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Abstract 

Phosphoenolpyruvate carboxylase (PEPC) is a tightly-regulated enzyme that plays essential roles 

in central plant metabolism, particularly in the replenishment of tricarboxylic acid cycle 

intermediates withdrawn for biosynthesis or N-assimilation. In developing castor oil seeds (COS) 

an enigmatic ‘bacterial-type’ PEPC (BTPC) isozyme is highly expressed as a catalytic and 

regulatory subunit of a novel Class-2 PEPC heteromeric complex. During COS development BTPC 

is subject to in vivo inhibitory phosphorylation at Ser451, a highly conserved target residue 

occurring within an intrinsically-disordered domain. This phosphorylation event is catalyzed by 

RcCDPK1, a member of the castor Ca2+-dependent protein kinase (CDPK) family. Ca2+-dependent 

autokinase activity of CDPKs has been reported and may influence CDPK transphosphorylation 

activity and substrate accessibility. However, the functions and in vivo occurrence of CDPK 

autophosphorylation remain poorly understood. A major objective of this thesis was to test the 

hypothesis that autophosphorylation influences RcCDPK1’s ability to transphosphorylate its 

BTPC substrate at Ser451. Ca2+-stimulated autokinase activity of heterologously expressed 

RcCDPK1WT was readily detected by pIMAGOTM phosphoprotein reagent, and multiple pSer, pThr, 

and pTyr residues were mapped via LC-MS/MS. These included Tyr30 which: (i) occurs at the 

interface of RcCDPK1’s N-terminal variable and catalytic domains, and (ii) is conserved and also 

autophosphorylated in RcCDPK1 orthologs AtCPK4 and GmCDPKβ.  The influence of Tyr30 

autophosphorylation was examined by generating a phosphoablative Y30F mutant 

(RcCDPK1Y30F). In vitro dephosphorylated RcCDPK1WT exhibited an ~9-fold increase in its rate of 

Ca2+-dependent BTPC transphosphorylation at Ser451 relative to autophosphorylated 

RcCDPK1WT. Conversely, RcCDPK1Y30F showed no obvious difference relative to RcCDPK1 WT with 

respect to its autokinase or BTPC Ser451 transphosphorylation activity. Although global 

autophosphorylation of RcCDPK1 is highly inhibitory, Tyr30 autophosphorylation appears to 

have little impact on its kinase activity. Preliminary attempts to detect in vivo RcCDPK1 
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phosphorylation in developing COS, as well as following via transient expression in Nicotiana 

benthamiana leaves were conducted by probing immunoblots of clarified extracts with anti-

pTyr30 antibodies. Collectively, results of this thesis provide insight into the links between plant 

carbon metabolism, Ca2+-dependent signaling, and the biological significance of CDPK 

autophosphorylation. 
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Chapter 1 

General Introduction 

 Metabolic engineering involves the use of genetic tools to modify the metabolism of an 

organism. It can include the optimization of existing enzymes that constitute a metabolic pathway 

or the introduction of novel enzymes, with the goal of high-yield production of specific metabolites 

for medicine or biotechnology. One of the best-known examples of metabolic engineering is golden 

rice, a crop genetically modified to produce beta-carotene, which is not naturally produced in the 

seed endosperm of traditional rice varieties (Beyer et al., 2002). Beta-carotene is a precursor of 

Vitamin A, which is essential for developing healthier skin, immune systems, and vision. Golden rice 

was engineered to express phytoene synthase and a bacterial phytoene desaturase, resulting in an 

active beta-carotene pathway and the accumulation of abundant amounts of beta-carotene in the 

endosperm of rice grains. The development of golden rice has the potential to alleviate vitamin A 

deficiency in developing countries, where micronutrient-poor, carbohydrate-based foods make up 

the bulk of the diet. Golden rice not only can improve the health of many people living in developing 

countries, but has also served as proof-of-concept of the impact that metabolic engineering can 

have on improving global food security. Opponents of genetic modification of crops have hindered 

the transition of this technology into large-scale cultivation and it remains unclear when the 

potential benefits of golden rice will reach those for whom it was developed, namely sustenance 

farmers. This debate has been extensively covered in the literature (Mayer, 2005). 

Seed-derived oils (i.e. triacylglycerides) are crucial for the global food supply, industrial 

applications, and the emerging biofuels (biodiesel) industry. One of Canada’s most agriculturally-

important crops, canola (Brassica napus), is an oil seed crop, despite the relatively low oil content of 

its seeds (~40% by weight) relative to seeds such as Ricinus communis (castor) oil seeds which 

accumulate up to 65% oil (by weight) at maturity (Houston et al., 2009). According to the Canola 

Council of Canada, a 1% increase in the oil content of mature canola seeds could add approximately 
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$90 million per year to the Canadian canola industry 

(http://www.canolacouncil.org/research/strategy-partnerships/). 

  Castor oil seeds (COS) are emerging as a target for metabolic engineering owing to its 

economic and agricultural importance as an oil seed crop. Despite being a non-photosynthetic 

tissue, COS accumulates 20-40% more oil at maturity than the green (photoautotrophic) oil seeds, 

canola and soybean (Glycine max), respectively (Houston et al., 2009). Triacylglyceride 

accumulation largely depends on the synthesis of long chain fatty acids, which in developing oil 

seeds occurs in the stroma of specialized plastids termed leucoplasts. This process requires the 

transport of both sucrose-derived carbon-skeletons, such as L-malate (malate), as well as energetic 

intermediates (i.e. ATP) from the cytosol into the leucoplast (Figure 2.1B) (Rawsthorne, 2002). 

Malate supports maximal rates of fatty acid synthesis by leucoplasts purified from developing COS, 

and is imported from the cytosol by a specific malate/Pi translocator of the leucoplast envelope 

(Smith et al., 1992; Eastmond et al., 1997). Understanding how malate production and translocation 

is regulated in developing COS could provide insights for downstream, targeted metabolic 

engineering to promote triacylglyceride accumulation, and thus improve oil-seed crops.  
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Chapter 2 

Literature Review  

2.1 General Background  

Phosphoenolpyruvate (PEP) carboxylase (PEPC; EC 4.1.1.31) is a ubiquitous and tightly 

regulated cytosolic enzyme that is located at a crucial branch-point in plant carbohydrate 

metabolism (Figure 2.1A). It catalyzes the irreversible β-carboxylation of PEP in the presence of 

HCO3- to yield oxaloacetate (OAA) and inorganic phosphate (Pi) using a divalent metal cation (Mg2+) 

as a co-factor (O’Leary et al., 2011b). It is present in all vascular plants, green algae, cyanobacteria, 

and most archaea and non-photosynthetic bacteria; however, PEPC is absent from fungi and 

animals (Patel et al., 2004; Ettema et al., 2004; Izui et al., 2004). Certain bacterial and plant PEPCs 

have been extensively characterized at a structural and regulatory level (Izui et al. 2004).  

 

2.2 Physiological Roles of PEPC 

Photosynthetic PEPCs play a pivotal role in C4 and crassulacean acid metabolism (CAM) leaves 

where they concentrate atmospheric CO2 via assimilation of HCO3- into OAA. As a result, this 

reduces photorespiration and improves overall photosynthetic efficiency by up to 2-fold relative to 

C3 leaves (Svensson et al., 2003; Nimmo, 2000; Vidal et al., 1997; Hibberd et al., 2010). PEPC also 

plays essential and diverse non-photosynthetic roles particularly the anaplerotic replenishment of 

tricarboxylic acid (TCA) cycle intermediates withdrawn for biosynthesis and N-assimilation (Figure 

2.1A) (O’Leary et al., 2011b). Despite the various important functions of PEPC, the focus of this 

thesis is regarding PEPCs non-photosynthetic role in controlling the partitioning of imported 

photosynthate (i.e. sucrose) into storage end products during COS development.  
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The Role of PEPC in Carbon Partitioning During Seed Development  

 In developing seeds, the partitioning of imported photosynthate between starch, storage 

lipids (triglycerides), and storage protein biosynthesis is of great agronomic significance. 

Consequently, an in-depth understanding of developing seed metabolism has practical applications 

in crop breeding and metabolic engineering. Developing seeds are critical metabolic sinks that 

import large quantities of sugars and amino acids from source tissues (i.e. photosynthetic leaves), 

which are metabolized into starch, triglycerides, and storage proteins to support seed germination. 

The imported photosynthate is largely metabolized by the glycolytic pathway whose various 

intermediates and end-products may be imported into the leucoplasts for fatty acid biosynthesis, or 

into the mitochondria for production of C-skeletons and ATP required for storage protein 

biosynthesis (Figure 2.1). This partitioning of photosynthate is largely dependent on PEP 

metabolism via PEPC and the cytosolic and plastidic isozymes of pyruvate kinase (Figure 2.1A) 

(O’Leary et al., 2011b; Plaxton and O’Leary, 2011). PEPC has also been postulated to aid in the rapid 

refixation of respired CO2 to improve overall carbon economy (Golombek et al., 1999; Uhrig et al., 

2008a; Singal et al., 1995; King et al., 1998; Chopra et al., 2000; Park et al., 2012).  

 In particular, seed storage protein synthesis has been linked to PEPC activity as a result of its 

requirement for OAA and 2-oxoglutarate (2-OG), which are required to assimilate nitrogen during 

the formation and transamination of amino acids (Rolletschek et al., 2004; Radchuk et al., 2007; 

Weber et al., 2005). Seeds import nitrogen in the form of amino acids; however, there is still a 

requirement for additional carbon-skeletons because i) Gln, a major constituent of the amino acids 

supplied to developing seeds, contains 2 amino groups per every 2-OG skeleton, and ii) 

deamination and respiration through the TCA cycle of several amino acids such as Ala, yields NH4+, 

which must be re-assimilated into Gln and/or Glu via glutamine synthetase and glutamate-

oxoglutarate amino transferase (O’Leary et al., 2011b).  
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 PEPC activity has also been shown to contribute to triacylglyceride biosynthesis in 

developing oil seeds, where it generates metabolite precursors and reducing power. De novo fatty 

acid synthesis occurs in the leucoplasts, which is dependent on ATP and NAD(P)H, and uses acetyl-

CoA as an immediate precursor (Figure 2.1B). Previous studies examining isolated leucoplasts from 

developing COS and Heliantus annus (sunflower) seeds, observed that maximal rates of fatty acid 

synthesis were supported by exogenous malate relative to other precursors (Pleite et al., 2005; 

Smith et al., 1992). Upon import of malate into the leucoplasts, malate’s oxidation into acetyl-CoA 

via the plastidial isozymes of NADP-ME and pyruvate dehydrogenase complex (PDC) results in the 

production of reductant (NADPH and NADH) that is required for the incorporation of carbon into 

fatty acids (Figure 2.1B). Moreover, a specific malate-Pi antiporter exists in COS and maize embryo 

leucoplast envelopes facilitating malate import (Eastmond et al., 1997; Lara-Nunez and Rodriguez-

Sotres, 2004) and storage lipid accumulation in COS is correlated with PEPC and plastidial NADP-

ME protein abundance and activity (Sangwan et al., 1992; Houston et al., 2009; Benedict and 

Beevers, 1961; Gennidakis et al., 2007; Blonde and Plaxton, 2003; Shearer et al., 2004). These 

results all contribute to the hypothesis that PEPC has an important role in the control of sucrose 

partitioning at the PEP branch-point for the generation of carbon-skeletons and reducing power 

needed for fatty acid biosynthesis by non-green developing oil seeds such as COS (O’Leary et al., 

2011b).  

 Metabolic studies providing further evidence of the involvement of PEPC in fatty acid 

synthesis in non-green oil seeds, showed that in non-green developing maize and sunflower 

embryos 30% and 10% of carbon flux into fatty acids was derived from PEPC-generated malate, 

respectively (Alonso et al., 2007, 2010). In contrast, despite the strong correlation that exists 

between PEPC expression and rates of oil synthesis, flux from malate to plastidial acetyl-CoA 

appears to be negligible in developing green oil seeds such as rapeseed (Schwender et al., 2006). 

Therefore, these results are suggesting that PEPCs involvement in oil biosynthesis is more 
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important in non-green oil seeds versus green oil seeds. As expected, fatty acid biosynthesis in 

green oil seeds is light dependent (Baud and Lepiniec, 2010; Goffman et al., 2005; Ruuska et al., 

2004) and therefore most of the reducing power required for this process is generated by the light-

dependent reactions of the leucoplast photosynthesis. On the contrary, non-green oil seeds do not 

photosynthesize and therefore the production of reductant required for fatty acid synthesis is 

dependent on the oxidation of metabolite precursors of acetyl-CoA, including malate (Figure 2.1B).  

 

2.3 History of Castor (Ricinus communis) as a Model Organism for Metabolic Studies   

 In 1960, Harry Beevers (Purdue University), a renowned plant physiologist, began his work 

using castor plant as a model to study oil seed development and germination, triacylglyceride 

storage and mobilization, and carbon metabolism. Castor has since become an important model 

organism for studying non-green oil seed metabolism. The recent sequencing and annotation of the 

castor genome has provided a foundation for further investigation of regulatory and metabolic 

networks of castor-oil biosynthesis (Chan et al., 2010). Furthermore, COS have several desirable 

attributes ascribing to its ideal use as a model oil seed including i) massive accumulation of storage 

oils during development (~60% of total seed weight at maturity) (Buchanan et al., 2000; Eastmond 

and Graham, 2001), ii) easily harvestable endosperm tissue, and iii) robust and rapid growth; 

however, castor cannot be genetically transformed.  

 

2.4 Class-1 versus Class-2 PEPCs 

Discovery of the Bacterial-Type PEPC Genes  

Plant PEPC belongs to a small multi-gene family that encodes several closely related plant-

type PEPCs (PTPCs) and at least one distantly related, bacterial-type PEPC (BTPC) (O’Leary et al., 

2011b; Sánchez and Cejudo, 2003; Gennidakis et al., 2007; Mamedov et al., 2005; Sullivan et al., 

2004; Igawa et al., 2010). PTPC genes encode 105-110-kDa polypeptides containing a conserved N-
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terminal seryl-phosphorylation (activation) site and that typically oligomerize as 400-440-kDa 

homotetrameric Class-1 PEPCs (Kai et al., 2003; Izui et al., 2004; O’Leary et al., 2011b). All PTPCs 

evolved from a common ancestral gene and display a high degree of conservation at the genetic 

level. However, despite the similarities, PTPCs have been categorized as either being 

photosynthetic (i.e. C4 or CAM leaf) or non-photosynthetic (C3) isozymes (Izui et al., 2004).  

Annotation of the Arabidopsis thaliana and rice genomes in 2003 led to the discovery of an 

enigmatic PEPC gene whose deduced amino acid sequence differs greatly to that of PTPCs with 

<40% sequence identity, and that contains a prokaryotic-like (R/K)NTG C-terminal tetrapeptide 

(Sánchez and Cejudo, 2003; O’Leary et al., 2011b). These novel PEPCs of prokaryotic origin, which 

appear to have evolved in green algae, were designated as BTPCs. Conversely, all C3, C4, and CAM 

PEPCs were classified as PTPCs. All plant genomes sequenced to date, including those of ancestral 

green algae, contain at least one distantly related BTPC gene, which encodes a 116-118-kDa (130-

kDa in green algae) polypeptide (O’Leary et al., 2011b).  

 

Discovery of Class-2 PEPC Heteromeric Complexes Composed of Tightly Associated PTPC and BTPC 

Subunits 

Prior to the discovery of a BTPC gene in rice and Arabidopsis genomes, several biochemical 

studies documented the purification and characterization of two oligomeric forms of native PEPC 

from green microalgae (Selenasrum minutum and Chlamydomonas reinhardtii) which exhibited 

highly dissimilar physical, kinetic, and regulatory properties; yet, they shared an identical PTPC 

subunit (Rivoal et al., 1996; Rivoal et al., 1998; Rivoal et al., 2001; Rivoal et al., 2002; Schuller et al., 

1990). The 400-kDa homotetramer composed exclusively of PTPC subunits was classified as Class-1 

PEPC, whereas the higher Mr, hetero-octameric complex of identical PTPC subunits in tight 

association with an immunologically unrelated 130-kDa subunit (later shown to be BTPC) was 

classified as Class-2 PEPC. Interestingly, although not known at the time, this was the first evidence 
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for the BTPC polypeptide. The novel Class-2 PEPCs exhibited higher thermal stability, broader pH-

activity profiles, biphasic PEP saturation kinetics, and significantly reduced sensitivity to allosteric 

effectors (such as the inhibitor malate) in comparison to the corresponding Class-1 PEPC (Rivoal et 

al., 1996; Rivoal et al., 1998; Rivoal et al., 2001).  

Following the discovery of Class-1 and Class-2 PEPCs in green algae, highly analogous low- 

and high-Mr PEPC isoforms were subsequently purified and characterized from the endosperm of 

developing COS (Blonde and Plaxton, 2003). COS Class-1 PEPC is a 410-kDa Class-1 PEPC 

homotetramer of PTPC subunits (encoded by RcPPC3), whereas COS Class-2 PEPC exists as a 910-

kDa hetero-octameric complex composed of the same Class-1 PEPC tetramer tightly associated with 

four 118-kDa BTPC subunits (encoded by RcPPC4) (Figure 2.2) (Blonde and Plaxton, 2003; 

Gennidakis et al., 2007). As with the Class-2 PEPCs from green algae, COS Class-2 PEPC also 

exhibited (relative to corresponding Class-1 PEPC) markedly enhanced thermal stability, drastically 

decreased allosteric effector sensitivity (such as to malate), a broader pH-activity profile, and 

biphasic PEP saturation kinetics (Blonde and Plaxton, 2003; O’Leary et al., 2009). In vitro 

techniques such as co-immunopurification (co-IP), non-denaturing PAGE of clarified extracts 

coupled with in-gel PEPC activity staining, and parallel immunoblotting using BTPC- and PTPC-

specific antibodies have allowed for further documentation of Class-1 and Class-2 PEPC in 

developing COS and cucumber embryos, lily pollen, expanding castor leaves, and immature (green) 

tomato fruit (Gennidakis et al., 2007; Tripodi et al., 2005; Uhrig et al., 2008a; O’Leary et al., 2009; 

Kai et al., 2003; O’Leary et al., 2011a; Ting et al., 2017). Additional BTPC studies have defined 

several features that distinguish PEPC polypeptides as BTPC or PTPC: i) BTPCs and PTPCs contain 

different C-terminal tetrapeptides, ((R/K)NTG and QNTG, respectively), ii) all PTPCs contain a N-

terminal seryl phosphorylation motif characterized as acidic-basic-X-X-[pSer]-I-D-A-Q-L-R, which is 

absent in BTPC polypeptides (Sánchez and Cejudo, 2003; Mamedov et al., 2005; Gennidakis et al., 

2007), and iii) all deduced BTPC polypeptides contain an approximate 10-kDa non-conserved  
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insertion referred to as an intrinsically disorder domain, which is absent in PTPCs (O’Leary et al., 

2011c). 

Upon purification of the native Class-2 PEPC from developing COS, an unexpected obstacle 

was encountered. Its BTPC subunits were extremely susceptible to in vitro proteolytic cleavage by 

an endogenous thiol endopeptidase at a specific site (Lys466/Ile467) within its intrinsically 

disordered region, resulting in a 54- and 64-kDa polypeptides (Blonde and Plaxton, 2003; 

Gennidakis et al., 2007). Despite the use of protease inhibitors and cocktails, this rapid degradation 

made the purification of native COS Class-2 PEPC without proteolyzed BTPC subunits impossible. 

However, the addition of phenylmethylsulfonyl fluoride (PMSF) and ProteCEASE 100 Cocktail 

marketed by G-Biosciences to the extraction buffer has allowed for immunoblotting and co-IP of the 

non-degraded 118-kDa BTPC polypeptides from developing COS extracts (Gennidakis et al., 2007; 

Uhrig et al., 2008a). To overcome this obstacle, native COS BTPC was co-immunopurified (co-IP’d) 

from endosperm extracts using an anti-(castor PTPC)-IgG immunoaffinity column (Uhrig et al., 

2008a).  This not only corroborated the tight interaction between the non-immunologically related 

PTPC and BTPC polypeptides, but also facilitated rapid purification of relatively large quantities of 

the native, non-proteolyzed BTPC polypeptides for their detailed analysis (including phosphosite 

mapping) by LC-MS/MS (discussed below) (Uhrig et al., 2008a; O’Leary et al., 2011c; Dalziel et al., 

2012). The second approach employed to overcome this obstacle, was the heterologous expression 

of wild type (WT) and site-directed mutants of COS BTPC (RcPPC4) in E. coli (O’Leary et al., 2009, 

2011c; Dalziel et al., 2012). Interestingly, when E. coli cell lysates arising from heterologous 

expression of RcPPC4 and Arabidopsis PTPC (AtPPC3) were mixed, intact, soluble, and stable 

chimeric Class-2 PEPC complexes were rapidly formed (O’Leary 2009; O’Leary et al., 2011c; Dalziel 

et al., 2012). Chimeric Class-2 PEPCs containing WT and mutant BTPC and PTPC subunits were then 

purified and characterized in detail (O’Leary 2009; O’Leary et al., 2011c; Dalziel et al., 2012). 

Analysis of the native and recombinant Class-2 PEPC has led to: i) an understanding of the 
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regulatory effect that BTPC subunits exert on PTPC subunits within the Class-2 PEPC complex, ii) 

the kinetic characterization of the BTPC subunit, and iii) insights into the regulatory role that multi-

site in vivo BTPC phosphorylation plays during COS development (discussed below) via the analysis 

of phosphomimetic versus phosphoablative BTPC mutant subunits (O’Leary et al., 2009; O’Leary et 

al., 2011c; Dalziel et al., 2012).  

Multiple lines of evidence (both of in vitro and in vivo) indicate that although BTPC retains 

full PEPC catalytic activity, it never forms a homomeric complex in vivo, but rather forms a stable 

Class-2 PEPC heteromeric complex by rapidly associating with endogenous Class-1 PEPCs, as soon 

as BTPC polypeptides are synthesized during translation of its mRNA. This evidence includes the 

following: i) heterologously expressed BTPC from E. coli rapidly forms insoluble aggregates in the 

absence of PTPC subunits, ii) native algal and vascular plant BTPC polypeptides have only ever been 

observed in association with PTPC subunits as a Class-2 PEPC complex, iii) BTPC subunits tightly 

associate with PTPC subunits as a Class-2 PEPC complex during purification, and iv) fluorescent 

protein-tagged COS BTPC subunits interact with COS PTPC in vivo (via BTPC’s disordered region) at 

the mitochondrial outer envelope during their transient co-expression in tobacco bright yellow-2 

(BY-2) cells (Igawa et al., 2010; Gennidakis et al., 2007; Blonde et al., 2003; Rivoal et al., 1998; 

Rivoal et al., 2001; O’Leary et al., 2011b; Park et al., 2012). 

 

BTPC and Thus Class-2 PEPC Complexes Show Highly Restricted Expression in Vascular Plant 

Tissues 

 Transcript profiling has revealed that PTPC genes are broadly expressed as housekeeping 

Class-1 PEPCs in all plant tissues, whereas BTPC expression is either largely pollen or floral specific 

(i.e. in species such as Arabidopsis thaliana, strawberry, rice, maize, and poplar), but also occurs in 

diverse heterotrophic, non-floral sink tissues of other species that accumulate significant levels of 

malate (i.e. developing castor and cucumber seeds, cassava tubers, as well as immature tomato, 
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grape, and avocado fruit) (Sánchez et al., 2003; Gennidakis et al., 2007; Sullivan et al., 2004; Igawa 

et al., 2010; Sánchez et al., 2006; Yu et al., 2010; Ting et al., 2017). Therefore, it appears that plant 

BTPC polypeptides, and thus Class-2 PEPC complexes, are mainly present in biosynthetically active 

tissues (e.g., developing seeds and pollen, immature leaves, and tomato fruit) that accumulate 

abundant levels of malate while requiring a large anaplerotic flux from PEP to replenish TCA 

intermediates consumed during biosynthesis (Igawa et al., 2010; O’Leary et al., 2011a, 2011b; Ting 

et al., 2017). 

 

2.5 Post-Translational Control of Class-1 and Class-2 PEPCs in Developing COS  

 Owing to its location at a critical branch point in plant carbohydrate metabolism, several 

types of post-translational controls tightly regulate PEPC activity. Extensive genetic and 

biochemical studies have determined that PTPC, and thus Class-1 PEPC activity, is controlled by a 

combination of various fine-metabolic controls including allosteric effectors, and regulatory 

phosphorylation and monoubiquitination (Figure 2.2).  

 

Allosteric Effectors  

 Upon purification of the Class-1 and Class-2 PEPC from developing COS, it was determined 

that Class-1 PEPC was potently activated by hexose-mono-Ps and glycerol-3-P, whereas Class-2 

PEPC was only weakly activated by these compounds (Blonde and Plaxton, 2003). Similarly, Class-1 

PEPCs, including that from developing COS, are far more sensitive to inhibition by malate, Asp, and 

Glu relative to Class-2 PEPC (Chollet et al., 1996; Blonde and Plaxton 2003; O’Leary et al., 2011b; 

Law and Plaxton, 1997; Moraes and Plaxton, 2000). Developing COS endosperm contains malate 

levels of up to 5 mM, a value ~80-fold higher than the I501(malate) value of COS Class-1 PEPC, but 

well within the range of the I50(malate) of the BTPC subunits of Class-2 PEPC (Blonde and Plaxton, 

                                                        
1 I50 = inhibitor concentration yielding 50% inhibition of enzymatic activity. 
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2003; Smith et al., 1992; O’Leary et al, 2009). It is also notable that imaging studies with fluorescent 

protein-tagged castor PEPCs in tobacco BY-2 cells demonstrated that Class-2 PEPC in vivo interacts 

with the mitochondrial outer envelope via the intrinsically disordered region of its BTPC subunits, 

whereas Class-1 PEPC localizes diffusely throughout the cytosol (Park et al., 2012). Class-2 PEPCs 

unique kinetic and regulatory properties in conjunction with its association with the mitochondrial 

envelope indicated that it has a dual function in developing COS to rapidly refix respired CO2 while 

sustaining a large anaplerotic flux from PEP to malate to replenish TCA cycle C-skeletons in support 

of fatty acid and storage protein synthesis  (Park et al., 2012; O’Leary et al., 2011b).  

 

Regulatory Phosphorylation 

 PEPC control is also achieved through reversible phosphorylation at a conserved N-terminal 

seryl residue (Chollet et al., 1996; Nimmo et al., 2003). This cyclic phosphorylation process is 

catalyzed by a dedicated Ser/Thr Ca2+-independent PPCK and is dephosphorylated by a protein 

phosphatase type-2A (PP2A) (Izui et al., 2004; Vidal et al., 1997; Chollet et al., 1996; Nimmo, 2003; 

Murmu and Plaxton, 2006; O’Leary et al., 2011b). This phosphorylation at Ser11 enhances the 

allosteric activation of Class-1 PEPCs by hexose phosphates, and affinity for PEP while reducing the 

inhibition by L-malate and L-aspartate at physiological pH (Izui et al., 2004; Nimmo, 2006; O’Leary 

et al., 2011b; Shane et al., 2013; Murmu, and Plaxton, 2007; Tripodi et al., 2005; Law and Plaxton, 

1997). Studies examining PP2A, have documented its constant levels of expression throughout 

plant tissues, suggesting that control of PEPC phosphorylation lies mainly with PPCK activity 

(Chollet et al., 1996; Hartwell et al., 1999; Dong et al., 1998). However, further research is required 

to assess the potential for the activity of PP2A to be controlled by its associated regulatory subunits. 

 As BTPCs do not contain the conserved N-terminal seryl phosphorylation site characteristic 

of PTPCs, it was hypothesized that BTPCs are non-phosphorylatable in vivo (Sánchez and Cejudo, 

2003; Nimmo, 2006). However, more recent studies using Pro-Q Diamond phosphoprotein staining 
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of co-IP’d BTPC revealed that BTPC was indeed highly phosphorylated in vivo during COS 

development (Uhrig et al., 2008a). Further, Pi-affinity PAGE using Phos-Tag acrylamide in 

conjunction with λ-phosphatase treatment demonstrated that COS BTPC phosphorylation occurs at 

multiple residues (Uhrig et al., 2008a). Following the analysis of co-IP’d COS BTPC by high 

resolution LC-MS/MS, three in vivo phosphorylation sites were identified: Thr4 at the N-terminus, 

and Ser425 and Ser451 located within its intrinsically disordered region (O’Leary et al., 2011b; 

Uhrig et al., 2008a; O’Leary et al., 2011c; Dalziel et al., 2012). Thr4 and Ser451 are conserved in all 

other BTPC orthologs; however, Ser425 is only partially conserved (Figure 2.3) (O’Leary et al., 

2011b; Uhrig et al., 2008a; O’Leary et al., 2011c; Dalziel et al., 2012, Ting et al., 2017).  

 Characterization of the Thr4 phosphosites via kinetic analysis of the COS BTPC 

phosphomimetic mutant has not revealed any apparent kinetic effect of phosphorylation at this site 

(O’Leary et al., 2011b). Nevertheless, the Thr4 phospho-site exists in a conserved forkhead-

associated (FHA)-binding domain (pTXXD), which is believed to be phosphothreonine-dependent 

protein interaction site (Chevalier et al., 2009). Therefore, it will be interesting to determine 

whether BTPC phosphorylation at Thr4 mediates the interaction of Class-2 PEPCs with any FHA 

domain-containing proteins (O’Leary 2011b).   

 Similar characterization of COS BTPC’s Ser425 and Ser451 phosphosites via kinetic analysis 

of phosphomimetic mutants (i.e. S425D and S451D, respectively), revealed that phosphorylation at 

either site results in inhibition of BTPC catalytic activity within the Class-2 PEPC complex (O’Leary 

et al., 2011c; Dalziel et al., 2012). This inhibitory phosphorylation was paralleled with a 

corresponding increase in BTPC's Km(PEP) and its sensitivity to feedback inhibition by Asp and 

malate (O’Leary et al., 2011c; Dalziel et al., 2012). Moreover, the development of phosphosite 

specific antibodies raised against synthetic phospho-peptides for Ser425 and Ser451, have been 

fundamental in the characterization of in vivo phosphorylation at these sites and the responsible 

kinases. The developmental profile of BTPC phosphorylation at Ser425 and Ser451 has been 
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analyzed via immunoblotting clarified COS extracts with the corresponding phosphosite antibodies. 

Phosphorylation of BTPC at both Ser425 and Ser451 steadily increases during COS development, 

which differs from the phosphorylation profile of COS Class-1 PEPC’s PTPC subunit at its conserved 

Ser11 residue (Murmu and Plaxton, 2007; O’Leary et al., 2011c; Dalziel et al., 2012). Furthermore, 

elimination of photosynthate supply via excision of intact pods of developing COS (i.e. ‘depodding’), 

resulted in increased BTPC phosphorylation at Ser425 and Ser451 but simultaneous PTPC 

dephosphorylation (Tripodi et al., 2005; Murmu and Plaxton, 2007; O’Leary et al., 2011c; Dalziel et 

al., 2012). From these results and the distinctive phosphorylation motifs surrounding the 

respective seryl phosphorylation sites, it was concluded that phosphorylation of COS PTPC at Ser11 

and BTPC at Ser425 and Ser451 are likely subject to control by different protein kinases and 

signaling pathways.  

 Despite the apparent important role of multisite BTPC phosphorylation in the post-

translational control of photosynthate partitioning at the PEP branch-point during COS 

development, nothing was known about the responsible protein kinases or related signaling 

pathways until the native BTPC Ser451 kinase was highly purified from developing COS and 

characterized as an apparent Ca2+-dependent protein kinase (CDPK) (Hill et al., 2014).  

 

2.6 Calcium-Dependent Protein Kinases  

 Calcium serves as a universal secondary messenger in eukaryotic signal transduction, with 

various Ca2+-sensor proteins being critical transducers of Ca2+-signatures elicited in response to 

external stimuli or developmental cues. The first and most important event triggered by Ca2+-

signals is the activation of protein phosphorylation cascades (DeFalco et al., 2010). Among the Ca2+-

sensors, including calmodulin (CaM) and CaM-like proteins (CMLs), CDPKs are unique because they 

function as catalytic responders that directly transduce Ca2+-signals into protein phosphorylation 

events that modulate physiological responses (Harper et al., 2004; DeFalco et al., 2010; Boudsocq 
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and Sheen, 2013; Liese and Romels, 2013; Schulz et al., 2013; Simeunovic et al., 2016). CDPKs, 

unique to plants and certain protists, exhibit distinctive tissue and subcellular localizations, 

substrate specificities, and Ca2+-sensitivities. Thus, multiple and diverse developmental processes 

and stress responses are likely controlled by specific CDPKs.  

 These CDPKs can range from ~40-90-kDa and are composed of five domains, with the 

majority of the size variation between isoforms being attributed to the N-terminal variable domain 

(NTVD). In the Arabidopsis CDPK-family, this domain ranges from 21-185 amino acids and shows 

little sequence conservation (Cheng et al., 2002). The second domain is a highly conserved 

serine/threonine/tyrosine kinase catalytic domain (Klimecka et al., 2007; Oh et al., 2012). Adjacent 

to the kinase domain is a pseudosubstrate-containing autoinhibitory junction domain that is 

capable of inhibiting kinase activity via interaction with the active site. This domain is followed by 

the calmodulin-like domain (CLD), which in most CDPKs contains four EF-hand motifs that are 

responsible for Ca2+-binding (Cheng et al., 2002). Lastly, CDPKs contain a short C-terminal variable 

domain. Interestingly, most isozymes contain a myristoylation motif (MGXXXS) at their N-terminus, 

despite no CDPK being found to act as an integral membrane protein. However, this myristoylation 

motif appears to be important in membrane association of certain CDPK isozymes (Martin and 

Buusconi, 2000; Ito et al., 2010; Asai et al., 2013).  

 

2.7 Identification and Characterization of the BTPC Ser451 Kinase from Developing COS 

Identification of RcCDPK1: 

 Following the partial purification of the native BTPC Ser451 kinase from developing COS (Hill 

et al., 2014), tryptic peptides were sequenced via LC-MS/MS and used to identify the BTPC Ser451 

kinase as R. communis Ca2+-dependent protein kinase-1 (RcCDPK1) (Ying et al., 2017). This 

facilitated cloning and extensive analysis of physical, immunological, and kinetic preparation of 

heterologously expressed RcCDPK1 (Ying et al., 2017). RcCDPK1 is one of twenty predicted R. 
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communis CDPK isozymes (Ying et al., 2017). The predicted size of RcCDPK1 is 56-kDa, a value 

similar to the native molecular mass of 63-kDa estimated for the native BTPC Ser451 kinase 

isolated from developing COS (Hill et al., 2014). The deduced RcCDPK1 corresponds to a 497-amino 

acid polypeptide having maximal sequence identity (83 -84%) to the orthologs AtCPK4 and 

AtCPK11 from Arabidopsis and GmCDPKβ from soybean (Glycine max) (Ying et al., 2017). The 

closest paralog of RcCDPK1 is RcCDPK2 [70% sequence identity (Hill et al., 2014)], which in vivo 

phosphorylates castor sucrose synthase-1 (RcSUS1) at Ser11 in developing COS (Fedosejev et al., 

2014, 2016). RcCDPK1 and its orthologs possess the five modular domains characteristic of CDPKs 

(Figure 4.1). Further, RcCDPK1, AtCPK4, and AtCPK11 were all determined to be soluble rather 

than membrane bound, and to localize to the cytosol and nucleus in vivo, consistent with the 

absence of a myristoylation motif in their N-terminus, in contrast to most CDPKs (Dammann et al., 

2003; Boudsocq et al., 2012; Hill et al., 2014; Ying et al., 2017). 

 

Developmental Profile of COS BTPC Ser451 Kinase Activity: 

 A major gap in our current understanding of plant CDPK biology and Ca2+-signaling in general 

is that few in vivo targets for specific CDPK isozymes haven been identified to date. As mentioned 

above, the native kinase that catalyzes in vivo inhibitory phosphorylation of BTPC at Ser451 in 

developing COS was identified as RcCDPK1 (Hill et al., 2014; Ying et al., 2016). Native RcCDPK1 

(BTPC Ser451 transphosphorylation) activity was assayed during different stages of COS 

development by monitoring Pi incorporation from either unlabeled ATP or [γ-32P]ATP into the 

BTPC subunit of recombinant Class-2 PEPC (Hill et al., 2014). COS development stage III marks 

rapid cell expansion, stage V-VII represent the major phases of oil and protein accumulation, 

whereas stage IX the seed is almost mature, has lost vascular connection with the parent plant, and 

has begun to desiccate (Greenwood and Bewley, 1985). Native BTPC Ser451 kinase activity assays 

of clarified COS extracts showed that its activity was relatively constant during early endosperm 
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development; however, there was a small increase at stage VII, followed by a marked decrease at 

stage IX (Hill et al., 2014). This activity profile is similar to the COS developmental profile of in vivo 

Ser451 BTPC phosphorylation, which increases throughout COS development, becoming maximal 

at stage IX (Dalziel et al., 2012). Further, a small increase in native BTPC Ser451 kinase activity 

occurred 48-h following COS depodding, which was paralleled by enhanced in vivo phosphorylation 

of BTPC at Ser451 (Hill et al., 2014; Dalziel et al., 2012).  

 

Substrate Specificity of RcCDPK1 and Kinetic Characterization: 

 It has been established that RcCDPK1 has a narrow substrate specificity in vitro as it was 

unable to phosphorylate the phosphomimetic S451D mutant BTPC subunits of Class-2 PEPC, PTPC 

subunits of either recombinant Class-2 PEPC or native dephosphorylated COS Class-1 PEPC, or 

dephosphorylated sucrose synthase from developing COS (Hill et al., 2014). This was further 

emphasized by the following evidence i) RcCDPK1 was unable to phosphorylate acidic proteins 

such as α-casein, but phosphorylated basic proteins such as histone III-S, ii) no other BTPC or PTPC 

residues were phosphorylated by RcCDPK1, including additional in vivo phosphorylation sites of 

Class-2 PEPC (Thr4 and Ser425 of BTPC and Ser11 of PTPC), and iii) RcCDPK1 was unable to 

phosphorylate synthetic peptide variants containing sequences flanking the Ser451 

phosphorylation site of COS BTPC (Hill et al., 2014). This is reminiscent of COS PPCK, which 

effectively phosphorylates PTPC subunits of COS Class-1 PEPC at Ser11, but cannot phosphorylate 

the corresponding dephosphopeptide (Murmu and Plaxton, 2007). This not only illustrates that 

selectivity of RcCDPK1 for its substrate, but also the importance of the structural context of the 

interaction.  

 All PTPCs and sucrose synthases examined to date share the following orthologous 

phosphorylation motif near the N-terminus: ϕ-5-X-4-basic-3-X-2-X-1-[pSer]-X+1-X+2-X+3-ϕ-4 (ϕ is a 

hydrophobic residue, X is any amino acid, and the subscripts represent the positions relative to the 
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seryl phosphorylation site) (Winter and Huber, 2000; O’Leary et al., 2011b; Fedosejevs et al., 2014, 

2016). This differs from COS BTPC’s Ser451 phosphorylation motif, ϕ-4-X-3-basic-2-X-1-[pSer]-X+1-

X+2-Basic+3-ϕ-4 (Dalziel et al., 2012; Hill et al., 2014; Ying et al., 2017). These results suggest that the 

linear sequence flanking the BTPC Ser451 site as well as the overall conformation of the BTPC 

subunit within the Class-2 complex are important for RcCDPK1 phosphorylation. Further, kinetic 

studies of the heterologously expressed RcCDPK1 orthologs, AtCPK4 and GmCDPKβ, and the 

distantly related AtCPK34, determined that both the orthologs effectively phosphorylated COS 

BTPC at Ser451, whereas AtCPK34 could not (Ying et al., 2017). Notably, the BTPC Ser451 

phosphorylation motif is conserved among all vascular plant BTPC orthologs, including the 

Arabidopsis BTPC, AtPPC4 (Figure 2.3). Future studies are required to determine if AtCPK11 and 

AtCPK4 are involved in the in vivo regulatory phosphorylation of the Arabidopsis BTPC, AtPPC4 (Hill 

et al., 2014). 

 RcCDPK1 activity is absolutely dependent on the presence of Mg2+, with an optimal Mg2+ 

concentration of 10 mM (Hill et al., 2014). However, Mn2+ also served as a less-ideal divalent cation 

cofactor resulting in a 20% decrease in activity relative to that obtained with Mg2+ (Hill et al., 2014). 

RcCDPK1 exhibited two sets of Ca2+-binding sites with identical Kd(Ca2+) values of 5.03 μM that are 

well within the physiological range of cytosolic free calcium concentration (Ying et al., 2017).  

Calcium-binding to EF-hand containing proteins, including CDPKs, initiates conformational changes 

in their conserved CaM-related domain that typically results in exposure of hydrophobic clefts 

believed to be critical to target recognition and interaction (DeFalco et al., 2009). These 

conformational changes are a hallmark of Ca2+-sensors and have been exploited for their efficient 

purification via Ca2+-dependent hydrophobic interaction chromatography. Although RcCDPK1 

exhibited a Ca2+-dependent electrophoretic mobility shift reminiscent of a classic Ca2+-sensor, its 

unusual Ca2+-independent hydrophobicity was demonstrated by 8-anilinonaphthalene-1-sulfonic 
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acid-based fluorescence spectroscopy and hydrophobic interaction chromatography using phenyl-

Sepharose (Ying et al., 2017).  

 

Metabolic Effectors and Redox Control of RcCDPK1: 

 Kinetic studies of RcCDPK1 demonstrated that 3-phosphoglycerate (3PGA) and 1 to 5 mM 

PEP are potent inhibitors of its BTPC transphosphorylation activity (Hill et al., 2014; Ying et al., 

2017). It appears that PEP directly affects RcCDPK1, as the same levels of RcCDPK1 inhibition 

occurred in in vitro assays when histone-IIIS or BTPC served as substrates (Hill et al., 2014).  By 

contrast, 1 mM PEP activated COS PPCK by approximately 40% (Murmu and Plaxton, 2007). This 

reciprocal control of the COS RcCDPK1 and PPCK suggests an intriguing regulatory mechanism, 

whereby a drop in cytosolic PEP levels would increase the inhibitory phosphorylation of BTPC at 

Ser451, thus diminishing the overall anaplerotic flux of PEP carboxylation to OAA. This would be 

paralleled with a decrease in activation of Class-1 PEPC via PPCK-mediated Ser11 phosphorylation. 

This drop in PEP would likely occur during the final stages in COS development or following 

depodding, when the vascular connection with the parent plant has been lost, resulting in the 

elimination of photosynthate import.  

 In addition, RcCDPK1 activity appears to be under redox control (Hill et al., 2014). Incubation 

with 5 mM oxidized glutathione resulted in an approximate 60% decrease in RcCDPK1 activity, 

which was fully reversed when the treated enzyme was incubated with 10 mM dithiothreitol (DTT; 

Hill et al., 2014). This was further demonstrated via parallel kinase assays with histone III-S as a 

substrate, which yielded the same oxidation inactivation and reduction reactivation, suggesting this 

decrease in activity is indeed a result of redox control and not an indirect substrate specific effect 

(Hill et al., 2014). 
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2.8 RcCDPK1’s Cellular and Tissue-Specific Expression  

 To understand the interaction between RcCDPK1 and BTPC, thus further characterizing 

RcCDPK1’s physiological function, fluorescently protein-tagged RcCDPK1 and BTPC fusion proteins 

were transiently transformed into tobacco BY-2 suspensions cells (Ying et al., 2017). As previously 

discussed, COS Class-2 PEPC in vivo associates with the outer mitochondrial envelope via its BTPC 

subunits (Park et al., 2012). RcCDPK1-Cherry localized to the cytosol and nucleus of tobacco BY-2 

cells, but co-localized with mitochondrial-surface associated BTPC-enhanced yellow fluorescent 

protein when both fusion proteins were co-expressed (Ying et al., 2017). This is reminiscent of the 

interaction between BTPC and the PTPC subunits composing the Class-2 PEPC complex (O’Leary et 

al., 2011b; Park et al., 2012). Furthermore, the interaction between RcCDPK1 and BTPC was 

determined to be Ca2+-dependent, thus conformational changes induced by Ca2+-binding not only 

activate RcCDPK1, but also control the ability of RcCDPK1 to recruit its BTPC substrate (Ying et al., 

2017; Hill et al., 2014). 

 Transcript profiling revealed that RcCDPK1 is maximally expressed in male flowers, mature 

leaves, and in the endosperm and cotyledons of developing COS (Ying et al., 2017). Additional qRT-

PCR studies revealed that: i) RcCDPK1’s expression profile in COS endosperm matched that of 

BTPC’s Ser451 phosphorylation profile, with both peaking at stage IX (Hill et al., 2014; Ying et al., 

2017), and ii) RcCDPK1’s BTPC Ser451 phosphorylation activity profile was dissimilar to its 

expression profile as it peaked at stage VII and became undetectable by stage IX suggesting post-

translational regulation of RcCDPK1 (Hill et al., 2014, Ying et al., 2017). Further, upon the removal 

of photosynthate supply (depodding) to developing COS, RcCDPK1 transcript abundance was 

reduced by greater than 50% within 48 h (Ying et al., 2017). However, this was not paralleled with 

a decrease in BTPC Ser451 kinase activity nor a reduction in BTPC phosphorylation at Ser451 

(which increased following depodding), thus providing evidence for post-transcriptional RcCDPK1 

control in developing COS (Ying et al., 2017).  
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2.9 RcCDPK1 Autophosphorylation 

 In vitro autophosphorylation at multiple sites has been widely reported for plant CDPKs and 

may influence their activity and substrate accessibility (Liese and Romeis, 2013). However, the 

occurrence and functions of in vivo phosphorylation is important for the regulation and/or 

subcellular localization of eukaryotic protein kinases (Endicott et al., 2012). At least one plant CDPK 

from tobacco (NtCDPK2), was demonstrated to be regulated by both constitutively phosphorylated 

residues and stress-induced in vivo phosphorylation, catalyzed by either NtCDPK2 itself or by 

upstream protein kinases (Witte et al., 2010). As previously discussed, CDPKs have been 

characterized as serine/threonine protein kinases; however, RcCDPK1 orthologs GmCDPKβ and 

AtCDPK4 autophosphorylated at tyrosine as well as serine and threonine residues during their 

heterologous expression in E. coli, suggesting these are dual-specificity kinases (Oh et al., 2012). 

Using LC-MS/MS, several autophosphorylation sites were mapped on GmCDPKβ, one of which was 

Tyr-24 (the only tyrosine autophosphorylation site), which is located at the interface of the kinase 

and NTVD, and strictly conserved with members of the Arabidopsis CPK family suggesting other 

CDPKs might autophosphorylate at this site (Hegeman et al., 2006; Oh et al., 2012, 2013). Further, 

in vitro kinase assays with the wild-type GmCDPKβ and a phosphoablative Tyr24 mutant (Y24F) 

using synthetic peptides substrates corresponding to different CDPK phosphorylation motifs, 

demonstrated that the phosphoablative mutant was more active than the wild-type GmCDPKβ (Oh 

et al., 2012). These results provide preliminary evidence that phosphorylation at Tyr-24 might be 

inhibitory. Interestingly, RcCDPK1 and also contains the conserved Tyr24 site with GmCDPKβ 

(Tyr30 on RcCDPK1) indicating that it may be an important regulatory phosphosite (Ying et al., 

2017). However, (auto)phosphorylation of RcCDPK1 or its orthologs has not been shown in vivo, 

nor is the effect on RcCDPK1 activity known. 
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2.10 Research Objectives 

 While significant advances have been made in our understanding of the existence and 

function of RcCDPK1, the Ser451-BTPC kinase of developing COS, little is known about the role of 

(auto)phosphorylation in the control of this kinase. The objective of my MSc thesis was to test the 

hypotheses that: i) global and Tyr30 autophosphorylation influences RcCDPK1 function, 

particularly its ability to transphosphorylate its BTPC substrate at Ser451, and ii) RcCDPK1 

autophosphorylation at various sites, including Tyr30, occurs in planta in developing COS or 

following its transient expression in Nicotiana benthamiana leaves.  

 To determine the effect of autophosphorylation at Tyr30 on RcCDPK1’s autokinase activity 

and ability to transphosphorylate BTPC at Ser451, a phosphomimetic RcCDPK1Y30F mutant was 

generated. A semi-quantitative assay was used to measure RcCDPK1 transphosphorylation of BTPC  

at Ser451. This assay is based upon the use of BTPC Ser451 phosphosite-specific antibodies (anti-

pSer451) and immunoblotting to assess Pi incorporation from unlabeled ATP into Ser451 of the 

BTPC subunits of purified, recombinant Class-2 PEPC. The activity of the RcCDPK1Y30F or 

dephosphorylated RcCDPK1WT was compared with that of maximally autophosphorylated 

RcCDPK1WT. Further, a phosphosite specific antibody for Tyr30 (anti-pTyr30) was generated to 

detect RcCDPK1 phosphorylation following its heterologous expression in E. coli, as well as in 

planta.  

 The knowledge gained from this project will further our understanding of the mechanisms by 

which BTPC is phosphorylated at Ser451 in developing COS, and ultimately the functions of 

RcCDPK1 and Class-2 PEPC in controlling respiratory CO2 refixation and anaplerotic carbon 

partitioning to important storage end products in developing non-green oil seeds. In addition, 

research performed during this thesis project has provided insights into the complex web of 

regulatory pathways linking Ca2+-signaling with plant carbon metabolism. 
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Figure 2.1 Models illustrating several metabolic functions of plant PEPC. A) Interactions between 
carbon and nitrogen metabolism involve three compartments in plant cells. This scheme highlights 
the critical roles of the two terminal enzymes of plant cytosolic glycolysis, PEPC and PKC, in 
controlling the provision of the mitochondria with respiratory substrates, as well as for generating 
the 2-OG and OAA respectively required for NH4+-assimilation via glutamine synthetase and 
glutamate-oxoglutarate amino transferase in plastids and aspartate aminotransferase in the 
cytosol. The coordinate control of PEPC and PKC by allosteric effectors, in particular Glu and Asp, 
provides a mechanism for the regulation of cytosolic glycolytic flux and PEP partitioning during and 
following NH4+-assimilation. B) Alternative metabolic routes for the conversion of sucrose to fatty 
acids in developing oilseeds. This model illustrates the role of PEPC in controlling PEP partitioning 
to malate as a source of both carbon skeletons and reducing power for leucoplast fatty acid 
synthesis. Abbreviations areas defined in the text, in addition to the following: AAT, Asp 
aminotransferase; E.T.C., electron transport chain; MEm/PDHm and MEp/PDHp, mitochondrial and 
plastidic isoenzymes of ME and PDH, respectively. Taken from O’Leary et al. (2011b). 
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Figure 2.2 Model illustrating the biochemical complexity of castor bean PEPC. In developing 
endosperm the plant-type PEPC (PTPC) isozyme RcPPC3 exists: (i) as a typical Class-1 PEPC 
homotetramer (PEPC1) which is activated in vivo by phosphorylation of its 107-kDa subunits 
(p107) at Ser11 (Tripodi et al., 2005), and (ii) tightly associated with 118-kDa bacterial-type PEPC 
(BTPC) subunits (p118, encoded by RcPPC4) to form the novel, allosterically-desensitized Class-2 
PEPC hetero-octameric complex (PEPC2) (Blonde and Plaxton, 2003; Gennidakis et al., 
2007;O’Leary et al., 2009, 2011a). Class-2 PEPC’s p118-BTPC subunits are subject to in vivo 
inhibitory phosphorylation at Ser425 and Ser451 during COS development (Uhrig et al., 2008a; 
O’Leary et al., 2011a, 2011b, 2011c; Dalziel et al., 2012; Hill et al., 2014; Ying et al., 2017). COS 
maturation is accompanied by disappearance of the Class-2 PEPC complex, together with a marked 
reduction in the amount of Class-1 PEPC. COS imbibition and germination triggers increased 
RcPPC3/PTPC expression, along with ubiquitination of 50% of the PTPC subunits at Lys-628 to 
form a Class-1 PEPC heterotetramer composed of monoubiquitinated p110 and non-ubiquitinated 
p107 subunits (Uhrig et al, 2008b; O’Leary et al., 2011a). UB, ubiquitin. Taken from Ying et al. 
(2017). 
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Figure 2.3 Castor (R. communis) BTPC is in vivo phosphorylated at Ser425 and Ser451. Alignment of the intrinsically disordered region of 
deduced plant BTPC polypeptides. The arrows indicate inhibitory phosphorylation sites of COS BTPC experimentally verified in vivo 
(Ser425 and Ser451) (O’Leary et al., 2011c; Dalziel et al., 2012). Ser451 is conserved in all other BTPC orthologs; however, Ser425 is only 
partially conserved. Taken from Ting et al. (2017). 
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Chapter 3 

Materials and Methods 

3.1 Plant Material and Growth Conditions 

Castor (Ricinus communis L.; cv. Baker 296) and Nicotiana benthamiana (N. benthamiana) 

plants were cultivated in a greenhouse at 24°C and 70% humidity under natural light supplemented 

with 16 h of artificial light per day. Tissues were rapidly harvested, frozen in liquid N2 and stored at 

-80°C until used.  

 

3.2 Heterologous Expression and Purification of Recombinant RcCDPK1 

For heterologous expression of RcCDPK1, its full-length cDNA was previously subcloned 

into a pET30a(+) expression vector (Novagen) carrying an N-terminal His6-tag (Ying et al., 2017) 

and transformed into E. coli (BL21-CondonPlus (DE3)-RIL, Novagen). The transformed cells were 

cultured at 37°C in 500 mL of LB broth containing 50 µg/mL kanamycin until an A600 of 0.6 was 

reached. The cells were chilled on ice for 10 min and protein expression induced using 0.4 mM 

isopropyl-β-D-thiogalactoside for 4 h at 37°C as previously described (Ying et al., 2017). Cells (12 

gFW) were harvested by centrifugation at 4,400 x g for 15 min, and the resulting pellets frozen in 

liquid N2 and stored at -80°C. For purification of recombinant RcCDPK1, 10 g of cells was 

resuspended in 50 mL of ice-cold buffer A [50 mM NaH2PO4 (pH 8.0), 300 mM NaCl, 15% glycerol, 

and 1 mM dithiothreitol (DTT)] and lysed by passage through a French Pressure cell at 20,000 psi. 

The extract was clarified via centrifugation at 12,100 x g for 30 min at 4°C, and the supernatant 

fluid loaded at 0.75 mL/min onto a column (1.8 cm x 4.8 cm) of PrepEase™ His-Tagged High Yield 

Purification Ni2+-affinity resin (Affymetrix) pre-equilibrated with buffer A. The column was washed 

with buffer A until A280 approached baseline and then eluted with buffer A containing 150 mM 

imidazole. Pooled peak fractions were concentrated to 0.75 mL with an Amicon Ultra-15 centrifugal 

filter unit (30-kDa cut-off), divided into 50-µL aliquots, frozen in liquid N2, and stored at −80°C. For 
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cleaving the His6-tag, purified RcCDPK1 was incubated with enterokinase (New England Biolabs) as 

previously described (Ying et al., 2017). Purified RcCDPK1 (50 μg) was dephosphorylated by 

incubating at 30°C for 1 h in a 100-μL reaction containing 800 units of λ-phosphatase (New England 

Biolabs) and the provided PMP buffer and MnCl2 both at a 1X final concentration.  

 

3.3 Preparation of Phosphosite Specific Antibodies Against Phosphotyrosine-30 of RcCDPK1, 

SDS/PAGE and Immunoblotting 

Synthetic phospho- and dephosphopeptides were made corresponding to the sequence 

flanking Tyr30 of RcCDPK1 (residues 22-38; Figures 4.1 and 4.4A) with an additional cysteine at 

the N-terminus (LifeTein LLC).  Purified phosphopeptide was conjugated to maleimide-activated 

keyhole limpet haemocyanin (Thermo Scientific™, Cat. #77605) according to the manufacturer’s 

instructions. The conjugate was desalted into Pi-buffered saline, filter sterilized, and emulsified 

with Titermax Gold adjuvant (CytRx Corp.). Following collection of pre-immune serum, 500 μg of 

desalted phosphopeptide conjugate was injected subcutaneously into a New Zealand rabbit, and a 

booster injection (250 μg) administered at 28 d. One week after the final injection, blood was 

collected in Vacutainer tubes (Becton Dickinson) by cardiac puncture, and the immune serum 

frozen in liquid N2 and stored at -80°C. Production of rabbit anti-(castor BTPC and RcCDPK1)-IgGs 

(anti-BTPC and anti-RcCDPK1, respectively), sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS/PAGE), electroblotting onto poly(vinylidene) difluoride (PVDF) membranes, 

and chromogenic detection of antigenic polypeptides using a secondary antibody tagged with 

alkaline phosphatase were conducted as previously described (Hill et al., 2014; Ying et al., 2017).  

Enhanced chemiluminescence (ECL) detection of antigenic polypeptides was undertaken for some 

immunoblots (see Appendix 1 for detailed protocol); antigenic polypeptides were visualized using a 

peroxidase-conjugated secondary antibody with the Western-Lightning® Plus-ECL kit (PerkinElmer 

Inc., Cat #NEL103001) and imaged using a Bio-Rad ChemiDoc Touch Imaging System. All 
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immunoblots were replicated a minimum of three times with representative results shown in the 

various figures. 

For all anti-pTyr30 immunoblots, the corresponding dephosphopeptide (10 μg/mL) was 

used to block any non-specific antibodies raised against the non-phosphorylated portions of the 

sequence. For detection of total protein phosphorylation, SDS/PAGE and electroblotting onto PVDF 

was followed by incubation with pIMAGO (Tymora Analytical) phosphoprotein reagent according 

to manufacturer’s instructions; phosphoprotein detection was accomplished using avidin-tagged 

peroxidase and ECL as described above. Quantification of immunoreactive band intensities was 

performed by densitometry using ImageJ (https://imagej.nih.gov/ij/); derived values were linear 

with respect to the amount of immunoblotted extract. All immunoblots and pIMAGO blots were 

replicated a minimum of three times with representative results shown in the various figures. 

 

3.4 Assays of RcCDPK1 Transphosphorylation of BTPC at Ser451 

RcCDPK1 transphosphorylation activity was assayed by monitoring Pi incorporation into 

Ser451 of the 118-kDa BTPC subunits (p118) of purified, heterologously expressed Class-2 PEPC 

(Appendix 2) as previously described (Hill et al., 2014). Recombinant RcCDPK1 (250 ng) was 

routinely incubated with 10 μg of the Class-2 PEPC substrate (corresponding to 5 μg p118/BTPC 

subunits) in a 25 μL reaction mix containing 50 mM HEPES-KOH (pH 7.3), 10 mM MgCl2, 1 mM DTT, 

0.1 mM Na3VO4, 0.1 mM Na2MoO4, 10% (v/v) glycerol, and 0.2 mM CaCl2. Reactions were initiated 

by the addition of 0.2 mM ATP, incubated at 30°C for up to 20 min, and terminated by addition of 

SDS/PAGE sample buffer and heating at 100°C for 3 min. Pi incorporation from ATP into Ser451 of 

p118 was monitored by subjecting 5-µL aliquots of kinase assays corresponding to 1 μg of Class-2 

PEPC to SDS/PAGE and immunoblotting with anti-(castor BTPC/p118 phospho-Ser451) 

immunoglobulin G (anti-pSer451) and anti-BTPC as previously described (O’Leary et al., 2009; 

Dalziel et al., 2012). 
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3.5 RcCDPK1 Autophosphosite Mapping and Tyr30 Autophosphorylation Assays  

Purified, heterologously expressed RcCDPK1 (500 μg) was lyophilized and 

autophosphorylation sites determined by LC-MS/MS of its tryptic peptides using an on-line 

nanoAcquity UPLC (Waters) coupled with an Orbitrap Fusion Tribrid mass spectrometer (Thermo 

Fisher Scientific Inc.) as previously described (Ying et al., 2017).  Immunodetection of RcCDPK1 

autophosphorylation at Tyr-30 was performed by incubating purified RcCDPK1 (2 µg) at 30°C for 

30 min in autokinase assay buffer containing 0.2 mM ATP in a final volume of 10 μL. Reactions were 

terminated by addition of SDS/PAGE sample buffer and heating to 100°C for 3 min. Pi incorporation 

from ATP into Tyr-30 was determined by subjecting aliquots of kinase assays corresponding to 50 

and 500 ng of RcCDPK1 to SDS/PAGE and immunoblotting with anti-RcCDPK1 and anti-pTyr30, 

respectively.  

 

3.6 Site-Directed Mutagenesis of RcCDPK1 

Phosphoablative (Y30F) and catalytically inactive (D154A) (Franz et al., 2011; Witte et al., 

2010) RcCDPK1 mutants were generated by site-directed mutagenesis (see Appendix 3 for detailed 

protocols). The pET30a:RcCDPK1 (see above) was amplified via PCR using the appropriate 

oligonucleotide primer pairs for introducing the Y30F or D154A mutations (Appendix 4). The PCR 

amplification protocol consisted of 98°C for 1 min, followed by 18 cycles of 98°C for 10 s, 58°C for 1 

min, 72°C for 3.5 min, and 72°C for 5 min.  The amplicons were desalted using Gel/PCR DNA 

Fragments Extraction Kit (Geneaid) and treated with DpnI (New England Biolabs) to eliminate the 

methylated plasmid template via incubation at 37°C for 3 hours. Amplicons of the negative control 

(PCR containing everything except the primers and Q5 Taq polymerase) and experimental 

reactions were separately transformed into E. coli XL1-blue (Stratagene) cells using heat shock as 

described (Panja, et al., 2008). Positively transformed colonies were selected on LB plates 

containing 50 μg/mL kanamycin, used to inoculate overnight bacterial cultures (as described 
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above), and plasmid constructs were isolated using PureLink™ Quick Plasmid Miniprep Kit 

(Invitrogen). Isolated plasmid constructs were evaluated by restriction digestion and/or PCR using 

sequence-specific primers and positive clones were verified by DNA sequencing (Sickkids, 

Toronto). Verified plasmid constructs were transformed into in E. coli BL21 cells and recombinant 

protein was expressed as described above. For purification of mutant RcCDPK1, 10 g of cells was 

resuspended in 50 mL of ice-cold buffer B [20 mM NaH2PO4 (pH 7.4), 300 mM NaCl, 10 mM 

imidazole, 15% glycerol, and 1 mM DTT] and lysed by passage through a French Pressure cell at 

20,000 psi. The extract was clarified via centrifugation at 12,100 x g for 30 min at 4°C and the 

supernatant fluid loaded at 0.75 mL/min onto a column (1 cm x 2.5) of HisPur™ Ni-NTA Superflow 

Agarose (Thermo Fisher Scientific) pre-equilibrated with buffer B. The column was washed with 

buffer B containing an additional 20 mM imidazole until the A280 approached baseline, and then 

eluted with buffer B containing 300 mM imidazole. For D154A, pooled peak fractions were 

concentrated to 1 mL with an Amicon Ultra-15 centrifugal filter unit (30-kDa cut-off), divided into 

10-µL aliquots, frozen in liquid N2, and stored at −80°C. For Y30F, the two fractions of the highest 

purity were pooled and divided into 50-µL aliquots, frozen in liquid N2, and stored at −80°C. 

 

3.7 Partial Purification of Native RcCDPK1 from Developing Castor Beans  

Quick-frozen stage V-VII developing COS endosperm (60 g) was homogenized (1:2; w/v) in 

ice-cold 50 mM HEPES-KOH (pH 7.3) containing 1 mM EDTA, 1 mM EGTA, 10 mM MgCl2, 20% 

glycerol, 4% (w/v) polyethylene glycol (PEG) 8000, 5 mM thiourea, 1 mM DTT, 1% (w/v) 

polyvinyl(polypyrrolidone), 1 mM 2,2’-dipyridyl disulfide, 1 mM phenylmethylsulfonyl fluoride, 25 

mM NaF, 1 mM Na3VO4, and 1 mM Na2MoO4 (see Appendix 5 for detailed extraction and purification 

protocol). The homogenate was filtered through four layers of Miracloth and centrifuged at 20,000 

x g for 20 min at 4°C. A 50% (w/v) PEG 8000 solution was added to the supernatant fluid at a final 

concentration of 25% (w/v), followed by stirring for 20 min at 4°C and centrifugation as above. 
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Pellets were dissolved in buffer C (50 mM HEPES-KOH (pH 7.3) containing 5 mM EGTA, 25 mM NaF, 

1 mM Na3VO4, and 1 mM Na2MoO4). After centrifugation, the supernatant fluid was loaded at 1 

mL/min onto a phenyl-Sepharose 4 Fast Flow column (2.8 X 4.1 cm; GE Healthcare) that was 

connected to an ӒKTA Purifier FPLC system (GE Healthcare) and pre-equilibrated with buffer C. 

The column was washed with buffer C until A280 approached baseline, and RcCDPK1 eluted with 

buffer C containing 10% (v/v) ethylene glycol (Ying et al., 2017). Pooled peak A280 absorbing 

fractions were concentrated to 1 mL with an Amicon Ultra-15 centrifugal filter unit (30-kDa cut-

off), divided into 10-µL aliquots which were frozen in liquid N2, and stored at −80°C. 

 

3.8 RcCDPK1 Cloning for Transient Overexpression in N. benthamiana Leaves 

Full-length RcCDPK1 cDNA sequence was amplified from the pET30a:RcCDPK1 (see above) 

via PCR using appropriate primers (Appendix 4), designed for Gibson assembly (Gibson et al., 2009) 

and was then treated with DpnI (NEB; Cat. B7024) to eliminate the methylated plasmid template. 

The pENTR (Invitrogen) backbone was linearized using appropriate primers (Appendix 4) via PCR 

amplification. RcCDPK1 was cloned into the linearized pENTR vector via a Gibson assembly reaction 

mixture consisting of 0.02 pmol of pENTR backbone, 0.06 pmol of RcCDPK1 insert, and 2X Gibson 

Assembly Master Mix (New England Biolabs; Cat. E2611S) in a final volume of 10 μL, which was 

incubated at 50°C for 30 min. E. coli Top10 cells (Invitrogen) were transformed with the assembled 

plasmid construct product via heat-shock as described above. The assembly of the Gateway entry 

plasmid construct was confirmed using colony-based PCR, plasmid isolation, and DNA sequencing 

of isolated plasmids as described above. RcCDPK1 cDNA was transferred from the Gateway entry 

vector (pENTR) into the destination vector, pYL436, via a gatway recombination reaction consisting 

of 2 μL of 70 ng/μL pENTR:RcCDPK1, 1 μL of 150 ng/μL destination vector, 1 μL of 1X Tris-EDTA 

(pH 8.0) buffer, and 2 μL of Gateway™ LR Clonase™ II Enzyme Mix (Invitrogen) (see Appendix 6 for 

detailed Gateway cloning protocol). Following incubation at 25°C for 1 h, the samples were 
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incubated at 37°C for 10 min with the addition of 1 μL of 2 μg/μL Proteinase K Solution (Gateway™, 

Invitrogen) to terminate the reaction. E. coli NEB® 5-alpha cells were transformed with the 

pYL436:RcCDPK1 construct via heat shock using 1 μL of assembled product and screened via 

growth on LB media containing 50 μg/μL spectinomycin. The assembly of the pYL436:RcCDPK1 

construct was confirmed using colony PCR, restriction digest analysis of isolated plasmid 

constructs, and DNA sequencing as described above. The pYL436:RcCDPK1 plasmid construct was 

isolated from E. coli using the Presto™ Mini Plasmid Kit (Geneaid; Cat. # PDH300) as per the 

manufacture’s recommendations. Agrobacterium tumefaciens strain GV3101 (Agrobacterium) was 

transformed as previously described (Weigel and Glazebrook, 2006; see Appendix 7 for detailed 

protocol). Competent cells (100 μL) were thawed on ice and 280 ng of the pYL436:RcCDPK1 plasmid 

construct was added to the cells and mixed gently. The cells were frozen at -80°C for 10 min, and 

then allowed to thaw by incubating at 37°C for 5 min. After incubating on ice for 30 min, the cells 

were streaked onto LB agar plates containing 100 μg/mL rifampicin, 50 μg/mL gentamycin, and 

100 μg/mL spectinomycin. 

 

3.9 Transient Transformation of N. benthamiana Plants by Agro-Infiltration 

An overnight culture (25 mL) of pYL436:RcCDPK1-transformed Agrobacterium cultured in 

LB media containing 50 μg/mL rifampicin, 50 μg/mL gentamycin, and 100 μg/mL spectinomycin 

was centrifuged at  2,100 x g for 15 min to pellet the cells (see Appendix 8 for detailed N. 

benthamiana agro-infiltration protocol). A second overnight culture of Agrobacterium transformed 

with pBin:p19 and grown in LB media containing 50 μg/mL rifampicin, 15 μg/mL gentamycin, and 

50 μg/mL kanamycin was also centrifuged. The supernatant was decanted and the bacterial pellets 

resuspended in induction buffer containing 10 mM MgCl2 and 10 mM MES-KOH (pH 6.3) and 

incubated at 25°C for 3 h. Following the incubation, the A600 was measured for each culture and 

adjusted to 0.2-0.3. The two cultures were mixed in a 1:1 ratio to maintain a final A600 of 0.2. This 
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mixture was used to infiltrate the leaves of N. benthamiana using a needleless 1 mL syringe by 

pressing the syringe on the underside of the leaf, while exerting a counter-pressure with finger on 

the other side (Li, 2011).  

Three days after bacterial infiltration, whole leaves or three leaf discs (~6 mm diameter) 

were collected, immediately frozen in liquid N2, and stored at -80°C. Leaf discs were ground in 

liquid N2, 100 μL of SDS sample buffer was added, and the samples were boiled for 5 min prior to 

loading 10-20 μL on an SDS/PAGE mini-gel. Corresponding whole leaves were also collected and 

stored at -80°C. Leaves that showed discernible RcCDPK1 protein expression, as indicated by anti-

RcCDPK1 immunoblotting of clarified extracts, were pooled. Quick-frozen tissue (7 g) was 

homogenized (1:2; w/v) in 50 mM HEPES-KOH (pH 7.3) containing 1 mM EDTA, 1 mM EGTA, 10 

mM MgCl2, 20% (v/v) glycerol, 15% (saturation) ammonium sulfate, 5 mM thiourea, 1 mM DTT, 1% 

(w/v) polyvinyl(polypyrrolidone), 4% polyvinyl pyrrolidone, 1 mM 2,2’-dipyridyl disulfide, 1 mM 

phenylmethylsulfonyl fluoride, 25 mM NaF, 1 mM Na3VO4, and 1 mM Na2MoO4. Homogenates were 

centrifuged at 20,000 x g for 20 min at 4°C. Ammonium sulfate was added to the supernatant 

fraction at a final concentration of 60% (saturation), followed by stirring for 20 min at 4°C and 

centrifugation as above. Pellets were dissolved in buffer D, which contained 50 mM HEPES-KOH 

(pH 7.3), 5 mM EGTA, 25 mM NaF, 1 mM Na3VO4, and 1 mM Na2MoO4. After centrifugation, the 

supernatant fluid was loaded at 1 mL/min onto a column (2.2 X 10 cm) of phenyl-Sepharose 4 Fast 

Flow (GE Healthcare) pre-equilibrated with buffer D. The column was washed with buffer D until 

the A280 approached baseline, and RcCDPK1 eluted using buffer D containing 10% (v/v) ethylene 

glycol. Pooled peak fractions were concentrated to 0.5 mL using an Amicon Ultra-15 centrifugal 

filter unit (30-kDa cut-off), divided into 50-µL aliquots, frozen in liquid N2, and stored at −80°C. 
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Chapter 4:  

Results  

4.1 RcCDPK1 is Phosphorylated on Serine, Threonine, and Tyrosine Residues During its 

Heterologous Expression in E. coli 

 Phosphorylation sites of heterologously expressed and purified RcCDPK1WT (Ying et al., 

2017) were mapped via high-resolution LC-MS/MS of its tryptic peptides (Figure 4.1) (sequence 

coverage = 96%). Numerous phosphorylated Ser, Thr, and Tyr residues were detected, several of 

which occur at conserved positions corresponding to previously established in vitro 

autophosphorylation sites of several heterologously expressed RcCDPK1 orthologs, including Tyr30 

(shared with GmCDPKβ and AtCPK4) and Ser365 (shared with GmCDPKβ, AtCPK4, and AtCPK11) 

(Figure 4.1) (Hegeman et al., 2006; Oh et al., 2012, 2013). As shown in Appendix 9, RcCDPK1 

phosphorylation at Tyr21, Tyr30, Tyr45, and Ser365 was validated by manual inspection of the 

respective-MS/MS spectra of the corresponding tryptic peptides. It is interesting that 9 of the 39 

phosphorylation sites identified in this study were clustered in the NTVD of RcCDPK1 (Figure 4.1). 

It is also notable that interrogation of PhosPhAt 4.0, the Arabidopsis thaliana protein 

phosphorylation database (http://phosphat.uni-hohenheim.de/), indicated that RcCDPK1 

orthologs AtCPK4 and AtCPK11 were in vivo phosphorylated in Arabidopsis rosettes, pollen, and/or 

cell culture exposed to ionizing radiation or no treatment (i.e. AtCPK4 at Ser10 and Ser360; 

AtCPK11 at Ser11 or Thr13, Thr230 or Ser232, Ser361, and Ser493; see Figure 4.1 and Appendix 

10). Several of these apparent in vivo AtCPK4/11 phosphosites (i.e. AtCPK4 at Ser360; AtCPK11 at 

Ser361 and possible Thr13) align with conserved RcCDPK1 residues that autophosphorylated 

during heterologous expression in E. coli (Figure 4.1), suggesting that they may have in vivo 

relevance in castor plant tissues such as developing COS where RcCDPK1 is expressed.    
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4.2 Characterization of an Inactive Mutant Indicated that RcCDPK1 Autophosphorylation 

Occurred During its Heterologous Expression in E. coli 

To determine if phosphorylation sites mapped on recombinant RcCDPK1WT were due to 

autophosphorylation or transphosphorylation by endogenous E. coli protein kinases, a catalytically 

inactive RcCDPK1 mutant was generated by site-directed mutagenesis. Thus, Asp154 within the 

catalytic kinase domain of RcCDPK1 was mutated to an Ala residue to produce RcCDPK1D154A, as 

done in previous CDPK studies that successfully generated inactive CDPK mutants (Franz et al., 

2011; Witte et al., 2010).  RcCDPK1D154A and RcCDPK1WT were heterologously expressed and 

purified to apparent homogeneity by Ni2+-affinity chromatography of soluble extracts isolated from 

induced E. coli cells (Figure 4.2A). The transphosphorylation activities of RcCDPK1WT and 

RcCDPK1D154A were determined by monitoring Ca2+-dependent Pi incorporation from unlabeled 

ATP into Ser451 of the p118/BTPC subunit of heterologously expressed, chimeric Class-2 PEPC 

consisting of a 1:1 stoichiometric ratio of castor BTPC (RcPPC4) and an Arabidopsis PTPC isozyme 

(AtPPC3) (O’Leary et al., 2009). Immunoblotting with anti-BTPC pSer451 site-specific antibodies 

(anti-pSer451) confirmed that RcCDPK1D154A could not catalyze the transphosphorylation of BTPC 

at Ser451, in contrast to RcCDPK1WT (Figure 4.2B). Parallel immunoblotting were conducted with 

anti-BTPC or anti-RcCDPK1 to ensure assays reflected equivalent protein levels under all conditions 

(Figure 4.2B).  

When purified RcCDPK1D154A was subjected to SDS/PAGE it displayed a significant increase 

in its electrophoretic mobility relative to RcCDPK1WT, identical to that observed when RcCDPK1WT 

was in vitro dephosphorylated with λ-phosphatase (Figure 4.2C). λ-phosphatase is a non-specific 

protein phosphatase of phage lambda that efficiently hydrolyzes phosphate groups from pTyr, pSer, 

and pThr residues of phosphoproteins. Complete RcCDPK1WT dephosphorylation occurred 

following its incubation with exogenous λ-phosphatase for 1 h at 30°C (Appendix 11). When 

RcCDPK1WT and RcCDPK1D154A, along with their λ-phosphatase treated counterparts were 
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immunoblotted with the pIMAGO phosphoprotein reagent, a signal was detected only for non-

phosphatase treated RcCDPK1WT (Figure 4.2C). The electrophoretic mobility shift caused by the 

RcCDPK1D154A mutation or λ-phosphatase treatment of RcCDPK1WT, coupled with the absence of 

pIMAGO-detectable RcCDPK1D154A phosphorylation indicated that the catalytically inactive 

RcCDPK1D154A remained completely dephosphorylated during its heterologous expression in E. coli. 

Thus, phosphorylation sites of RcCDPK1WT (Figure 4.1) appear to be bona fide autophosphorylation 

sites and not due to transphosphorylation by endogenous E. coli protein kinases. 

 

4.3 Autophosphorylation Inhibits RcCDPK1’s Ability to Transphosphorylate BTPC at Ser451 

To establish the impact of autophosphorylation on RcCDPK1’s ability to catalyze 

transphosphorylation of its BTPC substrate at Ser451, the activity of fully dephosphorylated (i.e. 

hypophosphorylated) RcCDPK1WT (Figure 4.2C) was compared with that of hyperphosphorylated 

RcCDPK1WT obtained following its in vitro incubation with Ca2+ and ATP. Hypo- and 

hyperphosphorylated RcCDPK1WT were subjected to BTPC transphosphorylation assays and the 

respective activities monitored as described above. Immunoblotting with anti-pSer451 indicated 

that hypo- and hyperphosphorylated RcCDPK1WT catalyzed maximal BTPC transphosphorylation at 

Ser451 within 2.5 min and 20 min, respectively (Figure 4.3A; see Appendix 12 for full blots). When 

diluted 5-fold, hypophosphorylated RcCDPK1WT demonstrated a similar BTPC 

transphosphorylation time course as undiluted, hyperphosphorylated RcCDPK1 (Figure 4.3A). 

Parallel immunoblotting was conducted with anti-BTPC or anti-RcCDPK1 to ensure assays reflected 

equivalent protein levels under all conditions (Figure 4.3B). RcCDPK1 exhibited a calcium-mediated 

mobility shift, which corroborates previous results (Figure 4.3B) (Ying et al., 2017) and has been 

described for other CDPKs (Harmon et al., 1987; Boudsocq et al., 2012). Consistent with previous 

results (Hill et al., 2012; Ying et al., 2017), RcCDPK1WT’s ability to catalyze transphosphorylation of 

BTPC at Ser451 was dependent on Ca2+ and ATP, as both the hyper- and hypophosphorylated 
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RcCDPK1WT resulted in little to no activity when Ca2+ or ATP were absent (Figure 4.3A). 

Immunoblots of hypo- and hyperphosphorylated RcCDPK1WT probed with pIMAGO phosphoprotein 

reagent prior to incubation in the in vitro kinase assay confirmed their respective phospho-status 

(Figure 4.3D). The rate of BTPC Ser451 phosphorylation [(% relative to maximum)/ min)] for the 

hypo- and hyperphosphorylated RcCDPK1WT was estimated to be 4.57 and 0.52, respectively 

(Figure 4.3C). These results indicate that hypophosphorylated RcCDPK1WT has an ~9-fold increase 

in its rate of Ser451-BTPC kinase activity compared to hyperphosphorylated RcCDPK1WT. 

Therefore, it appears that prior autophosphorylation potently inhibits RcCDPK1’s ability to 

transphosphorylate its BTPC substrate at Ser451. By contrast, Oh et al. (2012) reported that overall 

autophosphorylation of RcCDPK1 ortholog GmCDPKβ enhanced its kinase activity with synthetic 

peptide substrates. Based on aforementioned results, I next wanted to determine if Tyr30 is one of 

RcCDPK1’s autophosphorylation sites that may be involved in regulating its auto- or 

transphosphorylating activities. 

 

4.4 Production of a Phosphosite Specific Antibody Against pTyr30 of RcCDPK1 

Interestingly, Tyr30 is: i) located at the interface of RcCDPK1’s NTVD and its kinase domain 

(Figure 4.1), and ii) aligns with previously established Tyr autophosphorylation sites of 

heterologously expressed GmCDPKβ and AtCPK4 (Hegeman et al., 2006; Oh et al., 2012, 2013). 

Moreover, previous studies with GmCDPKβ indicated that phosphorylation at Tyr24 (i.e. 

corresponds to Tyr30 of RcCDPK1) inhibits its ability to in vitro transphosphorylate a 

synthetic/artificial peptide substrate (Oh et al., 2012). This all indicates that autophosphorylation 

at Tyr30 could be an important regulatory site of RcCDPK1. To further characterize and 

corroborate Tyr30 autophosphorylation in RcCDPK1, a phosphosite-specific antibody was 

generated using a synthetic phosphopeptide corresponding to residues 22-38 of this protein 

(Figures 4.1 and 4.4A). At a 1:1000 dilution the antibody detected as little as 5 ng of the 
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phosphopeptide, but failed to cross-react with up to 500 ng of the corresponding 

dephosphopeptide (Figure 4.4B). The cross-reaction between the anti-pTyr30 and the 

phosphopeptide was abolished when the dot blot was incubated with the anti-pTyr30 in the 

presence of blocking phosphopeptide, whereas the addition of dephosphopeptide exerted no 

influence on phosphopeptide immunoreactivity (Figure 4.4B). The use of these blocking peptides 

served to establish the specificity of the anti-pTyr30 antibody cross-reaction in subsequent 

immunoblots.  

The use of the anti-pTyr30 for examining RcCDPK1 phosphorylation at Tyr30 was 

complemented with an antibody raised against RcCDPK1’s NTVD, which detects RcCDPK1 

polypeptides independent of their phosphorylation status (Ying et al., 2017).   The anti-pTyr30 

immune serum cross-reacted with as little as 100 ng of RcCDPK1WT, resulting in a single 63-kDa 

immunoreactive polypeptide (Figure 4.4C). By contrast, no immunoreactive signal was detected 

when an immunoblot of λ–phosphatase treated RcCDPK1WT was probed with anti-pTyr30 (Figure 

4.4C). The addition of a non-phosphorylated RcCDPK1 control lanes (Figure 4.4C) served to 

establish the specificity of the anti-pTyr30 cross-reaction for Tyr30-phosphorylated RcCDPK1. 

Further, immunoblotting of hyperphosphorylated RcCDPK1WT resulted in a slight enhancement in 

anti-pTyr30 immunoreactive signal relative to purified RcCDPK1WT prior to its incubation in the in 

vitro autokinase assay mix (Figure 4.4C). This result suggests RcCDPK1 did not completely 

autophosphorylate at Tyr30 during its heterologous expression in E. coli. Immunoblotting 

RcCDPK1WT following its incubation in an in vitro autokinase assay lacking Ca2+ (i.e. + EGTA) 

resulted in no increase in anti-pTyr30 signal intensity relative to non-Ca2+ incubated RcCDPK1WT 

(Figure 4.4C), corroborating earlier reports (Ying et al., 2017) that overall RcCDPK1 

autophosphorylation is Ca2+-dependent.  
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4.5 Absence of Tyr30 Autophosphorylation Does Not Influence RcCDPK1 Autokinase or BTPC 

Transphosphorylation Activities 

 To investigate the role of Tyr30 autophosphorylation on RcCDPK1’s autokinase activity, a 

site-directed mutant that is unable to autophosphorylate at this site was generated by substituting 

tyrosine with a phenylalanine (RcCDPK1Y30F). This approach was previously used to conclude that 

Tyr24 phosphorylation appears to inhibit GmCDPKβ’s ability to transphosphorylate synthetic 

peptide substrates (Oh et al., 2012). RcCDPK1WT and RcCDPK1Y30F were heterologously expressed in 

E. coli and purified to apparent homogeneity by Ni2+-affinity chromatography of soluble extracts 

isolated from E. coli cells (Figure 4.5A). Immunoblotting various amounts of RcCDPK1WT and 

RcCDPK1Y30F with pIMAGO phosphoprotein reagent revealed these two proteins 

autophosphorylated to similar stoichiometry (Figure 4.5B). These results suggest that absence of 

Tyr30 phosphorylation has no obvious effect on RcCDPK1’s ability to autophosphorylate at other 

sites during its heterologous expression in E. coli. 

RcCDPK1Y30F transphosphorylation activity was also compared with that of RcCDPK1WT. 

RcCDPK1Y30F and RcCDPK1WT were subjected to in vitro kinase assays and BTPC Ser451 

phosphorylation monitored as described above. Immunoblotting with anti-pSer451 indicated that 

RcCDPK1Y30F and RcCDPK1WT both catalyzed maximal BTPC transphosphorylation at Ser451 within 

20 min (Figure 4.3A). Similar to hypo- and hyperphosphorylated RcCDPK1WT, transphosphorylation 

of BTPC at Ser451 by RcCDPK1Y30F was dependent on the presence of Ca2+ and ATP (Figure 4.3A). 

Parallel immunoblotting were conducted with anti-BTPC or anti-RcCDPK1 to ensure assays 

reflected equivalent protein levels under all conditions (Figure 4.3B). The rate of BTPC 

phosphorylation [(% relative to maximum)/ min] for the hyperphosphorylated RcCDPK1WT and 

RcCDPK1Y30F were estimated to be 0.52 and 0.80, respectively (Figure 4.3C), indicating that absence 

of autophosphorylation at Tyr30 does not exert a major influence on the rate that RcCDPK1 in vitro 

transphosphorylates BTPC at Ser451.  
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4.6. Identifying in vivo RcCDPK1 Phosphorylation  

 Characterizing RcCDPK1 autophosphorylation sites in planta would provide crucial 

physiologically relevant information regarding its potential control by in vivo PTMs. Therefore, 

detection of in vivo Tyr30 phosphorylation was attempted by probing immunoblots of partially 

purified native RcCDPK1 from developing COS with anti-pTyr30. Previous studies have 

demonstrated RcCDPK1’s unusual Ca2+-independent hydrophobicity using 8-anilinonaphthalene-1-

sulfonic acid-based fluorescence spectroscopy and hydrophobic interaction chromatography using 

phenyl-Sepharose (Ying et al., 2017). Exploiting this characteristic of RcCDPK1 to enrich it from 

stage V-VII developing COS extracts via a combination of PEG precipitation and phenyl-Sepharose 

FPLC corroborated these previous findings (Appendix 13A) (Ying et al., 2017). Upon 

immunoblotting partially purified native RcCDPK1 with anti-RcCDPK1, a single immunoreactive 

polypeptide of 56 kDa was detected; however, immunoblotting with anti-pTyr30 resulted in no 

immunoreactive signal (Appendix 13B). Native RcCDPK1 activity present in the pooled phenyl-

Sepharose fractions was measured via an in vitro kinase assay as previously described. Native 

RcCDPK1 from developing COS readily catalyzed Ca2+- and ATP-dependent Ser451 phosphorylation 

of the p118 BTPC subunit of Class-2 PEPC (Appendix 13C).  

 It is possible that RcCDPK1 was not abundant enough in the phenyl-Sepharose enrichment 

for Tyr30 phosphorylation to be detected using anti-pTyr30. In attempt to obtain larger quantities 

of RcCDPK1, N. benthamiana leaves were transiently transformed via Agrobacterium-mediated 

infiltration using a gene construct encoding RcCDPK1 that was under control of cauliflower mosaic 

virus (CaMV) 35S promoter in the pYL436 plant expression vector (Liu et al., 2004). Clarified 

extracts from leaf discs subjected to SDS/PAGE followed by immunoblotting with anti-RcCDPK1 

resulted in a faint immunoreactive 56 kDa polypeptide (that co-migrated with recombinant 

RcCDPK1 that had been preincubated with enterokinase to remove its His6 tag) at 2-d post-

infiltration and a stronger immunoreactive signal at 3- and 4-d post-infiltration (Figure 4.6). Based 
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on these results, all subsequent leaves were harvested 3-d post-infiltration. Non-infiltrated N. 

benthamiana leaf discs were harvested and extracted in parallel on day 3, which resulted in no 

immunoreactive signal upon immunoblotting with anti-RcCDPK1 (Appendix 14). Upon 

immunoblotting infiltrated clarified leaf extracts 3-d post-infiltration with anti-pTyr30, no 

immunoreactive signal was detected (Figure 4.6). Enrichment of RcCDPK1 from the RcCDPK1-

transformed N. benthamiana leaf discs was attempted using an ammonium-sulfate precipitation 

followed by phenyl-Sepharose purification; however it was unsuccessful (results not shown).
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Figure 4.1. Alignment of RcCDPK1's deduced amino acid sequence with several orthologs from other plants.  The protein kinase catalytic 
domain and 4 EF hand (Ca2+-binding) motifs are overlined with dashed and solid black lines, respectively. Black shading indicates 
identical residues, whereas gray shading denotes residues conserved amongst the six proteins. Gaps, indicated by dashes, were 
introduced to maximize alignment. The asterisk denotes RcCDPK1’s Asp154 residue that was mutated to Ala to generate the inactive 
RcCDPK1D154A mutant. Autophosphorylation sites of heterologously expressed RcCDPK1WT (Δ) were detected by nanoHPLC-MS/MS. 
Autophosphorylation sites reported for heterologously expressed AtCPK4, AtCPK11, and GmCDPKβ (Hegeman et al., 2006; Oh et al., 2012) 
are indicated with a bold font, whereas apparent in vivo phosphorylation sites of AtCPK4 and AtCPK1 in Arabidopsis seedlings or cell 
cultures (http://phosphat.uni-hohenheim.de/) are outlined in red; solid line: phosphorylation site, and dashed line: ambiguous 
phosphosite, where discrimination between  phosphorylation at the nearby Ser/Thr was not possible. Figure modified from Ying et al. 
(2017). 

http://phosphat.uni-hohenheim.de/
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Figure 4.2. RcCDPK1WT but not RcCDPK1D154A displays obvious BTPC Ser451 transphosphorylation 
and autophosphorylation activities. A) Purified RcCDPK1WT and RcCDPK1D154A were subjected to 
SDS/PAGE and protein staining with CBB G-250 (2 μg of protein/ lane). B) RcCDPK1D154A and 
RcCDPK1WT (250 ng each) were incubated seperately for 20 min at 30°C in the presence of 0.2 mM 
Ca2+, 10 mM Mg2+, 0.2 mM ATP, and 10 μg of Class-2 PEPC in a final volume of 25 μL. Aliquots were 
subjected to SDS/PAGE followed by immunoblotting with anti-pSer451 (1 μg of protein/ lane), anti-
BTPC (1 μg of protein/ lane), or anti-RcCDPK1 (50 ng of protein/ lane). C) Purified RcCDPK1WT and 
RcCDPK1D154A were subjected to SDS/PAGE and immunoblotting before and following treatment 
with λ-phosphatase for 1 h at 30°C with anti-RcCDPK1 (25 ng of protein/ lane) and pIMAGO 
phosphoprotein reagent (500 ng of protein/ lane). M denotes pre-stained protein molecular weight 
standards. Immunoreactive proteins were visualized using an alkaline phosphatase-tagged 
secondary antibody and chromogenic detection (A, B, and C for RcCDPK1) or using a peroxidase-
conjugated secondary antibody and ECL detection (for pIMAGO). 
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Figure 4.3. Autophosphorylation potently inhibits RcCDPK1's transphosphorylation of BTPC at 
Ser451 whereas absence of Tyr30 autophosphorylation has no obvious effect. A) Heterologously 
expressed RcCDPK1WT was incubated in 0.2 mM Ca2+ and 0.2 mM ATP for 30 min at 30°C 
(hyperphosphorylated; Hyper-P RcCDPK1WT) or incubated with λ-phosphatase at 30°C for 1 h 
(hypophosphorylated; Hypo-P RcCDPK1WT). Hypophosphorylated, hyperphosphorylated, and 
phosphoablative RcCDPK1Y30F (250 ng) were incubated separately at 30°C in the presence of 0.2 
mM Ca2+, 10 mM Mg2+, 0.2 mM ATP, phosphatase inhibitors (1 mM Na3VO4, 1mM Na2MoO4, and 25 
mM NaF), and 10 μg of Class-2 PEPC in a final volume of 25 μL. Aliquots taken at different time 
points were subjected to SDS/PAGE followed by immunoblotting with anti-pSer451 (1 μg of Class-2 
PEPC/ lane).  B) Aliquots taken at 20 min in panel A were also subjected to immunoblotting with 
Anti-BTPC (1 μg of Class-2 PEPC/ lane), or anti-RcCDPK1 (50 ng of RcCDPK1/ lane) as controls to 
ensure equal substrate and enzyme addition to each assay. C) Anti-pSer451 immunoblots were 
scanned and quantified using ImageJ software. A 5-fold dilution of the Hypo-P RcCDPK1WT was 
subjected to an identical BTPC transphosphorylation assay to obtain a linear time course for 
quantification, and then intensity values were multiplied by 5. Maximal RcCDPK1 activity observed 
by Hypo-P RcCDPK1WT at 20 min was given a relative RcCDPK1 activity value of 100% to which all 
other values were compared. The rate of BTPC transphosphorylation (% relative to the 
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maximum)/min for the hyperphosphorylated RcCDPK1WT (blue), hypophosphorylated RcCDPK1WT 
(green), and RcCDPK1Y30F (red) was 0.52, 4.57, and 0.8, respectively. D) Verification of phospho-
status of Hyper-P and Hypo-P RcCDPK1WT, and RcCDPK1Y30F used in the time-course assays of BTPC 
transphosphorylation shown in panel A and B. Aliquots (250 ng each) were subjected to SDS/PAGE 
followed by immunoblotting with pIMAGO phosphoprotein reagent and CBB R-250 staining. β-
casein was used as a phosphoprotein control. Immunoreactive proteins were visualized using an 
alkaline phosphatase-tagged secondary antibody and chromogenic detection (A and B) or using a 
peroxidase-conjugated secondary antibody and ECL detection (D). 
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Figure 4.4. Specificity of the anti-pTyr30 antibody. A) Sequence of the synthetic RcCDPK1 
phosphopeptide that was covalently coupled to KLH and used for rabbit immunization. The Tyr30 
phosphorylation site is indicated. B) Dot blots of various amounts of the synthetic phosphopeptide 
or corresponding dephosphopeptide were probed with the crude immune serum (1:1000) in the 
presence or absence of 10 μg/mL of corresponding dephosphopeptide or phosphopeptide. C) 
RcCDPK1WT is phosphorylated at Tyr30 during heterologous expression in E. coli. RcCDPK1WT with 
different phosphorylation states was immunoblotted using anti-pTyr30 (100, 250, and 500 ng of 
RcCDPK1) or anti-RcCDPK1 antisera (25 and 50 ng of RcCDPK1). The roman numerals represent 
the different phosphorylation states; I) purified RcCDPK1WT autophosphorylated during 
heterologous expression in E. coli, II) hypophosphorylated RcCDPK1WT incubated with λ-
phosphatase at for 1 h 30°C, III) hyperphosphorylated RcCDPK1WT incubated for 30 min at 30°C 
with 0.2 mM Ca2+ and 0.2 mM ATP, and IV) RcCDPK1WT incubated for 30 min at 30°C with 5 mM 
EGTA and 0.2 mM ATP. Immunoreactive proteins were visualized using an alkaline phosphatase-
tagged secondary antibody and chromogenic detection. 
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Figure 4.5. Absence of Tyr30 phosphorylation has no obvious impact on overall RcCDPK1 
autophosphorylation during its heterologous expression in E. coli. A) RcCDPK1Y30F and RcCDPK1WT 
were subjected to SDS/PAGE followed by protein staining with CBB G-250 (2 μg of protein/ lane) 
and immunoblotting with anti-RcCDPK1 antisera (100 ng of protein/ lane). B) Various amounts of 
purified RcCDPK1WT and RcCDPK1Y30F were subjected to SDS/PAGE and immunoblotting with 
pIMAGO phosphoprotein reagent. M denotes various pre-stained protein molecular weight 
standards. Immunoreactive proteins were visualized using an alkaline phosphatase-tagged 
secondary antibody and chromogenic detection (A) or using a peroxidase-conjugated secondary 
antibody and ECL detection (B). 
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Figure 4.6. Immunoblot detection of RcCDPK1 3 and 4 d following transient RcCDPK1 expression in 
Agrobacterium-infiltrated N. benthamiana leaves. Leaf discs (~9 mg) from day 2, 3, and 4 were 
extracted with 100 μL of 2X SDS sample buffer, boiled for 3 min, and immunoblotted with anti-
RcCDPK1 (20 μL) or anti-pTyr30 (20 μL; day 3). M denotes various pre-stained protein molecular 
weight standards, whereas ΔHis6-RcCDPKWT denotes 150 ng of heterologously expressed RcCDPK1 
that was preincubated for  24 h at 30°C with enterokinase to remove its His6-Tag as previously 
described (Ying et al, 2017). Immunoreactive proteins were visualized using an alkaline 
phosphatase-tagged secondary antibody and chromogenic detection. 
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Chapter 5 

Discussion 

PEPC is a tightly controlled cytosolic enzyme situated at a crucial branch-point of central 

plant metabolism. In developing COS a novel, allosterically-desensitized 910-kD Class-2 PEPC 

hetero-octameric complex arises from a tight interaction between phosphorylated 107-kD PTPC 

and 118-kD BTPC polypeptides (Gennidakis et al., 2012; Uhrig et al., 2008; O’Leary et al., 2009). The 

native CDPK that catalyzes in vivo inhibitory phosphorylation of Class-2 PEPC’s BTPC subunit’s at 

Ser451 was highly purified from developing COS and identified as RcCDPK1 (XP_002526815) by 

mass spectrometry (Dalziel et al., 2012; Hill et al., 2014; Ying et al., 2017). That RcCDPK1 is indeed 

the BTPC Ser451 kinase of developing COS was corroborated by a combination of transcript 

profiling via qPCR, cDNA cloning and sequence analysis, kinetic characterization of heterologously 

expressed RcCDPK1, subcellular localization and protein interaction studies, and immunoblotting 

with specific antibodies (Hill et al., 2014; Ying et al., 2017).  Ying and co-workers (2017) also 

employed [γ-32P]ATP-based radiometric kinase assays to demonstrate prominent Ca2+-stimulated 

autokinase activity of heterologously expressed RcCDPKWT. However, the functional consequences 

for catalytic activity were not reported.  In vitro autophosphorylation at multiple Ser and Thr 

residues has been widely reported for recombinant plant CDPKs (Liese and Romeis, 2013). More 

recently, autophosphorylation on Tyr was documented for at least four CDPKs (AtCPK28, AtCPK34, 

along with RcCDPK1 orthologs AtCPK4 and GmCDPKβ) (Swatek, et al., 2014; Bender et al., 2017; 

Hegeman et al., 2006; Oh et al., 2012, 2013). Although the functional impact and in vivo occurrence 

of phosphorylation of specific CDPK isozymes remains largely unknown, a few studies indicated 

that CDPK autophosphorylation might either enhance or inhibit their transphosphorylation 

activities (Chaudhuri et al., 1999; Dixit  and Chelliah, 2012, Oh et al., 2012; Saha and Singh et al., 

1995).  However, the significance of these results is questionable since the vast majority of in vitro 

CDPK transphosphorylation assays employ non-physiologically relevant, synthetic peptide 
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substrates. It is evident that some CDPKs, when purified or as recombinant enzymes, 

promiscuously phosphorylate exogenous peptides or proteins in vitro at many different Ser and Thr 

residues, far beyond proposed CDPK phosphorylation motifs (Harper et al., 2004; Boudsocq and 

Sheen, 2013; Schulz et al., 2013). As autophosphorylation is clearly important for the post-

translational control of animal protein kinases (Endicott et al., 2012), it is likely that in vivo 

autophosphorylation at specific sites will affect different CDPK properties including substrate 

transphosphorylation activity and Ca2+-binding/sensitivity.  While characterization of in vivo 

phosphorylation sites will ultimately be required for a full understanding of CDPK biology and 

function, bacterial expression of recombinant CDPKs provides a useful resource for the eventual 

targeted identification and functional analysis of in vivo sites. Therefore, important objectives for 

my thesis research were to map autophosphorylation sites of heterologously expressed RcCDPK1, 

and to assess the impact of autophosphorylation on its ability to transphosphorylate castor BTPC at 

Ser451.  

 

5.1 RcCDPK1 is a Dual-Specificity Kinase that Autophosphorylates on Serine, Threonine, and 

Tyrosine Residues During its Heterologous Expression in E. coli 

High-resolution nanoHPLC-MS/MS mapped 39 phosphorylated Ser, Thr, or Tyr residues on 

purified RcCDPK1WT following its heterologous expression in E. coli (Figure 4.1). Absence of an 

immunoreactive signal upon immunoblotting a catalytically inactive RcCDPK1D154A site-directed 

mutant with pIMAGO phosphoprotein reagent in combination with its SDS/PAGE electrophoretic 

mobility shift (Figure 4.2C), confirmed that the mapped phosphorylation sites are a result of 

autophosphorylation and not transphosphorylation of RcCDPK1 by E. coli kinases. Several of the 

autophosphorylated residues on RcCDPK1 align with in vitro autophosphorylation sites previously 

reported for its orthologs AtCPK4, AtCPK11 and GmCDPKβ (Figure 4.1) (Hegeman et al., 2006; Oh 

et al., 2012, 2013). Interestingly, some of RcCDPK1’s autophosphorylation sites also aligned with in 
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vivo phosphorylation sites on AtCPK4 and AtCPK11 identified in a preliminary high-throughput 

phosphoproteomic screen, including Ser365, which also autophosphorylated on the heterologously 

expressed GmCDPKβ (Figure 4.1) (PhosPhAt 4.0 database). Furthermore, possible in vivo 

phosphorylation at Thr13 on AtCPK11 aligns with RcCDPK1’s Thr17 autophosphorylation site 

(Figure 4.1) (PhosPhAt 4.0 database), suggesting that autophosphorylation of RcCDPK1 at these 

sites might be of physiological relevance. 

Nine RcCDPK1 autophosphorylation sites were clustered within its NTVD (Figure 4.1), 

consistent with findings from other CDPK studies (Witte et al., 2010; Oh et al., 2012). This is 

particularly interesting given that the NTVD appears to mediate the subcellular location and/or 

substrate interactions of certain CDPKs (Choi et al., 2005; Ito et al., 2010; Asai et al., 2013). Deletion 

analyses demonstrated that although RcCDPK1’s NTVD is not critical for its in vitro or in vivo 

interaction with BTPC, it plays an important role in optimizing RcCDPK1’s Ca2+-dependent 

autophosphorylation and transphosphorylation of BTPC at Ser451 (Ying et al., 2017). It is possible 

that autophosphorylation sites located in RcCDPK1’s NTVD could be important in this regulation.  

Although CDPKs have long been classified as Ser/Thr kinases, my results substantiate a 

recent study indicating that GmCDPKβ, AtCPK4, AtCPK34, and AtCPK28 are dual-specificity CDPKs 

that also autophosphorylate on Tyr residues (Swatek et al., 2014; Hegeman et al., 2006; Bender et 

al., 2017; Oh et al., 2012, 2013). One of GmCDPKβ’s autophosphorylation sites was mapped to 

Tyr24, which aligns with Tyr30 of RcCDPK1, is widely conserved in other plant CDPKs, and is the 

first residue of their kinase domain (Figure 4.1), suggesting it may be a potentially important 

regulatory phosphosite. Autophosphorylation of Tyr30 on RcCDPK1 was corroborated by 

immunoblotting with anti-pTyr30 (Figure 4.4C). Interestingly, dual-specificity Tyr-phosphorylation 

regulated kinases (DYPKs), which have been reported to regulate cell division and growth in many 

eukaryotes, are also capable of autophosphorylation (Aranda et al., 2011). However, this only 

occurs at critical Tyr residues within their activation loop and these kinases only phosphorylate 
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Ser/Thr residues of their substrate targets (Yoshida, 2008). Tyr autophosphorylation may not be 

common to all CDPKs; e.g., a tomato CDPK only appeared to autophosphorylate on Ser and Thr 

residues (Rutschmann et al., 2002), whereas PtCDPK1 from winged bean only demonstrated Ca2+-

independent autophosphorylation at Ser residues (Saha and Singh et al., 1995). By contrast, a 

second PtCDPK2 characterized from winged bean failed to exhibit any autokinase activity 

(Granguly and Singh, 1998). Both the transphosphorylation of BTPC at Ser451 catalyzed by 

RcCDPK1WT and RcCDPK1WT autophosphorylation were confirmed to be Ca2+-dependent (Figures 

4.3A and 4.4C). It is plausible that the fusion of catalytic domains from divergent protein kinases 

with a pre-existing conserved CaM-like sequence would give rise to different CDPKs having more or 

less similar Ca2+-binding properties, thus accounting for the present, as well as previous 

observations.  

 

5.2 Autophosphorylation Inhibits RcCDPK1’s Ability to Transphosphorylate BTPC at Ser451  

As outlined above, there is no consensus about the role of autophosphorylation in plant 

CDPK biology. Previous studies have reported multiple, conflicting effects on kinase activity, 

including activating (Chaudhuri et al., 1999; Dixit and Chelliah, 2012, Oh et al., 2012), inhibitory 

(Saha and Singh et al., 1995), and without effect (Anil and Rao, 2001). It is feasible that the impact 

of autophosphorylation depends on the signaling pathway and physiological context in which a 

specific CDPK isozyme operates.  

The results of the present study demonstrated that autophosphorylation potently inhibited 

RcCDPK1’s ability to transphosphorylate BTPC at Ser451 in vitro, as hypophosphorylated 

RcCDPKWT exhibited an approximate 9-fold increase in its transphosphorylation activity relative to 

hyperphosphorylated RcCDPK1WT (Figure 4.3C). Interestingly, these results: (i) contrast with those 

obtained with GmCDPKβ, in which overall phosphorylation appeared to increase its peptide-kinase 

activity (Oh et al., 2012), but (ii) are similar to the inhibitory autophosphorylation of PtCDPK1 from 
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winged bean (Saha and Singh et al., 1995).  It is important to emphasize that the in vivo substrate 

for most CDPKs has not yet been identified, unlike RcCDPK1. Therefore, in vitro kinase assays done 

with bona fide protein substrates might reveal more physiologically relevant effects of 

autophosphorylation, as presented in the current study. The reason why RcCDPK1WT 

autophosphorylation caused dramatic inhibition of its BTPC transphosphorylation activity is 

unclear. However, the covalent incorporation of large, charged PO4- groups will undoubtedly impact 

the tertiary (3D) structure and hence function (i.e. activity) of RcCDPK1. Based on these results, it 

would be important for future studies to determine which of RcCDPK1’s autophosphorylation-sites 

are responsible for inhibiting its activity. In the present study, the effect of Tyr30 was examined in 

detail.  

 

5.3 Phosphorylation at Tyr30 Appears to have No Obvious Effect on RcCDPK1’s Autokinase 

Activity or its Ability to Transphosphorylate BTPC at Ser451 

Interestingly, previous studies with RcCDPK1’s ortholog GmCDPKβ determined that 

autophosphorylation at Tyr24 appears to attenuate its ability to phosphorylate synthetic peptide 

substrates, and this may oppose activation caused by autophosphorylation on Ser/Thr residues (Oh 

et al., 2012). On the contrary, analysis of a phosphoablative RcCDPK1Y30F mutant indicated that 

absence of phosphorylation at Tyr30 did not influence RcCDPK1’s ability to transphosphorylate 

BTPC at Ser451 (Figure 4.3A and 4.3C). As previously discussed, this could be the result of using a 

physiologically relevant substrate as opposed to synthetic peptides in the in vitro kinase assay. 

Furthermore, absence of phosphorylation at Tyr30 did not appear to have an obvious impact on 

RcCDPK1’s autokinase activity, as both RcCDPK1WT and RcCDPK1Y30F purified from E. coli exhibited 

a similar level of pIMAGO phosphoprotein detection (Figure 4.5B). Based on these preliminary 

results, it is possible that pTyr30: i) is not an important regulatory phosphosite, ii) may serve some 

other function in vivo, such as modulating regulatory protein binding, or iii) might be involved in a 
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simultaneous autophosphorylation of other sites that ultimately regulate RcCDPK1 function.  

 

5.4 Identifying in vivo RcCDPK1 phosphorylation  

The present study also attempted to also identify in vivo autophosphorylation of native 

RcCDPK1 that was partially purified from developing COS. The probable higher specificity towards 

in vivo autophosphorylation sites may be accomplished by temporally and spatially restricted 

patterns of CDPK expression during plant development and/or by targeting CDPK isoforms to 

specific subcellular compartments, thus providing a more physiologically relevant result (Hrabak, 

2000).  Previous studies demonstrated RcCDPK1’s unusual Ca2+-independent hydrophobicity using 

8-anilinonaphthalene-1-sulfonic acid-based fluorescence spectroscopy and hydrophobic interaction 

chromatography using phenyl-Sepharose (Ying et al., 2017). The latter method was used to enrich 

RcCDPK1 from clarified extracts of stage V-VII developing COS (Appendix 13A). Immunoblotting 

the phenyl-Sepharose eluate with anti-RcCDPK1 resulted in a single immunoreactive polypeptide of 

56 kDa, similar to previous results (Ying et al., 2017). By contrast, immunoblots probed with anti-

pTyr30 resulted in no immunoreactive polypeptides (Appendix 13B). One of the most difficult 

obstacles in studying native protein kinases is that they generally show very low levels of 

expression relative to the protein targets that they phosphorylate (Saha and Singh, 1995).  

Therefore, it is possible that RcCDPK1 was not sufficiently enriched in the phenyl-Sepharose eluate 

for phosphorylation at Tyr30 to be detected by anti-pTyr30 immunoblotting (Appendix 13B).  

Time course studies indicated that in vivo BTPC phosphorylation at Ser451 steadily 

increases during COS development, becoming maximal at stage IX (maturation phase), or several 

days following the elimination of photosynthate import caused by excision of intact pods of stage 

VII (mid-cotyledon) COS (Dalziel et al., 2012). Interestingly, extractable RcCDPK1 activity showed a 

small, but significant increase in stage VII developing COS, or 48 h after COS depodding, followed by 

a marked decrease by stage IX (Hill et al., 2014). Therefore, if autophosphorylation of RcCDPK1 is 
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inhibitory in vivo, as suggested by the ~9-fold increase in in vitro transphosphorylation activity of 

hypophosphorylated RcCDPK1WT relative to hyperphosphorylated RcCDPK1WT (Figure 4.3C), it 

would be prudent to study early stages of COS development (e.g. stage III) for RcCDPK1 

autophosphorylation; i.e. the developmental period when RcCDPK’s BTPC substrate is minimally 

phosphorylated at Ser451 (Dalziel et al., 2012). However, as absence of Tyr30 phosphorylation 

doesn’t appear to affect RcCDPK1Y30F’s BTPC transphosphorylation activity (Figure 4.3A and 4.3C), 

it remains unclear which stage of COS development might be best suited to further assess the 

possible in vivo occurrence of RcCDPK1 phosphorylation at Tyr30. A significant challenge in 

studying endosperm metabolism during early stages of COS development is that the tissue’s size is 

very small. Therefore, it may be impractical to use early COS stages in attempts to purify native 

RcCDPK1, which like other CDPKs is expressed in low abundance (Saha and Singh, 1995; Hill et al., 

2014). However, as RcCDPK1 was also highly expressed in mature leaves (Ying et al., 2017), it might 

be prudent for future studies to analyze mature castor leaves for RcCDPK1 autophosphorylation, 

including Tyr30. Additional possible reasons for the absence of anti-pTyr30 immunoreactive signal 

with partially purified COS RcCDPK1 include: i) low pTyr stoichiometry, and ii) pTyr30 is not 

phosphorylated in planta. Clearly, further studies are needed to assess the possible occurrence of 

native RcCDPK1 phosphorylation at Tyr30. 

The transient expression of RcCDPK1 in N. benthamiana leaves was a useful tool in 

functional analyses and could likely be further exploited to address a range of questions. Transient 

expression of RcCDPK1 in agro-infiltrated leaves under the control of a constitutively active 

promoter was greatest 3-d post-infiltration although no evidence of phosphorylation at Tyr30 

(Figure 4.6) was obtained. While anti-RcCDPK1 immunoblotting clearly indicated that RcCDPK1 

was expressed in the infiltrated N. benthamiana leaves (Figure 4.6), it remains unclear why 

phosphorylation at Tyr30 was not observed.  It is possible that conditions in the transient system 

were not conducive to RcCDPK1 autophosphorylation activity (e.g. missing activators, presence of 
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inhibitors, etc.), or that high level of endogenous phosphatases reduced pTyr30 levels during 

expression. It is also possible that pTyr30 is either not common in vivo (i.e. occurs only under 

specific conditions) or is not a physiologically-relevant PTM. Thus, it remains inconclusive whether 

Tyr30 is an autophosphorylation site in planta and, if so, what it’s role might be. It will be important 

for future studies to explore this further using both transient expression systems such as N. 

benthamiana, as well as various castor tissues where RcCDPK1 shows significant expression. This 

could be coupled with RcCDPK1’s enrichment via anti-RcCDPK1 mediated immunopurification, in 

order to assess phosphorylation status of native RcCDPK1 under various developmental and 

environmental conditions.  

As previously discussed, some of RcCDPK1’s autophosphorylation sites also aligned with in 

vivo phosphorylation sites on AtCPK4 and AtCPK11 identified in a preliminary proteomics high-

throughput screen (PhosPhAt 4.0 database), suggesting these sites might be important 

phosphosites for in vivo regulation of RcCDPK1. Noteably, autophosphoryalyion at Thr17 aligns 

with the possible in vivo phosphorylation site, Thr13 on AtCPK11, which is located in the NTVD 

(Figure 4.1; PhosPhAt 4.0 database). As the NTVD has an important role in optimizing RcCDPK1’s 

Ca2+-dependent autophosphorylation and BTPC transphosphorylation at Ser451 (Ying et al., 2017), 

Thr17 could be playing a role in this regulation. Moreover, RcCDPK1 autophosphorylation at 

Ser365 aligns with the apparent in vivo Ser360 and Ser361 phosphorylation sites of AtCPK4 and 

AtCPK11, respectively (Figure 4.1) (PhosPhAt 4.0 database), which are located in the CaM-like 

domain. As Ca2+-binding by the EF-hands of the CaM-like domain is important for CDPK activation, 

its pSer365 autophosphorylation site might play an important role in regulating RcCDPK1 activity 

via activation/ inhibition. Future studies including the analysis of S365D phosphomimetic and 

S365A phosphoablative mutants are required to assess the impact of Ser365 autophosphorylation 

on RcCDPK1 function.  
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5.5 Future Directions 

Many questions have been raised based on the results of the present study. However, the 

key question is whether RcCDPK1 auto- or transphosphorylation at any site, including Tyr30, 

occurs in planta in developing COS or other castor tissues? As noted above, in vitro 

autophosphorylation of CDPKs may not reflect in vivo phosphorylation. Therefore, it will be 

important to establish in vivo phosphorylation sites of RcCDPK1. Expanding upon the results in this 

thesis, multiple approaches could be taken to address this question including: i) purification of 

native RcCDPK1 from mature castor leaves, ii) phenyl-Sepharose FPLC enrichment of 

overexpressed RcCDPK1 from extracts of agro-infiltrated N. benthamiana leaves, and iii) anti-

RcCDPK1 mediated immunoprecipitation or immunoaffinity chromatography of RcCDPK1 from a 

developing COS or castor leaf phenyl-Sepharose enrichment, or from agro-infiltrated N. 

benthamiana leaves overexpressing RcCDPK1. If enough RcCDPK1 could be enriched from either 

source, it could be analyzed by LC-MS/MS for identification of in vivo phosphorylation sites, as well 

as immunoblotting with anti-pTyr30 for specific detection of Tyr30 phosphorylation.  

Further studies establishing the role of phosphorylation at Tyr30 on RcCDPK1’s function 

are also required. Replicates of the time course assay of RcCDPK1’s transphosphorylation of BTPC 

at Ser451 (Figure 4.3A) should be repeated to determine the reproducibility of 

autophosphorylation on RcCDPK1’s transphosphorylation activity. In addition, to better understand 

the role of Tyr30 phosphorylation on RcCDPK1’s activity, hypophosphorylated RcCDPK1WT and 

RcCDPK1Y30F following treatment with λ-phosphatase for 1 h, should be incubated in an 

autophosphorylation assay as described by Ying et al., (2017). If aliquots are taken at several time 

points throughout the 30 min assay and subjected to SDS/PAGE followed by immunoblotting with 

pIMAGO and anti-RcCDPK1, it will provide a more clear effect of Tyr30 phosphorylation on 

RcCDPK1’s autokinase activity. Moreover, repeating these assays with a S365D phosphomimetic 

and S365A phosphoablative mutant is required to assess the impact of Ser365 autophosphorylation 
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on RcCDPK1 function.  

It would also be interesting to employ the highly sensitive and quantitative [γ32P]-ATP 

based radiometric kinase assay described by Ying and co-workers (2017) to compare 

hypophosphorylated versus hyperphosphorylated RcCDPK1WT and RcCDPK1Y30F with regards to 

their BTPC, ATP, and Ca2+ saturation kinetics (i.e. determine respective affinity for these ligands). 

This would provide insight into the kinetics associated with inhibitory autophosphorylation of 

RcCDPK1. Furthermore, it will be important to establish the effect of BTPC addition on the extent 

and rate of RcCDPK1 autophosphorylation and to determine if autophosphorylation precedes BTPC 

transphosphorylation at Ser451. In this assay, hypophosphorylated RcCDPK1WT  would be 

incubated in two identical autophosphorylation assays; however, one assay containing BTPC.  If 

aliquots are taken at several time points throughout the 30 min time course and subjected to 

SDS/PAGE followed by immunoblotting with pIMAGO, anti-RcCDPK1, and anti-pTyr30, the rate of 

RcCDPK1 autophosphorylation in the presence and absence of simultaneous BTPC 

transphosphorylation could be compared. Furthermore, immunoblotting the assay containing BTPC 

with anti-BTPC and anti-Ser451 will determine if BTPC phosphorylation precedes RcCDPK1 

autophosphorylation or vice versa. Lastly, determining the stoichiometry of pTyr30, pTyr, pThr, 

and pSer phosphorylation following RcCDPK1 heterologous expression would provide insight into 

functionally important sites/ residues, based on high stoichiometry.  This can be estimated by 

immunoprecipitating RcCDPK1 using the corresponding antibodies for the phosphosite or 

phospho-residue of interest and comparing with the amount of RcCDPK1 immunoprecipitated by 

anti-RcCDPK1 (i.e. as done by Oh et al., 2012).  

 

5.6 Concluding Remarks 

Owing to the commercial interest in modifying photosynthate partitioning to agronomically 

important end-products such as oil or storage proteins during seed development, and the key 
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position of PEPC in controlling this process, our COS PEPC research should prove informative for 

developing innovative strategies for engineering PEPC activity. The vital importance of considering 

PEPC’s PTMs for metabolic engineering of this enzyme in transgenic crops was emphasized by a 

recent study that examined the impact of RNAi-mediated knockdown of leaf PPCK expression (and 

thus PTPC phosphorylation/activation) on photosynthesis and growth of the obligate CAM species 

Kalanchoë fedtschenkoi (Boxall et al., 2017). Leaves of different RNAi lines having greatly reduced 

or undetectable dark phosphorylation of PTPC displayed up to a 66% reduction in dark CO2 

fixation, along with reduced malate accumulation at dawn. As a result, overall shoot and root 

growth of the PPCK loss-of-function K. fedtschenkoi plants was significantly attenuated (Boxall et al., 

2017). Given PEPC’s critical position in central plant metabolism, it is perhaps not surprising that 

the emerging model for regulation of nonphotosynthetic PEPCs involves a complex and unique set 

of post-translational control mechanisms, including BTPC’ s role as a catalytic and regulatory 

subunit of the allosterically desensitized Class-2 PEPC heteromeric complex (O’ Leary et al., 2009), 

and RcCDPK1’ s Ca2+-dependent, inhibitory phosphorylation of the BTPC subunits at Ser451 (Hill et 

al., 2014; Ying et al., 2017).  Results presented in this thesis provide insights into how Ca2+-

dependent autophosphorylation may serve to modulate RcCDPK1’s transphosphorylation of BTPC 

at Ser451, thus contributing to the control of anaplerotic PEP flux and respiratory CO2 recycling by 

Class-2 PEPC in developing COS. Furthermore, this research helps to further link Ca2+-signaling via 

CDPKs with the integration and control of central plant metabolism.  
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Summary 

1. Phosphorylation sites of heterologously expressed and purified RcCDPK1WT (Ying et al., 

2017) were mapped via high-resolution LC-MS/MS. Numerous phosphorylated Ser, Thr, and 

Tyr residues were detected, several of which (including Tyr30) occur at conserved positions 

corresponding to previously established autophosphorylation sites of several 

heterologously-expressed RcCDPK1 orthologs (Hegeman et al., 2006; Oh et al., 2012, 2013). 

2. Characterization of a catalytically inactive RcCDPK1D154A mutant indicated that RcCDPK1 

autophosphorylation occurred during its heterologous expression in E. coli. 

3. The impact of autophosphorylation on RcCDPK1’s ability to catalyze transphosphorylation 

of its BTPC substrate at Ser451 was assessed by comparing the activity of fully 

dephosphorylated (i.e. hypophosphorylated) RcCDPK1WT with that of hyperphosphorylated 

RcCDPK1WT obtained following its in vitro incubation with Ca2+ and ATP. The results 

indicated that hypophosphorylated RcCDPK1WT had an ~9-fold increase in its Ser451-BTPC 

kinase activity compared to hyperphosphorylated RcCDPK1WT. Therefore, it appears that 

prior autophosphorylation potently inhibits RcCDPK1’s ability to transphosphorylate its 

BTPC substrate at Ser451.   

4. A phosphosite specific antibody was generated using a synthetic phosphopeptide 

corresponding to residues 22-38 of RcCDPK1 (Figures 4.1 and 4.4A) to corroborate the LC-

MS/MS data indicating that Tyr30 was autophosphorylated during RcCDPK1’s heterologous 

expression in E. coli. This antibody successfully detected small quantities of synthetic 

peptide (Figure 4.4B), as well as RcCDPK1WT following its heterologous expression in E. coli 

(Figure 4.4C) or partially purification from developing COS (Appendix 13B). 

5. The impact of Tyr30 autophosphorylation on RcCDPK1’s autokinase activity was assessed.  

A phosphoablative RcCDPK1Y30F mutant was generated via site-directed mutagenesis. 

Immunoblotting various amounts of RcCDPK1WT and RcCDPK1Y30F with pIMAGO 
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phosphoprotein reagent revealed that elimination of Tyr30 phosphorylation had no obvious 

effect on RcCDPK1’s ability to autophosphorylate during its heterologous expression in E. 

coli (Figure 4.5B). 

6. The impact of autophosphorylation at Tyr30 on RcCDPK1’s ability to transphosphorylate its 

BTPC substrate at Ser451 was assessed by comparing the activity of RcCDPK1Y30F with that 

of hyperphosphorylated RcCDPK1WT. The rate of BTPC phosphorylation [(% relative to 

maximum)/min] for hyperphosphorylated RcCDPK1WT and RcCDPK1Y30F were estimated to 

be 0.52 and 0.80, respectively (Figure 4.3C), indicating that absence of RcCDPK1 

autophosphorylation at Tyr30 does not exert a major influence on the rate at which it in 

vitro transphosphorylates BTPC at Ser451. 

7. Preliminary attempts to detect in planta RcCDPK1 phosphorylation at Tyr30 by probing 

immunoblots of partially purified RcCDPK1 from developing COS, or clarified extracts of 

RcCDPK1-infiltrated N. benthamiana leaves were unsuccessful (Figure 4.6; Appendix 13). 
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Appendix 1 

ECL Immunoblot Detection 

1. Following the last TBST rinse, wash the membrane for 5 min in 1X TBS to remove any 

remaining tween from the membrane  

2. Roll the membrane down onto a sheet of transparency film trying to prevent the formation 

of bubbles 

3.  Roll a dry transparency film on top of the membrane and remove it  

4. Wipe away excess buffer  

5. Roll a dry transparency film on top of the membrane  

6. Make the ECL detection solution by adding 250 µL of enhanced luminol reagent and 250 µL 

of oxidizing reagent to a 1.5 mL microcentrifuge tube 

7. Remove the top transparency film from the membrane and add the ECL detection solution  

8. Spread the solution over the whole membrane making sure not to miss any sections by 

moving the bottom transparency sheet  

 Do not touch the membrane with forceps or your fingers as it will cause background 

during the detection  

9. Incubate the membrane at room temperature for 5 min  

10. During the incubation, turn on the machine and input the conditions required  

 Conditions I used:  

 pIMAGO: Chemiluminescence; 12 photos, 1st photo at 4 s, last photo at 1 min 

 Native RcCDPK1 blots with any antibody: Chemiluminescence; 6 photos, 1st 

photo at 5 min, last photo at 30 min 

 RcCDPK1WT blots with any antibody: Chemiluminescence; 4 photos, 1st photo at 

5 min, last photo at 20 min 

11. Add a transparency film to the top of the membrane and remove it  
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 It does not matter if you remove the top or bottom film, so just remove which ever 

once comes off more readily without having to touch the membrane   

12. Wipe away any excess detection solution  

13. Re-add a top of bottom transparency film again rolling the film onto the membrane without 

creating bubbles  

 Important step – Do not touch or scratch the membrane with forceps to remove 

bubbles, as it will create background when detecting!! Instead remove and replace 

the transparency film until you do not get any bubbles.  

14. Ready to proceed to detection 
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Appendix 2 

Expression and Purification of Class-2 PEPC  

Adapted from (O’Leary et al., 2009)  

Cell Culture Preparation 

1. Prepare 12.5 L of LB media (4 x 3 L and 1 x 0.5 L). Autoclave the media 

 

 

 

 

2. Prepare sterile stocks of IPTG and Kanamycin. 

a. Kanamycin: 50 mg/ml  

b. IPTG: 12 mg/mL  

IPTG E. Coli Induction (Bacterial-type PEPC) 

(RcPPC4 cells, citation in O’Leary et al., 2009) 

**Note: This protocol also applies for RcCDPK1 Expression  

1. Streak out the RcBTPC4 glycerol stock, which is stored at  -80°C onto a LB + 50 μg/mL 

Kanamycin plate  

2. Culture 1: Select a colony from the plate and inoculate 200 mL of LB + 200 µL of 50 mg/mL 

Kanamycin (Final [Kanamycin] = 50 μg/mL) and incubate it overnight at 37°C with shaking 

at ~180 rpm. 

3. Culture 2: Pour 40 mL of culture 1 into 3 L of LB + 3% EtOH (95 mL of 95% EtOH) + 1.5 mL 

of 50 mg/mL Kanamycin (Final [Kanamycin] = 50 μg/mL) and grow at 37°C with shaking at 

~180 rpm to an A600 of 0.6 

LB 

 
200 mL 500 mL 1 L 3 L 

Bio-Triptone 3 g 7.5 g 15 g 45 g 

NaCl 1 g 2.5 g 5 g 15 g 

Yeast Extract 1 g 2.5 g 5 g 15 g 
NaOH (1M) 200 µL 500 µL 1 mL 3 mL 
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4. Chill for 10 min on ice (in the cold room) and induce with 23 mg/L IPTG (1 mL of 69 mg/ml 

IPTG diluted in sterile water) for 3-5 h at 37°C with shaking at ~180 rpm. 

5. Pellet the cells at 4,400 x g in a JA-10 rotor for 15 minutes.  

6. Quick freeze the pellet in liquid N2 and store the pellet at -80°C. 

 

Lactose E. Coli Induction (Plant-type PEPC) 

(AtPPC3 cells, citation in O’Leary et al., 2009) 

1. Streak out the AtPPC3 glycerol stock, which is stored at  -80°C onto a LB + 50 μg/mL 

Kanamycin plate  

7. Culture 1: Select a colony from the plate and inoculate 200 mL of LB + 200 µL of 50 mg/mL 

Kanamycin (Final [Kanamycin] = 50 μg/mL) and incubate it overnight at 37°C with shaking 

at ~180 rpm 

8. Culture 2: Pour 20 mL of saturated culture 1 into 250 mL of LB + 125 µL of 50 mg/mL 

Kanamycin (Final [Kanamycin] = 25 μg/mL) and grow to an A600 of 0.6 at 37°C with shaking 

at ~180 rpm 

9. Chill for 10 min on ice (in the cold room) and induce with 0.2% lactose (0.5 g) and 0.1 mM 

IPTG (87 µL of 69 mg/mL diluted in sterile water) for 3-5 h at 37°C with shaking at ~180 

rpm 

2. Culture 3: Distribute 125 mL of culture 2 into 3 L of LB + 1.5 mL of 50 mg/mL Kanamycin 

(Final [Kanamycin] = 25 μg/mL) + 2% lactose (60 g) and grow overnight at 20°C with 

shaking at ~180 rpm 

3. Pellet the cells at 4,400 x g in a JA-10 rotor for 15 minutes 

4. Quick freeze the pellet in liquid N2 and store the pellet at -80°C 
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Cell Lysis via the French Press 

1. Combine RcPPC4 and AtPPC3 containing cells in a 3:1 ratio in a 500 mL centrifuge bottle 

and re-suspend in (1:5; w/v) PrepEase Start Buffer 

2. Add 1 µL of DNase/10 mL of sample 

3. Distribute to 50 mL Falcon tubes and polytron each one 

4. Get the French Press and replace the plastic ball and glycerol the piston well before starting 

5. Pour the sample (max 40 mL) into the standard cell and pass the sample through the French 

press three times at 20,000 psi (medium setting)   

6. Centrifuge the sample at 13,700 x g for 30 min at 20°C in the JA-20 rotor 

7. Filter the supernatant through 3 layers of Miracloth 

8. Take an aliquot and measure the PEPC activity (dilute the sample if necessary)  

a. Due to NADH oxidase, a PEP – and PEP + activity assay must be done 

Nickel Affinity Purification (PrepEase Resin) 

1. Prepare the following buffers: 

PrepEase Start Buffer: 

Stock Working Volume for 
500 mL 

100 mM NaH2PO4 pH 8.0** 50 mM 250 mL 
2 M NaCl 300 mM 75 mL 
100% glycerol 15% 75 mL 
1 M DTT* 1 mM 500 µL 
 

PrepEase Elution buffer 

Stock Working Volume for 
500 mL 

100 mM NaH2PO4 pH 8.0** 50 mM 250 mL 
2 M NaCl 300 mM 75 mL 
100% glycerol 15% 75 mL 
1 M DTT* (Add Fresh) 1 mM 500 µL 
1 M Imidazole 150 mM 75 mL 

 

**1L of 100 mM NaH2PO4 pH 8.0 can be prepared using 0.83 g of NaH2PO4 and 13.5 g of Na2HPO4 ** 
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2. Pack the column with PrepEase resin (2 mL of resin can bind 10 mg of protein; 10 mL 

column for 50 mL of sample) 

3. Run a 4-5 bed volumes (BV) of water through the column followed by 4-5 BV of PrepEase 

Start Buffer 

4. Load the column using a peristaltic pump at 1 mL/min 

a. NADH oxidase will be flowing through so to assure that no PEPC is present in the 

unbound fractions, both a PEP – and PEP + assays are required 

5. Elute using a step bump to 150 mM imidazole 

a. The eluate should contain PEP + activity but no PEP –. If this is the case, then PEP – 

assay are no longer necessary 

6. Concentrate the eluates with PEPC activity using 30 kDa cut off Amicon Ultra-15 centrifugal 

concentrators (15 min at 2,100 x g) 

**Note: The cell lysis and purification protocol also applies for the purification of 

recombinant RcCDPK1 from E. coli.    
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Appendix 3 

Site-Directed Mutagenesis of RcCDPK1:  

(Adapted from a protocol written, tested, and obtained from Dr. J. Monaghan, Queen’s 

University, Nov. 2016) 

 

1. Set up the following PCR on ice: 

27.75-μL Milli-Q H2O 

2.5-μL   10 μM FWD primer  

2.5-μL    10 μM REV primer 

10-μL   5X Q5 Taq Polymerase Reaction Buffer  

4-μL   2 mM dNTPs 

1.5-μL   100% DMSO 

0.75-μL  Q5 Taq 

1-μL   Purified plasmid (~50-100 ng)  

50-μL  Reaction volume 

 

Notes:   

o Include a control with everything except the primers and enzyme; will be used as 

digestion control later 

 

2. Run the PCR using the following program:  

 Hot start 98oC for 1min 

 (18) cycles: 

o 98°C denaturation for 10 s 

o 58°C annealing for 1 min 

o 72°C extension for 30 s per 1Kb 

 Final 72oC extension for 5 min 

3. Run 10-μL of the PCR on a gel just to make sure that the reaction worked  
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4. Desalt 25-μL of this reaction using a PCR clean up kit  

5. Store the rest at -20°C in case there are problems with the digestion or transformation.  

6. Digest the desalted sample to eliminate the methylated plasmid template:  

15-μL Desalted DNA 

1-μL DpnI enzyme 

2-μL  10X Cutsmart Buffer 

  2-μL  Milli-Q H2O  

  20-μL Reaction Volume 

 

7. Incubate at 37°C for 3 h (digesting overnight could risk the integrity of your new 

synthesized plasmid).  

8. Transform the digested product into E. coli XL1-Blue via heat shock. Remember to include 

control for plasmid digested in same volume (without primers and Q5 Polymerase). 

 The control should have no colonies or significantly less!! 

9. Based on the number of colonies on your control plate, pick colonies to miniprep and 

sequence. 

 

Notes:  

 When sequencing, I noticed my primer made a concatemer and inserted into my sequence – 

to fix this I continued to select colonies until I found one without this insert 

 Sequencing of the pET30a:RcCDPK1 can be done using the T7 terminator and T7 promoter 

primers provided by the TCAG DNA Sequencing Facility, SickKids, Toronto.  
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Appendix 4 

Table S1. Primers used to generate the pYL436:RcCDPK1 construct for the overexpression of 

RcCDPK1 in N. benthamiana, as well as site-directed mutagenesis to generate the phosphoablative 

(Y30F) and catalytically inactive (D154A) RcCDPK1 mutants.  

 

Primer Name Protocol used for  Primer Sequence 

pENTR_Gibson_LB
* 

Amplification of the pENTR 
backbone for Gibson 

assembly  
 

5’ggtgaagggtgggcgcgaag3’ 

pENTR_Gibson_RB
* 

Amplification of the pENTR 
backbone for Gibson 

assembly 
 

5’aagggtgggcgcgccgacccag3’ 

pENTRG_RcCDPK1
_LB 

Amplification of RcCDPK1 
and addition of flanking 

sequences for Gibson 
assembly  

 

5’ccgcggccgcccccttcaccatgaagaagcaaagtgcagg3’ 

pENTRG_RcCDPK1
_RB 

Amplification of RcCDPK1 
and addition of flanking 

sequences for Gibson 
assembly 

 

5’gggtcggcgcgcccaccctttcagttcaggtctttgaccc 3’ 

FWD_Y30F primer Site-directed mutagenesis 
to generate a 

phosphoablative Y30F 
RcCDPK1 

 

5’gattaagggaccactTtctaattggcaagaagc3’ 

REV_Y30F primer Site-directed mutagenesis 
to generate a 

phosphoablative 
Y30FRcCDPK1 

 

5’gcttcttgccaattagaAagtggtcccttaatc3’ 

FWD_D154A 
primer 

Site-directed mutagenesis 
to generate a catalytically 
inactive D154A RcCDPK1 

 

5’gggtgttatgcatagagCtcttaagcctgag3’ 

REV_D154A 
primer 

Site-directed mutagenesis 
to generate a catalytically 
inactive D154A RcCDPK1 

5’ctcaggcttaagaGctctatgcataacaccc3’ 

* Developed and obtained from Dr. J. Monaghan, Queen’s University  
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Appendix 5 

Protein Extraction and RcCDPK1 Enrichment by phenyl-Sepharose FPLC from COS or N. 

benthamiana:  

Adapted from (Ying et al., 2017) 

Extraction:  

1. Cool the centrifuge and JA-20 rotor to 4°C 

2. Grind 10-60 g of stage V –VII developing COS or N. benthamiana leaves – make sure you 

keep everything ice cold while working  

 Grind the tissue into a fine powder under liquid N2 

3. Add 1:2 (w/v) of Buffer A to the powder (see below) 

 Ex. Add 120 mL of buffer to 60 g of tissue   

BUFFER A: 

 50 mM HEPES-KOH (pH 7.3) 

 1 mM EDTA 

 1 mM EGTA 

 10 mM MgCl2 

 20% (v/v) glycerol  

 4% (w/v) PEG8000 

 5 mM thiourea 

 1 mM DTT 

 1% (w/v) polyvinyl(polypyrrolidone) 

 1 mM 2,2’-dipyridyl disulfide  

 1 mM phenylmethylsulfonyl floride (PMSF) 

 25 mM NaF 

 1 mM Na3VO4 (Fridge) 

 1 mM Na2MoO4 (Fridge) 

 50 nM Microcystin –LR 

 

4. Transfer the extract to 50 mL falcon tubes and homogenize for 20 s three times 
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 Make sure you chill on ice in between  

5. Centrifuge the homogenates at 20,000 x g for 20 min at 4°C 

6. Filter the supernatant through 3 layers of Miracloth and transfer to a graduated cylinder  

 Record the volume of the clarified extract and remember to take a 200μL aliquot for 

Bradford protein assays and SDS/PAGE gels  

 

PEG Fractionation:  

7. Add a 50% (w/v) PEG8000 solution to the supernatant fluid to obtain a final concentration 

of 25%(w/v) 

8. Stir the sample for 20 min at 4°C 

9. Centrifuge again at 15,000 x g for 15 min at 4°C 

10. Leave the pellet to dry upside down overnight in the cold room  

 

Preparing Sample for Purification: 

11. Dissolve the pellet in Buffer B (see below) 

o You want to obtain a protein concentration of approximately 10 mg/mL  

o Not all of the pellet will dissolve in the buffer  

o Use a glass rod or a re-useable glass pipette to dissolve the pellet in the buffer  

12. Centrifuge again at 15,000 x g for 15 min at 4°C 

 Remember to take a 200 μL aliquot for later Bradford protein assays and SDS/PAGE 

gels 

 

Buffer B: 

 50 mM HEPES-KOH (pH 7.3) 

 5 mM EGTA 

 50 nM Microcystin –LR 
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 1 mM Na3VO4 

 1 mM Na2MoO4 

 25 mM NaF  

 

Phenyl-Sepharose Enrichment:  

13. Equilibrate the column using Buffer B  

14. Load the sample onto the column at a rate of 0.75mL/min  

 Phenyl Sepharose 4 FAST Flow  

 Binding capacity =45 mg/mL (Prepare a column according to the total amount of 

protein you have in your sample taking into consideration the binding capacity)  

15. Wash the column with Buffer B until the A280 reaches baseline  

16. Elute in 2 mL fractions with Buffer C (see below) 

17. Collect all of the fractions where you see a peak in the A280 absorbance  

 

Buffer C:  

 50mM HEPES-KOH (pH 7.3) 

 5mM EGTA 

 Protease inhibitor cocktail (25 mM NaF, 1 mM Na3VO4, and 1 mM Na2MoO4) 

 50nM Microcystin –LR 

 10% Ethylene Glycol 

 

18. Collect all of the fractions where you see a peak in the A280 absorbance  

19. Concentrate the sample by ~10 fold using a 30 kDa cut off Amicon Ultra-15 centrifugal 

concentrators (15 min at 2,100 x g) and do a Bradford protein assay to determine the 

concentration 

20. Run a SDS-PAGE gel and stain with CBB G-250 to determine the purity and run a second gel 

to immunoblot using anti-RcCDPK1 
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Appendix 6 

Gateway Cloning: 

(Adapted from a protocol written, tested, and obtained from Dr. J. Monaghan, Queen’s 

University, Nov. 2016) 

1. Nanodrop both the pENTR plasmid and your Gateway-compatible destination vector 

(pYL436)  

2. Set up the reaction at room temperature in small PCR tubes, and mix by pipetting up and 

down carefully:  

Half reaction     Quarter reaction  

150-300 ng entry vector   75-150 ng entry vector  

150 ng destination vector   75 ng destination vector   

Up to 4  μL with TE, pH 8   Up to 2  μL with TE, pH 8   

 

3. Thaw the LR Clonase II enzyme mix on ice for 2 min 

4. Vortex the LR Clonase II enzyme mix briefly, twice, and return to ice for 1 min 

 Vortexing here is really important. If you don’t vortex the reaction doesn’t work!! 

5. Briefly centrifuge in Eppendorf microfuge tubes  (top speed) 

6. Add 1-μL of LR Clonase for ‘Half reaction’ and 0.5 μL for ‘Quarter reaction’ to your mixture 

above 

7. Vortex the whole reaction, briefly, twice and centrifuge down briefly in a microfuge 

8. Incubate in a thermal cycler set at 25°C for at least 1 h, but overnight is necessary for 

large binary vectors 

 Note: pYL436 is a large binary vector 

9. Add 0.5 μL Proteinase K solution for ‘Half reaction’ and 0.25 μL for ‘Quarter reaction’ to 

each sample to terminate the reaction. Vortex briefly and incubate at 37°C for 10-30 min 

10. Heat-shock E. coli XL1-Blue cells with 5-μL of the product (or entire reaction), and spread all 
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the cells on a plate with appropriate antibiotics. Incubate at 37°C overnight  

 Plate pYL436:RcCDPK1 onto LB + 15 μg/mL Spectinomycin  

11. Confirm using colony PCR, digest and/or sequencing as appropriate 
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Appendix 7 

Agrobacterium Transformation:  

Weigel, D. and Glazebrook, J. (2006). Transformation of Agrobacterium using the freeze-thaw 

method. Cold Spring Harbor Protocols.  

1. Thaw a tube of Agrobacterium competent cells (100 μL) on ice for ~5 min  

2. Add 0.25 μg of DNA to the competent cells  

3. Freeze the cells at -80°C 

4. Thaw the cells at 37°C for 5 min 

5. Incubate the cells on ice for 30 min 

6. Spread the transformation mix onto an LB plate containing the appropriate antibiotics  

 For the RcCDPK1 construct:  

o 50 μg/mL for Rifampicin  

o 50 μg/mL of Gentamycin  

o 100 μg/mL of Spectinomycin  

 For the p19 construct:  

o 50 μg/mL for Rifampicin  

o 15 μg/mL of Gentamycin  

o 50 μg/mL of Kanamycin  

7. Incubate the plates at 28°C for 2 d 
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Appendix 8 

Transient transformation of pYL436:RcCDPK1 into N. benthamiana plants via Agro-

infiltration: 

 (Adapted from a protocol written, tested, and obtained from Dr. J. Monaghan, Queen’s 

University, Nov. 2016) 

1. Streak out the Agrobacterium strains and viral P19 silencing suppressor (which will be co-

infiltrated) from glycerol stock onto an appropriate plate, allow to grow at 28°C for 2 d 

 For RcCDPK1 use: 100 μg/mL spectinomycin, 50 μg/mL gentamycin, 50 μg/mL 

rifampicin 

 For P19 use: 50 μg/mL kanamycin, 15 μg/mL gentamycin, 50 μg/mL rifampicin 

2. Two days later, start a 25 mL overnight culture of in LB + antibiotics at 28°C with shaking 

3. In the morning, water the plants to make it easier for them to be infiltrated 

4. Centrifuge the bacterial culture at 2,100 x g for 15 min 

5. Decant the supernatant and leave the cultures upside down to get rid of the antibiotics and 

LB 

6. Make the following induction buffer: 

  194 mL  Milli-Q H2O 

  2 mL  1M MgCl2 

  4 mL  500 mM MES, pH 6.3 

 Note: Make sure the MgCl2 concentration is accurate. Higher concentrations will 

cause the leaves to collapse 

7. Resuspend the final pellet in 20 mL of the induction buffer 

8. Allow to slowly rotate at room temperature for 3 h  

9. Measure the A600 of the cells using the spectrophotometer 

10. Dilute all cultures down to an A600 of 0.2 – 0.3 using induction buffer 
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 If you are mixing cultures (addition of P19, or for co-IP), make sure that the final A600 of 

the whole culture is 0.2 – 0.3.  Higher levels of bacteria will cause the leaves to 

collapse 

11. In the phytotron set up your workspace. Put down paper towel to dry up any bacteria that is 

dripping during the infiltration 

12. Choose healthy, middle aged leaves – you will get better expression this way 

 The flat bottom leaves are easier to infiltrate but they don’t express well 

 If you need a lot of tissue you can try to infiltrate all leaves – this was done for 

RcCDPK1 expression to obtain enough tissue for purification 

13. Infiltrate the leaves with a needleless 1 mL syringe  

 Wear goggles and a lab jacket as the bacteria can spray in your face when 

infiltrating 

14. Carefully dab dry the leaves with paper towel and put them back into the chamber clearly 

labelled and separate from other plants 

15. Most proteins will be expressed in 2-4 d from the time of infiltration 

 RcCDPK1 has been determined to express well after three days  

16. Clean up the work area with ethanol before leaving and dispose of soiled paper in the 

biohazardous waste container 
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Appendix 9 
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Figure S1. Validation of RcCDPK1WT autophosphorylation at residues Tyr23, Tyr30, Tyr45, and 
Ser135 by manual inspection of -MS/MS spectra. -MS/MS spectra of charged ions and m/z 875.44, 
661.86, 884.39, and 648.64 are shown in panels A to D, respectively. The letters y and b denote C- 
and N-terminal fragment ions, respectively. Tyr23, Tyr30, Tyr45, and Ser365 are phosphorylated 
since the mass increment of 80 Da indicates the covalent incorporation of a phosphate group 
(HPO3-). Created by Dr. Yi-Min She.
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Appendix 10 
 

Table S2: AtCPK4 and AtCPK11 in vivo phosphosites detected via LC-MS/MS. This data was obtained from PhosPhAt 4.0 (Arabidopsis 
protein phosphorylation database; http://phosphat.uni-hohenheim.de/).  
   

 

9/26/2017 PhosPhAt - Data

http://phosphat.uni-hohenheim.de/PhosPhAtHost30/temp/exp_788449514.html 1/1

protein descr iption species peptide modifiedpeptide precursor charge no_pSTY bins PubMed
Search

engine
Score ppm Treatment CellCompar tment Instrument Enr ichment Tissue Genotype uniprot pepposprot

AT1G35670.1

ATCDPK2,
CPK11,
ATCPK11,
CDPK2;

calcium-
dependent
protein
kinase 2

Arabidopsis

thaliana
TESGIFR (t)E(s)GIFR 445.192 2 1 30.3.1 15308754 Mascot 39 5.39272 plasma membrane Q-TOF Fe-IMAC

cell

culture
col-0 Q39016

AT1G35670.1

ATCDPK2,
CPK11,

ATCPK11,
CDPK2;
calcium-
dependent

protein
kinase 2

Arabidopsis
thaliana

NLNFNIADAFGVDGEKSDD NLNFNIADAFGVDGEK(pS)DD 1060.9441 2 1 30.3.1 26187819 other -4.9023 epibrassinolide total protein

LTQ-

Orbitrap
XL

HAMMOC
cell
culture

ler Q39016 S493

AT1G35670.1

ATCDPK2,
CPK11,
ATCPK11,

CDPK2;
calcium-
dependent
protein

kinase 2

Arabidopsis
thaliana

RVGSELMESEIK RVG(pS)EL(oxM)ESEI(K*) 587.96045 3 1 30.3.1 25561503 Mascot 38.49 -1.6454
ionizing
radiation

total protein
LTQ-
Orbitrap
Velos

IMAC /
TiO2

rosette atm atr Q39016 S361

AT1G35670.1

ATCDPK2,

CPK11,
ATCPK11,
CDPK2;
calcium-

dependent
protein
kinase 2

Arabidopsis
thaliana

RPSNTVLPYQTPR RP(s)N(t)VLPYQTPR 536.93519 3 1 30.3.1 22631563 Mascot 66.44 -1.01186 none soluble fraction
LTQ-
Orbitrap

Fe-IMAC pollen col-0 Q39016

AT4G09570.1

CPK4,
ATCPK4;

calcium-
dependent
protein
kinase 4

Arabidopsis
thaliana

RVGSELMESEIK RVG(pS)EL(oxM)ESEI(K*) 587.96045 3 1 30.3.1 25561503 Mascot 38.49 -1.6454
ionizing
radiation

total protein
LTQ-
Orbitrap

Velos

IMAC /
TiO2

rosette atm atr Q38869 S360

AT4G09570.1

CPK4,

ATCPK4;
calcium-
dependent
protein

kinase 4

Arabidopsis
thaliana

RPSNSVLPYETPR RP(pS)NSVLPYETPR 580.62494 3 1 30.3.1 25561503 Mascot 36.13 0.229
ionizing
radiation

total protein
LTQ-
Orbitrap

Velos

IMAC /
TiO2

rosette atm atr Q38869 S10
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Appendix 11 
 
 

 
Figure S2. Dephosphorylation of heterologously expressed RcCDPK1WT from E. coli by exogenous λ-
phosphatase. RcCDPK1WT was dephosphorylated via incubation at 30°C in the presence of 800 units 
of λ-phosphatase. Aliquots were removed at various time points and subjected to SDS/PAGE 
followed by immunoblotting with A) pIMAGO phosphoprotein reagent (250 ng of protein/ lane) or 
B) anti-RcCDPK1 (50 ng of protein/ lane). Immunoreactive polypeptides were visualized using a 
peroxidase-conjugated secondary antibody and ECL detection (A) or using an alkaline phosphatase-
tagged secondary antibody and chromogenic detection (B). 
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Appendix 12 

 
Figure S3. A time course of RcCDPK1's Ser451-BTPC kinase activity at different 
autophosphorylation states. RcCDPK1 (250 ng) with different phosphorylation states was 
incubated separately at 30°C in the presence of 0.2 mM Ca2+, 10 mM Mg2+, 0.2 mM ATP, phosphatase 
inhibitors (1 mM Na3VO4, 1 mM Na2MoO4, and 25 mM NaF), and 10 μg of Class-2 PEPC in a final 
volume of 25 μL. Aliquots were taken at different time points and were subjected to SDS/PAGE 
followed by immunoblotting with anti-pSer451 (1 μg of Class-2 PEPC; A-E), anti-BTPC (1 μg of 
Class-2 PEPC; F), or anti-RcCDPK1 (50 ng RcCDPK1; G). A) Heterologously expressed RcCDPK1WT 
from E. coli was incubated in 0.2 mM Ca2+ and 0.2 mM ATP for 30 min at 30°C 
(hyperphosphorylated RcCDPK1WT), B) phosphoablative RcCDPK1Y30F, C) purified RcCDPK1WT 
autophosphorylated during heterologous expression in E. coli, D) heterologously expressed 
RcCDPK1WT incubated with λ-phosphatase at 30°C for 1 h (hypophosphorylated RcCDPK1WT), and 
E) catalytically inactive RcCDPK1D154A. Panels F) and G) are loading controls to ensure each assay 
contains the same amount of BTPC and RcCDPK1, respectively. Immunoreactive proteins were 
visualized using an alkaline phosphatase-tagged secondary antibody and chromogenic detection.  



 93 

Appendix 13 

 
 

Figure S4. Partial purification of native RcCDPK1 from developing COS. A) Phenyl-Sepharose 
elution profile for native RcCDPK1 from stage V-VII developing COS. Quick-frozen stage V-VII COS 
endosperm (60 g) was homogenized (1:2; w/v) in 50 mM HEPES-KOH (pH 7.3) containing 1 mM 
EDTA, 1 mM EGTA, 10 mM MgCl2, 20%(v/v) glycerol, 4% (w/v) PEG 8000, 5 mM thiourea, 1 mM 
DTT, 1% (w/v) polyvinyl(polypyrrolidone), 1 mM 2,2’-dipyridyl disulfide, 1 mM 
phenylmethylsulfonyl fluoride, 25 mM NaF, 1 mM Na3VO4, and 1 mM Na2MoO4, followed by PEG 
precipitation. After sample loading, the column was washed with buffer B and eluted in buffer B 
containing 10% (v/v) ethylene glycol. B) Native RcCDPK1 and RcCDPK1WT were subjected to 
SDS/PAGE followed by immunoblotting with anti-RcCDPK1 (60 μg and 50 ng, respectively) and 
anti-pTyr30 (60 μg and 500 ng, respectively). C) The native RcCDPK1 (3 μg) or purified 
recombinant RcCDPK1WT (250 ng) were each incubated for 20 min at 30°C with Class-2 PEPC (10 
μg/ 25 μL assay), 0.2 mM ATP, 10 mM MgCl2, and 0.2 mM CaCl2. Following SDS/PAGE, the gels were 
subjected to immunoblotting with anti-pSer451 (1 μg of Class-2 PEPC) or anti-BTPC (1 μg of Class-2 
PEPC). Immunoreactive proteins were visualized using an alkaline phosphatase-tagged secondary 
antibody and chromogenic detection.  
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Appendix 14 

 

Figure S5. RcCDPK1 is only detected in agro-infiltrated N. benthamiana leaves. Crude extracts from 
three non-infiltrated leaves and one leaf 3-d post-infiltration were subjected to immunoblotting 
with anti-RcCDPK1 (20 μL; approximately 20-25 μg of protein) and CBB R-250 staining. M denotes 
various pre-stained protein molecular weight standards. Immunoreactive proteins were visualized 
using an alkaline phosphatase-tagged secondary antibody and chromogenic detection. 
 
 

 

 


