about the glycan structures of AtPAP26-V that require further investigation. 

AtPAP26-V appears to contain glycans that are more similar to AtPAP26-S2, since they both interact 

with AtGAL1. Furthermore, AtPAP26-V binds to Con-A Sepharose as AtPAP26-S2 does (Veljanovski et 

al., 2006), indicating their similarity. Accordingly, I hypothesized that N-linked glycans of AtPAP26-V 

also possess high mannose carbohydrates to mediate its interaction with AtGAL1. 

4.1.4 The APase activity and physical stability of AtPAP26-S2 were enhanced when it was 

incubated with AtGAL1 

A key result of this thesis research was that AtGAL1 preincubation enhanced the APase activity 

and thermal stability of AtPAP26-S2, but not AtPAP26-S1 (Fig. 3-4). This suggests that the formation of 

two differentially glycosylated AtPAP26 glycoforms, and the interaction of the high mannose AtPAP26-

S2 glycoform with a mannose binding lectin are strategies that may help –Pi Arabidopsis to efficiently 

acquire and use Pi in a vast array of conditions. These strategies might be even more beneficial in tropical 

crops such as rice and sugarcane. Interestingly, OsPAP26, the closest ortholog of AtPAP26 in rice, was 

identified as a PSI enzyme, while its polypeptide abundance was controlled post-translationally during Pi 

deprivation (Gao et al., 2017). This enzyme deserves further investigation to determine whether a rice 

AtGAL1 ortholog interacts with a high mannose OsPAP26 glycoform to enhance its activity and physical 

stability. Furthermore, several studies have indicated the impact of an unspecified endogenous lectin on 

activation (up to 40 to 60%) of glycosylated APases partially purified from soybean seeds, rye germ, and 

potato tubers (Ferens and Morawiecka, 1985; Wierzba-Arabska and Morawiecka, 1987; Aoyama et al., 

2001). Overall, the impact of lectins on the activity of certain glycoproteins needs to be studied more in 

depth to understand their role in Arabidopsis stress physiology. 
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4.2 Future Directions 

According to results from my thesis, cloning, expression, and purification of recombinant 

AtGAL1 is one of the most crucial future experiments to consider. Fully purified recombinant AtGAL1 is 

needed for additional far-western immunodot blot experiments in order to determine whether it binds to 

the native AtPAP26-S2 as readily as the native AtGAL1 purified from CWs of the –Pi cells. If 

recombinant AtGAL1 effectively interacts with AtPAP26-S2, this demonstrates AtGAL1 glycosylation is 

not involved in its interaction with AtPAP26-S2 (since the protein is expressed in bacteria, no 

glycosylation could form in the recombinant AtGAL1). Availability of soluble, recombinant AtGAL1 

would be highly useful for a number of additional studies including: (i) production of more anti-AtGAL1 

polyclonal antibodies (could be useful for immunolocalization and co-immunopurification studies), (ii) 

construction of an AtGAL1 lectin affinity matrix, analogous to Con-A Sepharose, which could facilitate 

isolation and eventual identification of additional AtGAL1 binding partners present in CW extracts of –Pi 

Arabidopsis, (iii) biophysical studies of AtPAP26-S2:AtGAL1 interactions (e.g., isothermal titration 

calorimetry to determine binding constants), (iv) purification of sufficient amount of the recombinant 

protein for crystallization could solve the tertiary structure of AtGAL1 to reveal the contribution of the 

GNA and apple domains in protein structure, and (v) assays of CW and intracellular Arabidopsis extracts 

for a protein kinase activity that phosphorylates AtGAL1 at Tyr38 or Thr39. In particular, the discovery of 

extracellular Tyr kinase activity in CCF or CW extracts of +Pi and –Pi Arabidopsis cell cultures, 

analogous to emerging importance of extracellular protein kinases and protein phosphorylation networks 

in mammalian cells (Bueno and Molkentin, 2002; Ramos, 2008), would be quite unprecedented. While 

the insolubility of recombinant AtGAL1 has been a recurring issue, some recent progress has been made 

that is very promising. 

4.2.1 His-AtGAL1 cloning and heterologous expression 

AtGAL1 cDNA clone (CIW00534) was amplified using PCR and the following primers that were 

designed to amplify AtGAL1 without its signal peptide: GAL1-HindIII-F (5’ 
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ACTCTAAGCTTATGAAAGTTCCAGTCGACGACC 3’) and GAL1-XhoI-R (5’ 

ACTCTCTCGAGAAGAGTTGACTTTTTGTTTGC 3’). The cDNA was cloned into a pET21b vector 

using HindIII and XhoI to yield pET21b-His-AtGAL1 (His-AtGAL1). The construct was transformed into 

Escherichia coli (BL21-CodonPlus (DE3)-RIL; Stratagene), and cultured at 21°C for 16 h in 4 L of 

Lysogeny broth (LB) medium, containing 50 µg/ml ampicillin. The BL21 strain efficiently expressed 

AtGAL1 heterologously; however, its insolubility made it difficult to successfully purify properly folded 

AtGAL1. However, abundant amounts of AtGAL1 were recently expressed in the soluble fraction of 

SHuffle T7 competent E. coli (New England BioLabs), which have been engineered to promote the 

formation of recombinant proteins containing multiple disulfide bonds. 

4.2.2 Investigating the relative contributions of AtGAL1’s GNA versus the apple domains to 

AtPAP26-S2 binding 

As mentioned above, I recently optimized the heterologous expression of AtGAL1 in the soluble 

fraction of E. coli. Using the same approach, generation of two new constructs for the GNA domain and 

the apple domain of AtGAL1 would help to identify the contribution of each domain to the protein’s 

interaction with AtPAP26-S2. As suggested by results of Fig. 3-1b, the apple domain seems to also be 

involved in the lectin’s interaction with AtPAP26-S2. To complement this result, the Far-Western dot 

blotting experiment could be performed using the truncated, recombinant apple domain versus GNA 

domain AtGAL1 polypeptides as the bait protein and AtPAP26-S2 as the prey protein to compare the 

ability of each domain to associate with AtPAP26-S2. 

4.2.3 Generation of combined AtGAL1 and AtPAP26 transgenic lines 

We have already obtained and characterized the knock out T-DNA mutant lines of atpap26 and 

atgal1 (Fig. A-8) (Robinson et al., 2012b). Examination of the Pi metabolism and growth characteristics 

of the overexpressed and double knockout mutant lines will also need to be performed to further 

characterize the functional and molecular properties of AtPAP26 and AtGAL1. Double knockouts of 

atgal1/atpap26 could be developed by crossing single Arabidopsis T-DNA insertional mutants and 
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genotypically screening for a homozygous atgal1/atpap26 double knockout. The atgal1/atpap26 double 

knockout could be used to determine if these two genes play complementary roles in extracellular Pi 

scavenging. The atgal1/atpap26 double mutant and AtGAL1/AtPAP26 overexpression lines could also be 

characterized during their cultivation on unfertilized soil and/or with various Pi monoesters as their sole 

source of exogenous P. This experiment would help to determine the role of these proteins’ interactions in 

scavenging P from the rhizosphere during periods of Pi deprivation. 

4.3 Concluding Remarks 

The more we learn about the plant PSR, the closer we come to discovering the solution to solve 

the agricultural ‘P crisis’ that is happening rapidly due to depletion of Pi-rock reserves and the global 

population explosion. Pinpointing the key players of plant PSR and improving their function through gene 

editing, overexpression, and/or suppression could potentially lead us to develop effective biotech-

strategies for engineering P-efficient crops. These crops are urgently needed to decrease agriculture’s 

over-reliance on non-renewable, inefficient, and polluting Pi-containing fertilizers. In this thesis, I have 

uncovered two unprecedented aspects of Arabidopsis’ PSR and have provided exciting new insights 

regarding their roles during Pi deprivation. These findings offer compelling evidence that glycosylation of 

PSI AtPAP26 participates in its interaction with AtGAL1, physical stability, and activity. Moreover, 

although lectins have been implicated in plant responses to various biotic and abiotic stresses, this thesis 

has revealed a new role of the lectin AtGAL1 in Arabidopsis PSR. Unravelling the yet totally 

unappreciated role of glycoforms and lectins in plant PSR may bring us new ideas (such as the 

overexpression of AtGAL1 together with its binding partner, AtPAP26) for dealing with the ‘P crisis’ in 

worldwide agriculture and food security. Moreover, as studies implicating glycosylation in protein 

function continue to emerge, new efforts should be invested into fully exploiting glycobiology in PSR. 

Further studies should be performed to identify the enzymes involved in glycosylation of secreted PSI 

proteins to evaluate their potential as a target for overexpression, which might result in improved function 

of the secreted PSI enzymes. 
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Appendix A 

Supplementary Information (Chapter 2) 

 

Tables 

Table A-1. Primers used for PCR analysis 

Primer 
Designation  

Sequence (5’→3’)  Description 

FP RT-PCR 
 

AGCTCTATGCTTCACTCTCTCC Forward primer used for semi-
quantitative RT-PCR and qPCR 
analysis of AtGAL1 transcripts  

RP RT-PCR 
 

CCATGACTAGACCCCACGTT Reverse primer used for semi-
quantitative RT-PCR and qPCR 
analysis of AtGAL1 transcripts 

FP AtACT2  
 

CTCATCTTCTTCCGCTCTTTCT  Forward primer used for semi-
quantitative RT-PCR analysis of 
AtACT1 and normalizing transcript 
abundance of AtGAL1 via qPCR 

RP AtACT2 
 

AATCCAGCCTTCACCATACC Reverse primer used for semi-
quantitative RT-PCR analysis of 
AtACT1 and normalizing transcript 
abundance of AtGAL1 via qPCR 

FP AtGAL1 
(A) 

TTTGAATTTCACACCGGATTC Forward primer used for PCR 
identification and verification of 
AtGAL1 T-DNA insertion 

RP AtGAL1 
(B) 

ATGACTAGACCCCACGTTGTG Reverse primer used for PCR 
identification and verification of 
AtGAL1 T-DNA insertion 

RP T-DNA 
(C) 

ATAATAACGCTGCGGACATCTACATTTT 
 

Reverse primer used for PCR 
identification and verification of 
AtGAL1 T-DNA insertion 
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Table A-2. Purification of native AtPAP26 glycoforms and AtGAL1 from cell wall extracts prepared 

from 1 kg of 7-d-old Pi-starved Arabidopsis suspension cells 

Step Vol. 
 

(ml) 

APase 
activity  
(Units) 

Protein 
 

(mg) 

Specific APase 
activity  

(Units mg-1) 

Purification 
 

(-fold) 

Yield 
 

(%) 
Clarified CaCl2 extract 1580 13800 12200 1.13 - 100 
(NH4)2SO4 (35% Sat.) 1620 13000 5700 2.3 2 94 
Butyl Sepharose FPLC 20 9900 1150 8.6 7.6 72 
Fractogel EMD SO3

−       
AtPAP26 0.5* 2600 160 16 14 19 

Con-A       
AtPAP26-S1 
AtPAP26-S2 

0.3* 
0.2* 

1200 
980 

28 
21 

43 
47 

38 
41 

9 
7 

SOURCE 15PHE       
AtPAP26-S1 
AtPAP26-S2 

0.5* 
0.5* 

520 
380 

7 
5 

74 
76 

66 
67 

4 
3 

AtGAL1 0.5* - 6 - - - 
Mono-S       

AtPAP26-S1 
AtPAP26-S2 

0.22* 
0.2* 

418 
300 

1.6 
0.7 

261 
428 

231 
379 

3 
2 

AtGAL1 0.3* - 0.3 - - - 
* Concentrated fractions. 
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Table A-3. Identification of AtPAP26-S1 and AtPAP26-S2 glycopeptides by LTQ-FT LC MS 

Site Glycopeptide 
m/z (charge) 

Measured 
MH+ 

Calculated 
MH+ 

Peptide sequence Glycan mass Glycan compositiona,b 

AtPAP26-S1 
N103 1019.1008(3+) 3055.2867 2030.9273 [93-108] (K)YEFVAQGTYHNYTFYK(Y) 1024.3594 (GlcNAc)2(Man)3(Xyl) 

 1067.7866(3+) 3201.3441 2030.9267 [93-108] (K)YEFVAQGTYHNYTFYK(Y) 1170.4174 Fuc(GlcNAc)2(Man)3(Xyl) 
 1528.1461(2+) 3055.2844 2030.9250 [93-108] (K)YEFVAQGTYHNYTFYK(Y) 1024.3594 (GlcNAc)2(Man)3(Xyl) 
 1600.1768(2+) 3201.3458 2030.9284 [93-108] (K)YEFVAQGTYHNYTFYK(Y) 1170.4174 Fuc(GlcNAc)2(Man)3(Xyl) 

N365 1034.4156(2+) 2067.8234 897.4061 [364-371] (R)YNVSSGDR(Y) 1170.4174 Fuc(GlcNAc)2(Man)3(Xyl) 
 1115.4415(2+) 2229.8752 897.4050 [364-371] (R)YNVSSGDR(Y) 1332.4702 Fuc(GlcNAc)2(Man)4(Xyl) 
 879.7228(3+) 2637.1528 1466.7354 [359-371] (R)ISNVRYNVSSGDR(Y) 1170.4174 Fuc(GlcNAc)2(Man)3(Xyl) 
 923.0065(3+) 2767.1839 1596.7653 [364-377] (R)YNVSSGDRYPVPDK(S) 1170.4174 Fuc(GlcNAc)2(Man)3(Xyl) 
 1112.8428(3+) 3336.5127 2166.0953 [359-377] (R)ISNVRYNVSSGDRYPVPDK(S) 1170.4174 Fuc(GlcNAc)2(Man)3(Xyl) 

N422 731.5699(4+) 2923.2561 1590.7875 [410-423] (R)EASYGHSTLDIKNR(T) 1332.4702 Fuc(GlcNAc)2(Man)4(Xyl) 
 921.0731(3+) 2761.2037 1590.7863 [410-423] (R)EASYGHSTLDIKNR(T) 1170.4174 Fuc(GlcNAc)2(Man)3(Xyl) 
 975.0911(3+) 2923.2577 1590.7875 [410-423] (R)EASYGHSTLDIKNR(T) 1332.4702 Fuc(GlcNAc)2(Man)4(Xyl) 
 1462.1236(2+) 2923.2394 1590.7692 [410-423] (R)EASYGHSTLDIKNR(T) 1332.4702 Fuc(GlcNAc)2(Man)4(Xyl) 

AtPAP26-S2 
N103 1019.1028(3+) 3055.2927 2030.9333 [93-108] (K)YEFVAQGTYHNYTFYK(Y) 1024.3594 (GlcNAc)2(Man)3(Xyl) 

 1067.7885(3+) 3201.3498 2030.9324 [93-108] (K)YEFVAQGTYHNYTFYK(Y) 1170.4174 Fuc(GlcNAc)2(Man)3(Xyl) 
 1528.1489(2+) 3055.2900 2030.9306 [93-108] (K)YEFVAQGTYHNYTFYK(Y) 1024.3594 (GlcNAc)2(Man)3(Xyl) 

N365 834.8850(4+) 3336.5165 2166.0991 [359-377] (R)ISNVRYNVSSGDRYPVPDK(S) 1170.4174 Fuc(GlcNAc)2(Man)3(Xyl) 
 875.3980(4+) 3498.5685 2166.0983 [359-377] (R)ISNVRYNVSSGDRYPVPDK(S) 1332.4702 Fuc(GlcNAc)2(Man)4(Xyl) 
 1068.8300(3+) 3204.4743 2166.0992 [359-377] (R)ISNVRYNVSSGDRYPVPDK(S) 1038.3751 Fuc(GlcNAc)2(Man)3 
 1112.8440(3+) 3336.5163 2166.0989 [359-377] (R)ISNVRYNVSSGDRYPVPDK(S) 1170.4174 Fuc(GlcNAc)2(Man)3(Xyl) 
 1128.1782(3+) 3382.5189 2166.0960 [359-377] (R)ISNVRYNVSSGDRYPVPDK(S) 1216.4229 (GlcNAc)2(Man)5

 

 1166.8612(3+) 3498.5679 2166.0977 [359-377] (R)ISNVRYNVSSGDRYPVPDK(S) 1332.4702 Fuc(GlcNAc)2(Man)4(Xyl) 
 1034.4418(2+) 2067.8758 897.4584 [364-371] (R)YNVSSGDR(Y)   1170.4174 Fuc(GlcNAc)2(Man)3(Xyl) 
 830.3664(3+) 2489.0835 1596.7663 [364-377] (R)YNVSSGDRYPVPDK(S) 892.3172 (GlcNAc)2(Man)3 
 884.3843(3+) 2651.1372 1596.7672 [364-377] (R)YNVSSGDRYPVPDK(S) 1054.3700 (GlcNAc)2(Man)4 
 938.4025(3+) 2813.1918 1596.7689 [364-377] (R)YNVSSGDRYPVPDK(S) 1216.4229 (GlcNAc)2(Man)5 

N422 975.0923(3+) 2923.2612 1590.7910 [410-423] (R)EASYGHSTLDIKNR(T) 1332.4702 Fuc(GlcNAc)2(Man)4(Xyl) 
 985.0953(3+) 2953.2702 1590.7894 [410-423] (R)EASYGHSTLDIKNR(T) 1362.4808 Fuc(GlcNAc)2(Man)5 
 1029.1100(3+)  3085.3143 1590.7913 [410-423] (R)EASYGHSTLDIKNR(T) 1494.5230 Fuc(GlcNAc)2(Man)5(Xyl) 
 936.4097(3+) 2807.2134 1590.7905 [410-423] (R)EASYGHSTLDIKNR(T) 1216.4229 (GlcNAc)2(Man)5 
 990.4275(3+) 2969.2668 1590.7911 [410-423] (R)EASYGHSTLDIKNR(T) 1378.4757 (GlcNAc)2(Man)6 
 1044.4452(3+) 3131.3199 1590.7914 [410-423] (R)EASYGHSTLDIKNR(T) 1540.5285 (GlcNAc)2(Man)7  
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Table A-4. MALDI-TOF MS analysis of tryptic peptides derived from final preparations of AtGAL1 and 

AtPAP26-S2 isolated from CCF and cell wall extracts of Pi-starved Arabidopsis suspension cells 

 

 

*Reproduced from Tran et al. (2010b)

Source MASCOT Identification Gene 
locus 

MASCOT 
MOWSE 

score 

Sequence 
coverage 

(%) 

Number of  
matching  
peptides 

 

Clarified Culture 
Filtrates (CCF) 

Mannose-binding lectin family 
protein [Arabidopsis thaliana]  
 
AtPAP26* 

At1g78850 
 
 
At5g34850* 

158 
 
 

114* 

36 
 
 

38* 

12 
 
 

13* 
 

Cell Wall 
Extracts 

 
Mannose-binding lectin family 
protein [Arabidopsis thaliana] 
 
AtPAP26 

 
At1g78850 

 
 

At5g34850 

 
123 

 
 

122 

 
21 

 
 

30 

 
11 

 
 

14 
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Table A-5. Orbitrap LC MS/MS identification of glycopeptides derived from tryptic digests of AtGAL1 purified from cell wall extracts of Pi-

starved Arabidopsis suspension cells 

Site Glycopeptide 
m/z (charge) 

Meas 
MH+ 

Calc.  
MH+ 

ppm Peptide sequence 
 

Glycan composition* 

 
N66   991.4450(3+) 2972.3194 2972.3227 -1 R.62LCFY66NTTPNAYTLALR77.I Man(4)GlcNAc(2) 
 1045.4633(3+) 3134.3743 3134.3756 0 R.62LCFY66NTTPNAYTLALR77.I Man(5)GlcNAc(2) 
  1567.6893(2+) 3134.3708 3134.3756 -2 R.62LCFY66NTTPNAYTLALR77.I Man(5)GlcNAc(2) 
 1099.4812 (3+) 3296.4280 3296.4284 0 R.62LCFY66NTTPNAYTLALR77.I Man(6)GlcNAc(2) 
 1471.6581(2+) 2942.3084 2942.3122 -1 R.62LCFY66NTTPNAYTLALR77.I Man(3)Xyl(1)GlcNAc(2) 
   981.4412(3+)  2942.3080 2942.3122 -2 R.62LCFY66NTTPNAYTLALR77.I Man(3)Xyl(1)GlcNAc(2) 
 1035.4598(3+) 3104.3638 3104.3650 0 R.62LCFY66NTTPNAYTLALR77.I Man(4)Xyl(1)GlcNAc(2) 
 1552.6831(2+) 3104.3584 3104.3650 -2 R.62LCFY66NTTPNAYTLALR77.I Man(4)Xyl(1)GlcNAc(2) 
 1089.4757(3+) 3266.4115 3266.4178 -2 R.62LCFY66NTTPNAYTLALR77.I Man(5)Xyl(1)GlcNAc(2) 
 1035.4592(3+) 3104.3611 3104.365 -1 R.62LCFY66NTTPNAYTLALR77.I Xyl(1)Man(3)Gal(1)GlcNAc(2) 
 1075.9841(4+) 4300.9129 4300.9265 -3 R.52GFVPFSDNFRLCFY66NTTPNAYTLALR77.I Man(5)GlcNAc(2) 
 1434.3148(3+) 4300.9288 4300.9265 1 R.52GFVPFSDNFRLCFY66NTTPNAYTLALR77.I Man(5)GlcNAc(2) 
 1488.3292(3+) 4462.9720 4462.9793 -2 R.52GFVPFSDNFRLCFY66NTTPNAYTLALR77.I Man(6)GlcNAc(2) 
 1542.3464(3+) 4625.0236 4625.0321 -2 R.52GFVPFSDNFRLCFY66NTTPNAYTLALR77.I Man(7)GlcNAc(2) 
N102 1121.4905(3+) 3362.4559 3362.4640 -3 K.101E102NATLTFGEDGNLVLAEADGR121.L Man(3)Xyl(1)Fuc(1)GlcNAc(2) 
   958.4382(4+) 3830.7293 3830.7336 -1 R.96GSPVKE102NATLTFGEDGNLVLAEADGR121.L Man(3)Xyl(1)Fuc(1)GlcNAc(2) 
 1277.5814(3+) 3830.7286 3830.7336 -1 R.96GSPVKE102NATLTFGEDGNLVLAEADGR121.L Man(3)Xyl(1)Fuc(1)GlcNAc(2) 
 1331.6000(3+) 3992.7844 3992.7864 -1 R.96GSPVKE102NATLTFGEDGNLVLAEADGR121.L Man(4)Xyl(1)Fuc(1)GlcNAc(2) 
 1345.2749(3+) 4033.8091 4033.813 -1 R.96GSPVKE102NATLTFGEDGNLVLAEADGR121.L Man(3)Xyl(1)Fuc(1)GlcNAc(3) 
N258   838.0483(3+) 2512.1293 2512.1335 -2 K.257F258NVSTFLSRPK267.H Man(5)GlcNAc(2) 
   892.0657(3+) 2674.1815 2674.1863 -2 K.257F258NVSTFLSRPK267.H Man(6)GlcNAc(2) 
 1337.5958(2+) 2674.1838 2674.1863 -1 K.257F258NVSTFLSRPK267.H Man(6)GlcNAc(2) 
   946.0825(3+) 2836.2319 2836.2391 -3 K.257F258NVSTFLSRPK267.H Man(7)GlcNAc(2) 
   851.7238(3+) 2553.1558 2553.1600 -2 K.257F258NVSTFLSRPK267.H Man(4)GlcNAc(3) 
   905.7405(3+) 2715.2059 2715.2128 -3 K.257F258NVSTFLSRPK267.H Man(5)GlcNAc(3) 
   730.0135(3+) 2188.0249 2188.0278 -1 K.257F258NVSTFLSRPK267.H Man(3)GlcNAc(2) 
   778.6991(3+) 2334.0817 2334.0857 -2 K.257F258NVSTFLSRPK267.H Man(3)Fuc(1)GlcNAc(2) 
N269   650.9681(3+) 1950.8887 1950.8914 -1 K.268H269NATLSFIR276.L Man(3)GlcNAc(2) 
   813.0213(3+) 2437.0483 2437.0499 -1 K.268H269NATLSFIR276.L Man(6)GlcNAc(2) 
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   867.0384(3+) 2599.0996 2599.1027 -1 K.268H269NATLSFIR276.L Man(7)GlcNAc(2) 
   921.0563(3+) 2761.1533 2761.1555 -1 K.268H269NATLSFIR276.L Man(8)GlcNAc(2) 
   767.3473(3+) 2300.0263 2300.0287 -1 K.268H269NATLSFIR276.L Man(3)Fuc(1)GlcNAc(3) 
 1048.9769(2+) 2096.946 2096.9493 -2 K.268H269NATLSFIR276.L Man(3)Fuc(1)GlcNAc(2) 
   743.6690(3+) 2228.9914 2228.9916 0 K.268H269NATLSFIR276.L Man(3)Xyl(1)Fuc(1)GlcNAc(2) 
   811.3609(3+) 2432.0671 2432.0710 -2 K.268H269NATLSFIR276.L Man(3)Xyl(1)Fuc(1)GlcNAc(3) 
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Fig. A-1. Co-purification of AtGAL1 with the high-mannose AtPAP26-S2 glycoform isolated from 

cell wall extracts of Pi-starved Arabidopsis suspension cells. (a) AtPAP26 and AtGAL1 were separated 

from AtPAP12 and AtPAP25 during Fractogel-SO3
- FPLC. (b) AtPAP26-S1 was separated from 

AtPAP26-S2 and AtGAL1 during Con-A lectin affinity chromatography. (c) AtGAL1 was partially 

resolved from AtPAP26-CW2 during SOURCE 15PHE hydrophobic interaction FPLC. Purified AtGAL1 

was obtained following Mono-S cation-exchange FPLC of the pooled fractions from the SOURCE 

15PHE column (see Fig. 2-1). Aliquots (2 µL each) of various fractions obtained at different steps of the 

purification were subjected to immunodot-blot analysis using anti-AtPAP26 or anti-AtGAL1 as indicated. 

A280 and APase activities are indicated by solid and dotted lines, respectively. 
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Fig. A-2. Con-A lectin affinity chromatography indicates that AtPAP26-S1 and AtPAP26–S2 

glycoforms are secreted by –Pi Arabidopsis seedlings. Seedlings were cultivated for 14 d in –Pi liquid 

media as described in the Materials and Methods. Seedling culture filtrates (SCFs) were harvested by 

filtration and rapidly concentrated using an Amicon Ultra-15 (30 kDa MWCO; Millipore Canada) to a 

final protein concentration of about 1 mg ml-1. (a) The concentrated sample was desalted into 25 mM 

sodium acetate (pH 5.6), 50 mM KCl, 1.5 mM MgCl2, 0.2 mM CaCl2, 0.2 mM MnCl2 and 10% (v/v) 

glycerol and applied at 0.5 ml min-1 onto a column (1 x 2.5 cm) of Con-A Sepharose pre-equilibrated with 

the same buffer. After washing off non-bound proteins with equilibration buffer, bound proteins were 

eluted using a linear gradient of 0–500 mM methyl-ɑ-D-mannopyranoside in the same buffer. The 

unbound and bound protein fractions were pooled as indicated and concentrated as above to about 0.5 mg 

ml-1. (b) Immunoblot analysis of the pooled protein fractions shown in panel (a) was performed using 

anti-AtPAP26. Homogeneous AtPAP26-S2 (50 ng) and pooled unbound and bound proteins (5 µg each) 

were subjected to 10% SDS-PAGE, followed by anti-AtPAP26 immunoblotting. O, origin; TD, tracking 

dye front. 
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Fig. A-3. MS/MS spectra of the N-terminal peptides of AtGAL1 at residues 22-31 and 23-31. (a) The 

doubly charged ion at m/z 587.8140; (b) the doubly charged ion at m/z 552.2956. 
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Fig. A-4. Alignment AtGAL1’s deduced amino acid sequence with its closest orthologs from several 

plant species. Conserved GNA and apple domains are overlined, NX(S/T) glycosylation motifs are 
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enclosed in a rectangle, and six disulfide-bond forming cysteine residues within AtGAL1’s apple domain 

are marked by asterisks. Corresponding protein accession numbers are listed in Table 2-1. 
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Fig. A-5. Heat map of the impact of various abiotic stresses on AtGAL1-AtGAL4 transcript levels in 

(a) shoots and (b) roots of Arabidopsis seedlings. The heat map was produced in Prism 7.02 using 

values obtained from the ePlant tool provided by the Bio-analytic Resource for Plant Biology, 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 log 10- transformed values. 
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Fig. A-6. MS/MS spectrum of the tryptic peptide corresponding to AtGAL1 residues 24-51. The 

MS/MS fragmentation of the triply charged ion at m/z 1082.1725 shows the deamidation of Asn to Asp at 

residue 34 of peptide 24-51.    
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Fig. A-7. Confirmation of T-DNA insert location, and absence of AtGAL1 transcripts in atgal1 

mutant. (a) Schematic representation of the AtGAL1 gene (At1g78850); AtGAL1 contains a single exon. 

The T-DNA insertion location is indicated by ‘T-DNA’, and arrows and dashed lines represent primers 

and their respective product sizes used for PCR and genotyping. (b) T-DNA insertion location was 

verified in atgal1 via PCR-based screening of a gDNA template isolated from leaves of +Pi seedlings. 

PCR products were amplified from Col-0 and atgal1 gDNA in a PCR reaction using AtGAL1-specific 

primers (A + B) and the overlapping region between AtGAL11 and the T-DNA insert-specific primers the 

T-DNA insert-specific primers (A + C). The absence of AtGAL1 amplification products in atgal1 

demonstrates that the mutant is homozygous. (c) Semi-quantitative RT-PCR using AtGAL1 and AtACT2 

specific primers demonstrated that AtGAL1 expression was abolished in the atgal1 mutant. The AtGAL1 

and AtACT2 transcripts respectively amplified as 103 and 107 bp fragments of their respective cDNAs 

(reverse transcribed from mRNA isolated from –Pi seedlings), as expected. (d) Col-0 and atgal1 cell wall 

extracts (2.5 µg protein loaded lane-1) from +Pi and –Pi seedlings were subjected to SDS-PAGE and 

immunoblotting with anti-AtGAL1. AtGAL1purified from cell walls of the –Pi cells (10 ng) served as a 

reference and positive control. The bottom panel shows a portion of a replicate Coomassie Blue G-250 

protein-stained gels as a loading control (10 µg protein loaded per lane). 
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Fig. A-8. Influence of nutritional Pi status on development of Col-0 and atgal1 plants. (a,b) Seedlings 

were cultivated vertically for 14 d on agar-solidified (a) media, or hydroponically for 7 d in liquid (b) 

media containing either 0 (–Pi) or 1.5 mM Pi (+Pi) media as previously described (Hurley et al., 2010; 

Robinson et al., 2012b). Fresh weight values represent means ±SEM of n = 15 (a) or 5 (b) biological 

replicates. (c) Plants were also grown for 28-d under a regular light/dark (8 h/16 h) diurnal cycle in a 

soluble Pi-deficient soil mix. Fertilization was performed biweekly with 0.25 x Hoagland’s medium 

containing 0 or 1.5 mM Pi. Rosette fresh weight values represent means ±SEM of n = 18 replicates. Scale 

bars of panels a – c = 1 cm.
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Appendix B 

Supplementary Information (Chapter 3) 

Table B-1. Primers used for cloning and PCR 

Primer  

Designation  

Sequence (5’→3’)  Description 

FP NcoI-AtGAL1  GTCCATGGACATGAAATTTTCAATCACATTAGCTC Forward primer used for amplifying AtGAL1 cDNA clone 
CIW00534 

RP AtGAL1-BglII  GGTAGATCTGAAGAGTTGACTTTTTGTTTGCATTA Reverse primer used for amplifying AtGAL1 cDNA clone 
CIW00534 

FP NcoI AtGAL1-
eYFP GTCCATGGACATGAAATTTTCAATCACATTAGCTC Forward primer used for amplifying AtGAL1 (pSAT6-AtGAL1-

eYFP) 

RP AtGAL1-BglII-
eYFP GGTAGATCTGAAGAGTTGACTTTTTGTTTGCATTA Reverse primer used for amplifying AtGAL1 (pSAT6-AtGAL1-

eYFP) 

Inf PAP26-nV-mycF CTCAAGCTTCGAATTCATGAATCATTTGGTGATA Used for amplifying PAP26 (pSAT4A-AtPAP26-myc-nVenus-
N1) 

Inf PAP26-nV-mycR TTGTTCCCCGGGCCCGCGGAGTGGCGATCCAGCCA Used for amplifying PAP26 (pSAT4A-AtPAP26-myc-nVenus-
N1) 

Inf AtGAL1-cV-
HAF 

 

CTCAAGCTTCGAATTCATGAAATTTTCAATCACATTAGC 
Used for amplifying AtGAL1 (pSAT4A-AtGAL1-cVenus-HA) 

Inf AtGAL1-cV-
HAR 

 

TGGGTACCCGGGCCCGCGGAAGAGTTGACTTTTTGTTTGC 
Used for amplifying AtGAL1 (pSAT4A-AtGAL1-cVenus-HA) 
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Fig. B-1. Thermal stability of AtPAP26-S1 and AtPAP26-S2. Aliquots (5 µL at 0.5 mg ml-1) of the 

final preparations were incubated for 10 min at the indicated temperature, cooled on ice, and residual 

APase activity determined using the standard spectrophotometric assay. 


