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Abstract 

Phosphoenolpyruvate (PEP) carboxylase (PEPC) is a tightly controlled enzyme situated at a 

pivotal branchpoint of plant C-metabolism. Two physically and kinetically distinct oligomeric  

classes of PEPC exist in the endosperm of developing castor oil seeds (COS). Class-1 PEPC is a 

typical homotetramer composed of 107-kDa plant-type PEPC (PTPC) subunits, whereas the 910-

kDa Class-2 PEPC hetero-octameric complex arises from a tight interaction between Class-1 

PEPC and distantly related 118-kDa bacterial-type PEPC (BTPC) subunits. BTPC functions as 

both a catalytic and regulatory subunit of the allosterically-desensitized Class-2 PEPC, which has 

been hypothesized to support massive PEP-flux to malate for leucoplast fatty acid synthesis. 

Previous studies established that BTPC: (i) subunits of COS Class-2 PEPC are subject to 

inhibitory phosphorylation in vivo, and (ii) at Ser
425 

and Ser
451

 within an intrinsically disordered 

region. This study focuses on characterization of the COS protein kinase (BTPC-K) that 

phosphorylates BTPC at Ser
451

. BTPC-K, having a native molecular mass of 63 kDa, was 

purified ~500-fold from developing COS endosperm. Its activity was absolutely dependent upon 

the presence of Ca
2+

 (Ka= 2.7 μM) and millimolar Mg
2+

. BTPC-K phosphorylated BTPC 

subunits of Class-2 PEPC strictly at Ser
451

 (Km= 1.1 μM), as well as histone type III-S (Km= 1.7 

μM), but did not phosphorylate a BTPC S451D phosphomimetic mutant, native COS PTPC or 

sucrose synthase, or α-casein. BTPC-K displayed a broad pH-activity optima of pH 7.3, a Km for 

Mg
2+

-ATP of 6.6 μM, and marked inhibition by 3-P-glycerate and PEP. The possible control of 

BTPC-K by disulfide-dithiol interconversion was suggested by its rapid inactivation and 

subsequent reactivation when incubated with oxidized glutathione and then dithiothreitol. BTPC-

K activity was insensitive to exogenous calmodulin, but potently inhibited by 100 µM 

trifluoperazine (a calmodulin antagonist). BTPC-K-mediated Ser
451

 phosphorylation of BTPC 
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subunits of Class-2 PEPC inhibited BTPC activity by ~50% when assayed under suboptimal 

conditions (pH 7.3, 1 mM PEP with 10 mM L-malate). Overall the results of this study have led 

to the hypothesis that in vivo phosphorylation of COS BTPC at Ser
451

 is mediated by a dedicated 

calcium-dependent protein kinase (CDPK).  
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Chapter 1. Introduction and Literature Review 

1.1 GENERAL BACKGROUND AND GENETICS OF PEPC 

PEPC [PEP(phosphoenolpyruvate) carboxylase] (EC 4.1.1.31) is an important, tightly 

controlled enzyme situated at a critical branch point in plant carbohydrate metabolism. It 

catalyzes the irreversible conversion of phosphoenolpyruvate (PEP) to oxaloacetate (OAA) and 

inorganic phosphate (Pi) in the presence of a divalent metal cation (Mg
2+

, Mn
2+

) and HCO3
-
 

(Figure 1.1)(O’Leary et al., 2011b). PEPC is present in all vascular plants, green algae and most 

bacteria, but is absent in fungi and animals (Patel et al., 2004; Ettema et al., 2004; Izui et al., 

2004). It is best known for catalyzing atmospheric CO2 fixation in C4 and crassulacean acid 

metabolism photosynthesis (CAM) (Chollet et al., 1996). In C3 leaves and non-green tissues such 

as developing fruits and seeds, PEPC has a crucial non-photosynthetic role: it catalyzes the 

anaplerotic replenishment of carbon skeletons withdrawn from the Kreb’s cycle for biosynthesis 

and nitrogen assimilation (Figure 1.2) (Chollet et al., 1996; O’Leary et al., 2011b). 

Plant PEPCs belong to a small multigene family that encodes several “plant-type” PEPCs 

(PTPC), as well as one distantly related “bacterial-type” PEPC (BTPC) (O’Leary et al., 2011b; 

Sanchez and Cejudo, 2003; Gennidakis et al., 2007; Mamedov et al., 2005; Sullivan et al., 2004; 

Igawa et al., 2010). PTPC genes encode closely related 105-110 kDa polypeptides which are 

distinguished by their conserved N-terminal seryl-phosphorylation domain, and that typically 

exist as 400-440 kDa homotetrameric Class-1 PEPCs (O’Leary et al., 2011b; Izui et al., 2004; 

Kai et al., 2003). PTPCs are categorized as being either photosynthetic (C4 and CAM PEPCs) or 

non-photosynthetic (C3) isozymes. All PTPCs evolved from a common ancestral gene and thus 

exhibit a high degree of conservation at the genetic level (Izui et al., 2004).  
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Extensive genetic and biochemical studies of photosynthetic and non-photosynthetic 

PTPC isozymes have determined that PTPC and thus Class-1 PEPC activity is subject to several 

types of post-translational controls. Allosteric activation and inhibition by glucose-6-P and 

malate, respectively (among other metabolic intermediates), along with phosphorylation-

activation catalyzed by a dedicated Ca
2+

-independent Ser/Thr kinase known as PEPC protein 

kinase (PPCK), and dephosphorylation by a protein phosphatase type-2A (PP2A) account for the 

most significant post-translational control of Class-1 PEPC (Izui et al., 2004; Vidal et al., 1997; 

Chollet et al., 1996; Nimmo, 2003; O’Leary et al., 2011b). More recent work on non-

photosynthetic PEPCs has implicated reversible monoubiquitination as yet another tier of Class-

1 PEPC control (O’Leary et al., 2011b; Uhrig et al., 2008b; Shane et al., 2013). The crystal 

structures for Zea mays (maize) C4 PEPC and Escherichia coli PEPC have also been solved, and 

this information in conjunction with site-directed mutagenesis studies have furthered our 

understanding of the structure-function relationships of Class-1 PEPC catalysis, as well as the 

control exerted by post-translational modifications (PTMs) and allosteric effectors (Izui et 

al.,2004; Kai et al., 2004; O’Leary et al., 2011b).  

All plant genomes sequenced to date as well as that of ancestral green algae, also contain 

at least one BTPC gene. BTPC genes encode single, distantly related 116-118 kDa (130-kDa in 

green algae) polypeptides that are immunologically distinct from PTPCs and whose amino acid 

sequence shares a higher degree of similarity with PEPCs from proteobacteria than with PTPCs 

(Sanchez and Cejudo, 2003; O’Leary et al., 2011b). These novel PEPC isozymes were therefore 

designated as “BTPCs” whereas all other C3, C4, and CAM PEPCs were subsequently classified 

as PTPCs. While PTPC isozymes are ubiquitously expressed in all plant tissues, BTPC isozymes 

appear to be mainly expressed in rapidly growing and/or biosynthetically active tissues 
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(Gennidakis et al., 2007; Igawa et al., 2010; O’Leary et al., 2011a; O’Leary et al., 2011b). 

BTPCs also have regulatory and structural characteristics that distinguish them from PTPCs and 

which will be discussed below. Additionally, green algal and vascular plant BTPCs physically 

interact with the corresponding Class-1 PEPC homotetramer to produce an unusual ~ 900-kDa 

hetero-octameric Class-2 PEPC (Figure 1.5) (Blonde and Plaxton, 2003; Gennidakis et al., 2007; 

O’Leary et al., 2009; Rivoal et al., 1998; Rivoal et al., 2001).  

 

1.2 PHYSIOLOGICAL ROLES OF PEPC 
 

Photosynthetic PTPCs in C4 and CAM leaves function as a mechanism of concentrating 

atmospheric CO2 via the assimilation of HCO3
-
 (newly converted from CO2 and H2O by carbonic 

anhydrase) into OAA. Photosynthetic PEPCs thus reduce photorespiration and improve overall 

photosynthetic efficiency by as much as 2-fold relative to C3 leaves (Svensson et al., 2003; 

Nimmo, 2000; Vidal et al., 1997; Hibberd et al., 2010). Apart from its fundamental role in the 

initial fixation of CO2 in C4 and CAM photosynthesis, PEPC also has a wide-range of non-

photosynthetic roles including supporting C/N interactions, seed formation and germination, 

guard cell metabolism during stomatal opening, fruit ripening, and the provision of malate as a 

respiratory substrate for symbiotic N2-fixing bacteroids of legume root nodules (Figure 1.2) 

(O’Leary et al., 2011b). Of these many functions, the focus of this thesis pertains to PEPC’s role 

in the control of carbon partitioning to various storage end products in developing oil seeds. PEP 

metabolism via PEPC as well as cytosolic pyruvate kinase (PKc) and plastidic pyruvate kinase 

(PKp) plays a crucial role in partitioning photosynthate towards either leucoplast fatty acid 

biosynthesis or the mitochondrial production of carbon skeletons and ATP needed for amino acid 

interconversion to facilitate storage protein biosynthesis (Figure 1.3) (O’Leary et al., 2011b; 

Plaxton and O’Leary et al., 2011). 
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1.3 THE ROLE OF PEPC IN CARBON PARTITIONING IN DEVELOPING SEEDS 

 

 Developing seeds are important metabolic sinks which import large quantities of sugars 

and amino acids from metabolic source tissues (i.e. leaves) that must be metabolized into the 

starches, triglycerides and storage proteins which will eventually support seed germination. The 

partitioning of photosynthate into these three storage reserves is of great agronomic significance. 

Therefore, a detailed understanding of the metabolism of the developing seed is highly relevant 

for crop breeding and metabolic engineering. As was previously mentioned, PEP-metabolism via 

PEPC, PKc and PKp plays an important role in the partitioning of imported photosynthate to 

either leucoplast fatty acid biosynthesis or the mitochondrial production of C-skeletons and ATP 

needed for storage protein biosynthesis (Figure 1.3). It has been postulated that PEPC may also 

aid in refixing respired CO2 to improve overall seed C 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). Increases 

in PEPC and PPCK activity as well as PTPC phosphorylation status during seed development are 

coincident with the main stages of storage oil and protein biosynthesis and have been shown to 

be controlled by photosynthate supply (Tripodi et al., 2005, Murmu and Plaxton, 2007; Feria et 

al., 2008; Singal et al., 1995; King et al., 1998; Sangwan et al., 1992; Blonde and Plaxton, 2003; 

Sebei et al., 2006; Lebouteiller et al., 2007).  

 In regards to seed storage protein synthesis, PEPC is believed to be an important enzyme 

in this process owing to the requirement for OAA and 2-oxoglutarate (2-OG) needed to 

assimilate N during amino acid formation (Figure 1.3A) (Rolletschek et al., 2004; Radchuk et 

al., 2007; Weber et al., 2005). Additional C-skeletons are necessary when seeds import N in the 

form of amino acids because (1) glutamine (Gln), a major component of the amino acids 

imported into the developing seed contains two amino groups per 2-OG skeleton, and (2) several 
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amino acids such as alanine (Ala) can be deaminated and respired through the Krebs cycle, 

yielding NH4
+
 that must then be re-assimilated into Gln and/or glutamate (Glu) via glutamine 

synthetase and glutamate-oxoglutarate amino transferase (GS/GOGAT)(Figure 1.3A) (O’Leary 

et al., 2011b).  

 Considerable research has also shown that PEPC supports triacylglyceride (storage oil) 

synthesis in non-green developing oil seeds via the production of metabolite precursors and 

reducing power. De novo fatty acid biosynthesis occurs within leucoplasts, a process which 

depends upon both ATP and NAD(P)H, and utilizes acetyl-CoA as an immediate precursor 

(Figure 1.3B). However, the pathway leading from sucrose-derived cytosolic hexose-Ps to 

plastidial acetyl-CoA is quite flexible and varies within and between species. Thus the relative 

importance of PEPC-derived metabolite precursors (i.e. malate) in this process varies as well 

(Figure 1.3B) (Baud and Lepiniec, 2010; Rawsthorne, 2002). Studies using isolated leucoplasts 

from developing castor oil seeds (COS) and Helianthus annus (sunflower) seeds showed that 

exogenous malate supported maximal rates of triacylglyceride biosynthesis relative to other 

precursors (Pleite et al., 2005; Smith et al., 1992). Malate imported into the leucoplast is 

subsequently oxidized into acetyl-CoA via the plastidial isozymes of NADP-ME and pyruvate 

dehydrogenase complex (PDC), resulting in the production of all the reductant (NADPH and 

NADH) and acetyl-CoA necessary for C incorporation into fatty acids (Figure 1.3B). 

Additionally, storage lipid accumulation in COS is closely correlated with both PEPC and 

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) and 

a specific malate-Pi antiporter has been identified within the leucoplast envelope of developing 

COS and maize embryos (Eastmond et al., 1997; Lara-Nunez and Rodriguez-Sotres, 2004). 
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Metabolic flux studies have reported that in developing green oil seeds such as rapeseed, flux 

from malate to plastidial acetyl-CoA appears to be negligible (Schwender et al., 2006) despite a 

strong correlation between PEPC expression and oil synthesis rates (Sebei et al., 2006). In 

contrast, in non-green oil seeds such as maize and sunflower, 30% and 10% respectively, of C 

flux into fatty acids was reported to be derived from PEPC generated malate (Alonso et al., 

2007; Alonso et al., 2010). Taken together, these results support the hypothesis that PEPC plays 

an important role in controlling sucrose partitioning at the cytosolic PEP branchpoint to produce 

C-skeletons and reductant required for fatty acid biosynthesis in developing non-green oil seeds 

such as COS (Figure 1.3B) (O’Leary et al., 2011b). The metabolic flux studies have revealed 

that PEPC provisioning of malate appears to be more important for fatty acid biosynthesis in 

non-green oil seeds versus green oil seeds. Since fatty acid synthesis in green oil seeds is light-

dependent (Baud and Lepiniec 2010; Goffman et al., 2005; Ruuska et al., 2004) most of the 

reducing power needed to assemble fatty acids from acetyl-CoA is generated by the light 

reactions of leucoplast photosynthesis. Non-green oil seeds however do not photosynthesize; 

thus they must rely upon the reductant produced by the oxidation of malate and other metabolite 

precursors of acetyl-CoA to fuel triacylglyceride synthesis. 

 In the early 1960’s, Harry Beevers (Purdue University), a celebrated plant physiologist, 

began a prolific body of work studying oilseed development and germination, carbon 

metabolism, and triacylglyceride storage and mobilization, using the castor plant as a model. 

COS has since become an important model system for studying non-green oilseed metabolism. 

Several desirable attributes of COS including its massive accumulation of storage oils during 

development (~64% of total seed weight) (Buchanan et al., 2000; Eastmond and Graham, 2001), 

its easily harvestable endosperm tissue, and robust and rapid growth have also contributed to its 
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amenability as a model organism for studying oil seed metabolism. The recent sequencing and 

annotation of the castor genome have provided an important foundation for further investigation 

of regulatory and metabolic networks of castor-oil biosynthesis (Chan et al., 2010).  

 

1.4 POST-TRANSLATIONAL CONTROL OF CLASS-1 PEPCs 

 

Allosteric Effectors 

 

 Plant Class-1 PEPCs are subject to a wide variety of post-translational controls, most of 

which were elucidated by 1990. Allosteric control of Class-1 PEPC is mediated by both feed-

forward activation and feedback inhibition. Hexose and triose-phosphates including glucose-6-

phosphate (Glu-6-P) and glycerol-3-phosphate (Gly-3-P) are allosteric activators, whereas L-

malate, aspartate (Asp) and Glu are allosteric inhibitors (Figures 1.1 and 1.3A) (Chollet et al., 

1996; Blonde and Plaxton, 2003; O’Leary et al., 2011b; Law and Plaxton, 1997; Moraes and 

Plaxton, 2000). Inhibition by Asp and Glu provides a regulatory link between N-metabolism and 

the control of respiratory C metabolism in plant tissues active in N-assimilation, through the 

concordant control of Class-1 PEPC (Figure 1.3A).  

Regulatory Phosphorylation 

 

 Regulatory phosphorylation of Class- 1 PEPC was first documented through the study of 

C4 and CAM photosynthetic Class-1 PEPC isozymes (Nimmo, 2003) and has since been 

implicated in the in vivo control of the enzyme from a wide range of non-photosynthetic tissues 

(O’Leary et al., 2011b). Phosphorylation of PTPC occurs at a single, highly conserved serine 

(Ser) residue near the N-terminus of the protein (Figure 1.4). The phosphorylation of Class-1 

PEPC results in enzyme activation at physiological pH by decreasing its sensitivity to allosteric 

inhibitors whilst simultaneously increasing its affinity for PEP and sensitivity to allosteric 

activators (Chollet et al., 1996; Izui et al., 2004; O’Leary et al., 2011b, Nimmo, 2003; Nimmo, 
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2006). The phosphorylation status of Class-1 PEPCs is mediated by an endogenous Ca
2+

-

independent PEPC protein kinase (PPCK) and protein phosphatase type-2A (PP2A) (Nimmo, 

2003; Nimmo, 2006; Li and Chollet, 1994; Wang and Chollet, 1993; Murmu and Plaxton, 2007). 

Due to the importance of phosphorylation as a regulatory mechanism of Class-1 PEPC, extensive 

studies of PPCK have been undertaken, including its cloning from CAM, C4, and C3 plants, as 

well as the purification and characterization of the native protein from several species (Nimmo, 

2003; Nimmo, 2006). Consequently, PPCK-mediated phosphorylation of Class-1 PEPC 

continues to be one of the most well-understood paradigms of regulatory enzyme 

phosphorylation in planta (O’Leary et al., 2011b). 

With Mrs ranging from 31-33 kDa, PPCKs lack a regulatory domain and consist only of a 

core kinase catalytic domain; they are thus the smallest protein kinases yet to be reported (Izui et 

al., 2004; Nimmo, 2006). Due to the lack of any regulatory domain, PPCK activity and 

ultimately Class-1 PEPC phosphorylation status appears to be largely controlled by rates of 

PPCK synthesis and degradation (Izui et al., 2004; Nimmo, 2006; Murmu and Plaxton, 2007). 

This means of control is relatively unorthodox as most protein kinases are post-translationally 

controlled by second messengers such as Ca
2+

 ions, cyclic nucleotides, and/or phosphorylation 

by other protein kinases. However there is some evidence of additional post-translational PPCK 

controls including:  (1) malate inhibition of PPCK activity, possibly through its interaction with 

PEPC (Murmu and Plaxton, 2007; Law and Plaxton, 1997; Wang and Chollet, 1997), (2) dithiol-

disulfide interconversion (Murmu and Plaxton, 2007; Saze et al., 2001; Tsuchida et al., 2001), 

and (3) a proteinaceous inhibitor (Nimmo et al., 2001).  

PPCK expression is upregulated in planta in response to a variety of signals. These 

include light and N supply in C3 leaves, light in C4 leaves, a circadian rhythm in CAM leaves, 
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nutritional Pi deprivation in cell cultures and C3 plants, and photosynthate supply in developing 

seeds and legume root nodules (Nimmo, 2003; Nimmo, 2006; Murmu and Plaxton, 2007; Feria 

et al., 2008; Chen et al., 2008; Fukayama et al., 2006; Monreal et al., 2010; Monreal et al., 2007; 

Shenton et al., 2006; Gregory et al., 2009). In developing COS and soybean root nodules 

endogenous PPCK transcripts, activity, and PTPC phosphorylation are eliminated in response to 

prolonged darkness of intact plants. The reillumination of these plants led to the complete 

reversal of these effects (Murmu and Plaxton, 2007; Chen et al., 2008; Tripodi et al., 2005).  It is 

clear from these results that there is a direct relationship between the delivery of photosynthate 

from illuminated leaves to these heterotrophic “sink-tissues” and the upregulation of PPCK 

activity and PTPC phosphorylation. Studies of the PP2A which dephosphorylates PTPC in vivo 

have shown constant expression levels throughout plant tissue, indicating that PTPC 

phosphorylation status is predominantly controlled by PPCK activity (Chollet et al., 1996; 

Hartwell et al., 1999; Dong et al., 1998). However, PP2A is notoriously under-studied in 

comparison with PPCK. Therefore, additional research is necessary in order to determine 

whether the catalytic activities of PP2A subunits are controlled by associated regulatory 

subunits. Nevertheless, PPCK-mediated phosphorylation of PEPC appears to be one of the many 

ways in which plant cells sense sugars, allocate C between source and sink tissues, and 

subsequently partition it into various storage end products. 

Aside from directly controlling enzymatic activity, protein phosphorylation can provide 

docking sites for other proteins and thus can be a crucial component in mediating protein:protein 

interactions. In particular, a highly conserved and abundant family of proteins collectively 

known as 14-3-3s, bind to phospho-sites on diverse target proteins and play a central regulatory 

role in eukaryotic cells (Plaxton and Podestá, 2006). The Arabidopsis PTPC isozyme AtPPC1 
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was recently identified as a putative 14-3-3 binding protein via the proteomic profiling of tandem 

affinity purified 14-3-3 protein complexes from transgenic Arabidopsis seedlings (Chang et al., 

2009). However, AtPPC1, and PTPCs in general, do not contain any known 14-3-3 binding 

motifs and attempts to demonstrate 14-3-3 binding by pure native phospho- or dephosphorylated 

AtPPC1 have been unsuccessful (C. MacKintosh and W. Plaxton, unpublished data). Additional 

research is necessary to determine whether or not 14-3-3s do bind to any Class-1 PEPCs or have 

any effect on the enzyme’s kinetic and regulatory properties.  

Monoubiquitination 

 

 Ubiquitin is a small (8-kDa), highly conserved, regulatory protein found in all eukaryotic 

cells. It can be covalently attached to a target protein through an isopeptide bond between its C-

terminal glycine (Gly) residue and the ε-amino group of a lysine (Lys) residue on its target. The 

attachment of ubiquitin to a protein is accomplished via a multi-enzyme system consisting of 

activating (E1), conjugating (E2), and ligating (E3) enzymes. Polyubiquitination is a well-

studied, pervasive, eukaryotic PTM that targets proteins for degradation by the 26S proteasome. 

Unsurprisingly, the degradation of both PPCK and PTPC via the polyubiquitin-proteasome 

pathway has been reported (Agetsuma et al., 2005; Schulz et al., 1993). Less well-understood 

however, is protein monoubiquitination, a reversible and non-destructive PTM that mediates 

protein:protein interactions and protein subcellular localization to  help control diverse cellular 

processes such as DNA repair, endocytosis, transcription and translation, and signal transduction 

(Schnell and Hicke, 2003; Mukhopadhay and Riezman, 2007).  

 Studies of Class-1 PEPC from germinating COS endosperm unexpectedly revealed that 

PTPC monoubiquitination is a further tier of post-translational control for this important 

metabolic enzyme (Uhrig et al., 2008b). Germinating COS endosperm extracts contain two 
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immunoreactive PTPC polypeptides that migrate at 107- and 110-kDa, and which occur at a 1:1 

ratio when PEPC is purified from these tissues. Through the use of N-terminal sequencing, mass 

spectrometry, and immunoblotting, it was established that both polypeptides are the products of 

the same PTPC gene (RcPpc3), and that the 110-kDa polypeptide is the monoubiquitinated form 

of the 107-kDa subunit (Figure 1.5) (Uhrig et al., 2008b). Lys-628 was identified as the site of 

PTPC monoubiquitination in germinating COS endosperm; this residue is absolutely conserved 

in all sequenced PTPCs and BTPCs and is proximal to a PEP binding/catalytic domain (Uhrig et 

al., 2008b). A recombinant human deubiquitinating enzyme [USP-2 (ubiquitin specific protease-

2) core], when incubated with pure Class-1 PEPC from germinating COS endosperm, effectively 

cleaved ubiquitin from the 110-kDa PTPC subunit, converting it back into the 107-kDa subunit 

(Uhrig et al., 2008b). Class-1 PEPC deubiquitination led to a significant reduction in the 

enzyme’s Km(PEP) and sensitivity to all allosteric effectors (Uhrig et al., 2008b).  PTPC 

monoubiquitination has since been demonstrated in Lilium longiflorum (lily) pollen (Igawa et al., 

2010) and the hallmark immunoreactive PTPC “doublet” that is characteristic of  

monoubiquitinated Class-1 PEPC from germinating COS endosperm has been reported on PTPC 

immunoblots of extracts from a wide variety of plants and tissues (Gonzalez et al., 1998; Osuna 

et al., 1999; Nhiri et al., 2000; O’Leary et al., 2011b). The most recent development in our 

understanding of PEPC monoubiquitination comes from a study of Class-1 PEPC in the proteoid 

roots of Pi-deprived Hakea prostrata  (harsh hakea), a non-mycorrhizal species adapted to the 

nutrient-impoverished soils of Western Australia (Shane et al., 2013). In early root development, 

Hakea Class-1 PEPC exists as a heterotetramer containing an equivalent ratio of 

monoubiquitinated 110-kDa and phosphorylated 107-kDa PTPC subunits. As root maturation 

proceeds, Hakea 110-kDa PTPC subunits become deubiquitinated and subsequently 
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phosphorylated in vivo. These PTMs correlate with PEPC activation as well as increased 

production of organic acid anions such as malate and citrate which are excreted in copious 

amounts by the roots in response to Pi-deficiency (Shane et al., 2013).  This study represents the 

first evidence for the simultaneous monoubiquitination and phosphorylation of individual but 

otherwise identical subunits of an oligomeric native enzyme. In contrast, previous studies of 

Class-1 PEPC PTMs in various castor plant tissues indicated that PTPC monoubiquitination and 

phosphorylation may be mutually exclusive (O’Leary et al., 2011b; O’Leary et al., 2009). It is 

clear that additional research is necessary to fully understand both the prevalence, metabolic 

functions and “cross-talk” between PTPC monoubiquitination and phosphorylation. 

 

1.5 CLASS-2 PEPC COMPLEXES 

 

The Discovery of the BTPC Gene 

 

 The advent of genome sequencing led to the interrogation of Arabidopsis and rice PEPC 

gene families in 2003, which resulted in the surprising discovery that both species contained a 

PEPC gene whose deduced amino acid sequence was quite divergent from those of PTPCs 

(Sanchez and Cejudo, 2003). These novel PEPC isoenzymes shared a slightly higher sequence 

similarity with PEPCs from proteobacteria than with vascular PTPCs and this led to their 

subsequent classification as BTPCs while the remaining C3, C4, and CAM PEPCs became known 

thereafter as PTPCs. BTPCs constitute a monophyletic group, are believed to have evolved in 

green algae, and are present in every plant or algal genome that has been sequenced to date 

(O’Leary et al., 2011b).  
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The Discovery and Characterization of BTPC polypeptides 

 

 Prior to the identification of the gene encoding the BTPC polypeptide, a series of papers 

published in the 1990’s, describing the purification and characterization of PEPCs from 

unicellular green algae (Selenastrum minutum and Chlamydomonas reinhardtii), unknowingly 

provided the first empirical evidence of the BTPC subunit. Two distinct PEPC classes which 

shared an identical PTPC subunit but exhibited highly dissimilar physical and kinetic properties 

were purified from both algal species (Rivoal et al., 1996; Rivoal et al., 1998; Rivoal et al., 

2001; Rivoal et al., 2002; Schuller et al., 1990).  The expected 400-kDa PEPC homotetramers 

composed exclusively of identical PTPC subunits were classified as Class-1 PEPCs, whereas 

novel, higher Mr complexes composed of PTPC subunits in tight association with an 

immunologically unrelated 130-kDa subunit (subsequently shown to be BTPC) were designated 

as Class-2 PEPCs. In comparison with Class-1 PEPCs, Class-2 PEPCs displayed enhanced 

thermal stability, a broader pH-activity profile, biphasic PEP saturation kinetics, and a 

significantly reduced sensitivity to allosteric effectors. Changes in the supply of inorganic N 

were shown to have an effect on the levels of gene and protein expression of both algal PEPC 

subunits. However this effect was more pronounced for the PTPC subunits, which supports the 

hypothesis that Class-1 PEPC has an important anaplerotic function during N-assimilation 

(Mamedov et al., 2004; Moellering et al., 2007). From these and other studies of BTPC, deduced 

PEPC polypeptides can now be easily classified as a BTPC or PTPC based on three main 

criteria: (1) the C-terminal tetrapeptide is (R/K)NTG for BTPCs and QNTG for PTPCs, (2) 

BTPCs lack the N-terminal serine phosphorylation motif (acidic-basic-XX-[pS]-IDAQLR) that 

is a hallmark of all PTPCs (Sanchez and Cejudo, 2003; Mamedov et al., 2005; Gennidakis et al., 
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2007), and (3) all BTPCs contain a unique and highly divergent approximate 10-kDa insertion 

known as an “intrinsically disordered region” (Figure 1.4) (O’Leary et al., 2011c).  

 Purification and characterization of low- and high-Mr PEPC isoforms from the 

endosperm of developing COS revealed that these distinct PEPC complexes shared incredibly 

similar physical, kinetic, and regulatory properties with the Class-1 and Class-2 PEPCs present 

in green algae (Blonde and Plaxton, 2003). Native COS Class-1 PEPC is a classic 410-kDa 

homotetramer consisting of phosphorylated 107-kDa PTPC subunits, whereas native COS Class-

2 PEPC is a 910-kDa hetero-octamer composed of the same Class-1 PEPC core tightly 

associated with four 118-kDa BTPC subunits (Figure 1.5) (Gennidakis et al., 2007; Blonde and 

Plaxton, 2003).  Relative to COS Class-1 PEPC, COS Class-2 PEPC displayed the enhanced 

thermal stability, decreased allosteric effector sensitivity, a broader pH-activity profile, and 

biphasic PEP saturation kinetics characteristic of algal Class-2 PEPCs (Blonde and Plaxton, 

2003; O’Leary et al., 2009). A suite of additional in vitro techniques including co-

immunopurification (co-IP) and non-denaturing PAGE of clarified extracts, in conjunction with 

in-gel PEPC activity staining and parallel immunoblotting with BTPC- and PTPC-specific 

antibodies, have been used to further document Class-1 and Class-2 PEPCs in developing COS, 

lily pollen, and expanding castor leaves (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).  

 Native BTPC subunits of vascular plant and algal Class-2 PEPCs are highly susceptible 

to in vitro proteolytic cleavage by an endogenous thiol endopeptidase at a specific site in their 

intrinsically disordered region (Figure 1.4) (Gennidakis et al., 2007; Rivoal et al., 1998; Rivoal 

et al., 2001). This rapid proteolytic degradation has rendered the purification of native COS 

Class-2 PEPC with non-truncated BTPC subunits virtually impossible, despite the use of a wide-
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range of protease inhibitors and cocktails. Limited protection against the proteolysis of BTPC 

from clarified COS extracts via the use of phenylmethylsulfonyl fluoride (PMSF) and the 

ProteCEASE 100 Cocktail produced by G Biosciences has allowed for immunoblotting and co-

IP of the non-graded 118-kDa BTPC polypeptide (Gennidakis et al., 2007; Uhrig et al., 2008a). 

To circumvent the difficulties posed by the in vitro proteolysis of BTPC, two additional 

techniques have been employed to allow for the characterization of non-degraded, native BTPC. 

Co-IP of highly enriched native BTPC via the use of an anti-(castor PTPC)-IgG immunoaffinity 

column allowed for the purification of relatively large quantities of the native protein which 

facilitated detailed MS characterization of its in vivo phosphorylation sites (Uhrig et al., 2008a; 

O’Leary et al., 2011c). Alternatively, recombinant wild-type and phosphomimetic mutant 

versions of COS BTPC (RcPPC4) and Arabidopsis PTPC (AtPPC3) were heterologously 

expressed in Escherichia coli, and cell lysates mixed together to form stable, chimeric, Class-2 

PEPCs which were then successfully purified and characterized (O’Leary et al., 2009; O’Leary 

et al., 2011c; Dalziel et al., 2012). Analysis of wild-type and mutant recombinant Class-2 PEPCs 

has led to (1) the kinetic characterization of the BTPC subunit, (2) an understanding of the 

regulatory effect BTPC subunits exert on PTPC subunits within the Class-2 PEPC complex, and 

(3) insights into the regulatory role of multi-site phosphorylation of the BTPC subunit via the use 

of phosphomimetic mutagenesis (O’Leary et al., 2009; O’Leary et al., 2011c; Dalziel et al., 

2012).  

 Although the BTPC polypeptide retains full PEPC catalytic activity, there are several 

lines of evidence which strongly suggest that PTPC subunits are essential binding partners of 

BTPC in vivo. For example: (1) native BTPC subunits have only ever been observed in 

association with PTPC subunits as a Class-2 PEPC complex, (2) BTPC subunits tightly associate 
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with PTPC subunits during purification, (3) recombinant COS BTPC forms insoluble aggregates 

when left in isolation (i.e. without PTPC binding partners), and (4) transient co-expression 

studies of FP (fluorescent protein)-tagged castor oil plant PTPC and BTPC subunits in tobacco 

BY2 cells have demonstrated their in vivo interaction and dynamic association with the surface 

of mitochondria, mediated by BTPC’s intrinsically disordered region (Igawa et al., 2010; 

Gennidakis et al., 2007; Blonde and Plaxton, 2003; Rivoal et al., 1998; Rivoal et al., 2001; 

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

Tissue-Specific Expression of BTPC in the Castor Plant 

 

 Recent work has characterized the tissue-specific expression of BTPC in the castor plant, 

in an attempt to further discern the physiological role of this protein. BTPC transcripts and 

polypeptides: (1) are abundant in the inner integument, cotyledon and endosperm of developing 

COS, (2) occur at low levels in roots and cotyledons of germinating COS, and (3) exhibit a 

distinct developmental profile pattern in leaves, with detectable expression levels found only in 

leaf buds and young, expanding leaves (O’Leary et al., 2011a). It appears that BTPC and thus 

Class-2 PEPC expression is limited to those tissues which are rapidly growing and/or very 

biosynthetically active, whereas PTPC and thus Class-1 PEPC exists as a ‘housekeeping’ form of 

PEPC that is constitutively expressed in all tissues (O’Leary et al., 2011b). One of the main 

results from the aforementioned imaging studies done with FP-PEPCs in tobacco BY2 cells was 

that Class-1 PEPC appeared to localize diffusely throughout the cytosol, whereas Class-2 PEPC 

dynamically associates with the outer mitochondrial envelope in response to mitochondrial 

respiration (Park et al., 2012). Class-2 PEPC’s unique kinetic and regulatory properties, in 

conjunction with its restriction to biosynthetically active tissues and its subcellular localization to 

the mitochondrial surface has to the hypothesis that it functions as a “metabolic overflow 
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mechanism” that facilitates rapid refixation of respiratory CO2 while sustaining a large 

anaplerotic flux to replenish Kreb’s cycle C-skeletons withdrawn for biosynthesis (O’Leary et 

al., 2011b; Park et al., 2012). 

Post-Translational Modification of BTPC in the Developing COS 

 

As BTPC subunits lack the traditional PTPC N-terminal seryl-phospho-site, it was 

erroneously assumed that plant BTPCs are not phosphorylatable in vivo (Sanchez and Cejudo, 

2003; Nimmo, 2006). However, preliminary studies of co-IP’d COS BTPC using the 

phosphoprotein stain Pro-Q Diamond, revealed that the native BTPC from developing COS 

endosperm was in fact highly phosphorylated in vivo (Uhrig et al., 2008a). Moreover, Pi-affinity 

PAGE using Phos-Tag acrylamide in conjunction with λ-phosphatase treatment demonstrated 

that COS BTPC phosphorylation occurs at multiple sites (Uhrig et al., 2008a). Fourier-transform 

MS of highly enriched co-IP’d BTPC identified three novel phosphorylation sites: Thr
4
 at the N-

terminus along with Ser
425

 and Ser
451

 within BTPC’s intrinsically disordered region (respectively 

corresponding to acidophilic, proline-directed and basophilic kinase recognition motifs) (Figures 

1.4 and 1.5) (O’Leary et al., 2011b; Uhrig et al., 2008a; O’Leary et al., 2011c, Dalziel et al., 

2012). Thr
4
 and Ser

451 
are conserved in all other BTPC orthologues, whereas Ser

425
 is only 

partially conserved (Figure 1.4) (O’Leary et al., 2011b; O’Leary et al., 2011c; Dalziel et al., 

2012).  

Kinetic analyses of phosphomimetic mutants (Ser to Asp) of COS BTPC at Ser
425

 and 

Ser
451

 indicated that phosphorylation at both sites causes inhibition of  BTPC catalytic activity 

within the Class-2 PEPC complex by increasing their Km(PEP) as well as their sensitivity to 

feedback inhibition by Asp and malate (O’Leary et al., 2011c; Dalziel et al., 2012). Phospho-site 

specific antibodies raised against short, synthetic phosphopeptides corresponding to the sequence 
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flanking the Ser
425 

and Ser
451

 phospho-sites have been crucial tools for studying the in vivo 

phosphorylation of BTPC in COS at both sites. The developmental patterns of BTPC 

phosphorylation at Ser
425

 and Ser
451

, determined via immunoblotting of clarified COS extracts 

with the respective phospho-site specific antibodies, have been shown to be quite distinct from 

the in vivo phosphorylation of COS Class-1 PEPC’s PTPC subunits at Ser
11

 (Murmu and 

Plaxton, 2007; O’Leary et al., 2011c; Dalziel et al., 2012). Phosphorylation of BTPC at both 

sites in the developing COS endosperm increases from Stage III-IX, which are the stages 

coincident with storage oil production (O’Leary et al., 2011c; Dalziel et al., 2012). Additionally, 

the removal of photosynthate supply via seed pod excision (depodding), leads to the increase in 

Ser
425

 and Ser
451

 phosphorylation (O’Leary et al., 2011c; Dalziel et al., 2012), but rapid PTPC 

dephosphorylation (Murmu and Plaxton, 2007). Taken together, these results as well as 

distinctive phosphorylation motifs surrounding the respective seryl residues clearly imply that 

phosphorylation of COS PTPC at Ser
11

 and BTPC at Ser
425

 and Ser
451

 are subject to control by 

different protein kinases and signaling pathways. Similar phosphomimetic analyses of the Thr
4
 

phospho-site have not found any discernible kinetic effect of phosphorylation at this site 

(O’Leary et al., 2011b). However, the Thr
4
 phospho-site exists in a conserved FHA (forkhead-

associated)-binding domain (pTXXD), which are known phosphothreonine-dependent protein 

interaction modules (Chevalier et al., 2009). It will thus be of interest to establish whether BTPC 

phosphorylation at Thr
4
 mediates the interaction of Class-2 PEPCs with any FHA domain-

containing proteins (O’Leary et al., 2011b).  

1.6 THESIS OBJECTIVES 
 

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

regulatory role of in vivo COS BTPC phosphorylation at Ser
451

 and Ser
425

, nothing is known 
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about the identity, biochemical properties, or control of the protein kinase(s) responsible for 

these PTMs. Thus, the main objective for my thesis was to address this knowledge gap by 

purifying and characterizing the protein kinase that phosphorylates BTPC at Ser
451

 in developing 

COS endosperm. This knowledge will aid in further understanding the role BTPC 

phosphorylation plays in Class-2 PEPC function within COS, and ultimately, the role Class-2 

PEPC plays in carbon partitioning to important storage end products in developing non-green 

oilseeds.  

 A relatively novel, non-radioactive, semi-quantitative assay of BTPC Ser
451

 kinase 

(BTPC-K) activity was initially employed to facilitate the purification of the BTPC-K from 

developing COS endosperm. This assay is based upon the use of BTPC Ser
451

 phospho-site 

specific antibodies and immunoblotting to assess Pi incorporation from unlabeled ATP into the 

conserved Ser
451

 residue of the BTPC subunits of recombinant Class-2 PEPC. This 

immunological-based assay will also be used for various clarified extract studies of BTPC-K. 

The successful purification of the COS BTPC-K allowed for the kinetic characterization of the 

partially purified kinase via the use of a more traditional, quantitative kinase assay using [γ-
32

P]-

ATP, and possibly facilitate its identification via mass spectrometry.   
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Figure 1.1: The phosphoenolpyruvate carboxylase reaction. The carboxylation of PEP to 

oxaloacetate releasing Pi by PEPC requires the presence of both HCO3
-
 and the metal cofactor 

Mg
2+

. Glycerol-3-P and glucose-6-P act as allosteric activators of Class-1 PEPC from vascular 

plants whereas L-Asp, L-Glu, and L-malate act as allosteric inhibitors.  
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Figure 1.2 The diverse functions of plant PEPCs. Plant PEPC isozymes have a variety of 

functions including: atmospheric CO2 fixation in C4 and CAM plants, C/N interactions, 

anaplerotic replenishment of TCA cycle intermediates, carbon storage, N2 fixation, energy 

supply for symbiotic bacteria, energy production, abiotic stress acclimation, seed development, 

seed germination, and cell expansion. (taken from O’Leary et al., 2011b).   
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Figure 1.3 Models illustrating several metabolic functions of plant PEPCs. (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 GS/GOGAT in 

plastids and aspartate amino transferase in the cytosol. The co-ordinate 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 are 

as 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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RcPPC1 MAGRNLVIMASIDAQLRLLALRKVSEDDKLVEYDALLLDRFLDILQDLHGEDI-RETVQDCYELSAEYEGKHNPQKLAE--LGKVLTSLDPGDSIVVTKSFSHMLNLANLAEEVQIAYRR 117 

RcPPC3 MQPRNLEKLASIDAQLRLLVPAKVSEDDKLVEYDALLLDRFLDILQDLHGEDL-KETVQECYELSAEYEGKHDPRKLDE--LGNLLTSLDPGDSIVIAKSFSHMLNLANLAEEVQIAYRR 117  

AtPPC1 MANRKLEKMASIDVHLRQLVPGKVSEDDKLVEYDALLLDRFLDILQDLHGEDL-RETVQELYEHSAEYEGKHEPKKLEE--LGSVLTSLDPGDSIVIAKAFSHMLNLANLAEEVQIAYRR 117  
AtPPC3 MAGRNIEKMASIDAQLRQLVPAKVSEDDKLVEYDALLLDRFLDILQDLHGEDL-RETVQELYELSAEYEGKREPSKLEE--LGSVLTSLDPGDSIVISKAFSHMLNLANLAEEVQIAHRR 117   

AtPPC2 MAARNLEKMASIDAQLRLLAPGKVSEDDKLIEYDALLLDRFLDILQDLHGEDV-REFVQECYEVAADYDGNRNTEKLEE--LGNMLTSLDPGDSIVVTKSFSNMLSLANLAEEVQIAYRR 117   

RcPPC4 -------MTDTTDDIAEEISFQSFDDDCKLLG--NLLNDVLQREVGSKFMEKLERNRILAQSACNMRLAGIEDTAELLEKQLALEISRMTLEEALTLARAFSHYLNLMGIAETHHRVR-- 109   
AtPPC4 -------MTDTTDDIAEEISFQSFEDDCKLLG--SLFHDVLQREVGNPFMEKVERIRILAQSALNLRMAGIEDTANLLEKQLTSEISKMPLEEALTLARTFTHSLNLMGIADTHHRMH-- 109   

                 : *   . :   ...:* **:    *: * :   : . . *.: :  :           * .:. :* *  *   :: :   :::.::::*:: *.* .:*: :  

  

 

RcPPC1 RIK-LKKGDFADENSATTESDIEETLKRLVVQLKKSPEEVFDALKNQTVDLVLTAHPTQSVRRSLLQKHARIRDCLTQLYAKDITPDDKQELDEALQREIQAAFRTDEIRRTPPTPQDEM 236  

RcPPC3 RNK-LKKGDFADENSATTESDIEETFKRLVIDLKKSPEEVFDALKNQTVDLVLTAHPTQSIRRSLLQKHARIRNCLAQLYAKDITPDDKQELDEALQREIQAAFRTDEIRRTAPTPQDEM 236  

AtPPC1 RIKKLKKGDFVDESSATTESDLEETFKKLVGDLNKSPEEIFDALKNQTVDLVLTAHPTQSVRRSLLQKHGRIRDCLAQLYAKDITPDDKQELDEALQREIQAAFRTDEIKRTPPTPQDEM 237  

AtPPC3 RIKKLKKGDFVDESSATTESDIEETFKRLVSDLGKSPEEIFDALKNQTVDLVLTAHPTQSVRRSLLQKHGRIRDCLAQLYAKDITPDDKQELDESLQREIQAAFRTDEIRRTPPTPQDEM 237  

AtPPC2 RIKKLKKGDFADEASATTESDIEETLKRLL-QLNKTPEEVFDALKNQTVDLVLTAHPTQSVRRSLLQKFGRIRDCLTQLYAKDITPDDKQELDEALQREIQAAFRTDEIRRTPPTPQDEM 236 

RcPPC4 -----------KARSMTHLSKSCDDIFNQLLQSGISAEELYDTVCKQEVEIVLTAHPTQINRRTLQYKHIRIAHLLDYNDRPDLTHEDREMLIEDLVREITSIWQTDELRRHKPTPVDEA 218  

AtPPC4 -----------KVHNVTQLARSCDDIFSQLLQSGISPDELYKTVCKQEVEIVLTAHPTQINRRTLQYKHIRIAHLLEYNTRSDLSVEDRETLIEDLVREITSLWQTDELRRQKPTPVDEA 218  

                  .  . *  :   : :   : :   :.:*::.:: :* *::********  **:*  *. ** . *      *:: :*:: * * * *** : ::***::*  *** **  

 

 

RcPPC1 RAGMSYFHETIWKGVPKFLRRVDTALKNIGINERVPYNAPLIQFSSWMGGDRDGNPRVTPEVTRDVCLLARMMAANLYFSQIEDLMFELSMWRCNE------------------------ 332  

RcPPC3 RAGMSYFHETIWKGVPKFLRRVDTALKNIGINERVPYNAPLIQFSSWMGGDRDGNPRVTPEVTRDVCLLARMMAANLYYSQIEDLMFELSMWRCSD------------------------ 332  

AtPPC1 RAGMSYFHETIWKGVPKFLRRVDTALKNIGIEERVPYNAPLIQFSSWMGGDRDGNPRVTPEVTRDVCLLARMMAATMYFNQIEDLMFEMSMWRCND------------------------ 333  

AtPPC3 RAGMSYFHETIWKGVPKFLRRVDTALKNIGIDERVPYNAPLIQFSSWMGGDRDGNPRVTPEVTRDVCLLARMMAANLYYNQIENLMFELSMWRCTD------------------------ 333  

AtPPC2 RAGMSYFHETIWKGVPKFLRRVDTALKNIGINERVPYNAPLIQFSSWMGGDRDGNPRVTPEVTRDVCLLARMMAANLYFSQIEDLMFEMSMWRCNE------------------------ 332  

RcPPC4 RAGLNIVEQSLWKALPHYLRRVSTALKKH-TGKPLPLTCTPIRFGSWMGGDRDGNPNVTAKVTRDVSLLSRWMAVDLYIREVDSLRFELSMVQCSDRLLKVANDILIEETSSEDHHESWN 337  

AtPPC4 RAGLNIVEQSLWKAVPQYLRRVSNSLKKF-TGKPLPLTCTPMKFGSWMGGDRDGNPNVTAKVTKEVSLLSRWMAIDLYIREVDSLRFELSTDRCSDRFSRLADKILEKD---------YD 328  

       ***:. ..:::**.:*::****..:**:    : :* ... ::*.***********.**.:**::*.**:* **  :*  :::.* **:*  :*.:  

  

 

RcPPC1 -----------------ELRVRADEL---------------------------------------------------------------------------HRTSRKDA-KHYIEFWKQI 359  

RcPPC3 -----------------ELRVRADEL---------------------------------------------------------------------------HRSSKRDS-KHYIEFWKQV 359  

AtPPC1 -----------------ELRARADEV---------------------------------------------------------------------------HANSRKDAAKHYIEFWKSI 361  

AtPPC3 -----------------EFRVRADEL---------------------------------------------------------------------------HRNSRKDAAKHYIEFWKTI 361  

AtPPC2 -----------------ELRVRAER----------------------------------------------------------------------------QRCAKRDA-KHYIEFWKQI 358  

RcPPC4 QPASRSQTKFPRKSLPTQLPPRADLPACTECNDGESQYPKLELPGTDYMPFNRQEALGSSYSESSSQDINHGLPKTTGNGSVANSSGSPRASFSS-AQLVAQRKLFAESKIGRSSFQKLL 456  
AtPPC4 RGKSNFQKQQSSSCLPTQLPARAHLPACIDF--GESRHTKFEIATTDYMPPNLQKQNEQDFSESDWEKIDNGS----------RSGLTSRGSFSSTSQLLLQRKLFEESQVGKTSFQKLL 436  

                        ::  **.                                                                             :     ::     .* * :  

  

 

RcPPC1 PPS-------EPYRVILGDVRDKLYNTRERSRQLLANGISDIPEEATFTNVEQFLEPLELCYRSLCACGDRPIADGSLLDFLRQVSTFGLSLVRLDIRQESERHTDVLDAITKHLGIG-F 471  

RcPPC3 PPS-------EPYRVILGDLRDKLYQTRERSRQMLSHGNSDIPEEATFTNVEQFLEPLELCYRSLCSCGDQPIADGSLLDFLRQVSTFGFSLVRLDIRQESDRHTDVMDTITKHLEIG-S 471  

AtPPC1 PTT-------EPYRVILGDVRDKLYHTRERAHQLLSNGHSDVPVEATFINLEQFLEPLELCYRSLCSCGDRPIADGSLLDFLRQVSTFGLSLVRLDIRQESDRHTDVLDAITTHLDIG-S 473  

AtPPC3 PPT-------EPYRVILGDVRDKLYHTRERSRQLLSNGISDIPEEATFTNVEQFLEPLELCYRSLCSCGDSPIADGSLLDFLRQVSTFGLSLVRLDIRQESERHTDVLDAITKHLDIGSS 474 

AtPPC2 PAN-------EPYRAILGDVRDKLYNTRERARQLLSSGVSDVPEDAVFTSVDQFLEPLELCYRSLCDCGDRPIADGSLLDFLRQVSTFGLALVKLDIRQESERHSDVLDAITTHLGIG-S 470  

RcPPC4 EPSLPQRPGIAPYRIVLGNVKDKLMRTRRRLELLLEDLPCEYDQWDYYETTDQLLDPLLLCYESLQSCGAGVLADGRLADLIRRVATFGMVLMKLDLRQESGRHADTLDAITKYLEMG-T 575 

AtPPC4 EPPPLKRAGSAPYRIVLGEVKEKLVKTRRLLELLIEGLPCEYDPKNSYETSDQLLEPLLLCYESLQSSGARVLADGRLADLIRRVSTFGMVLVKLDLRQEAARHSEALDAITTYLDMG-T 555  

        .         *** :**::::** .**.  . ::    .:      : . :*:*:** ***.**  .*   :*** * *::*:*:***: *::**:***: **::.:*:**.:* :*  

  

 

RcPPC1 YREWSEEHRQEWLLTELRGKRPLFGPDLPKTDEIADVLDTFHVIAELPADNFGAYIISMATAPSDVLAVELLQRECRVKQP-----------LRVVPLFEKLADLEAAPAAVARLFSIDW 580  

RcPPC3 YREWSEERRQEWLLSELSGKRPLFGPDLQRTDEVADVLDTFHVIAELPADSFGAYIISMATAPSDVLAVELLQRECHVKQP-----------LRVVPLFEKLADLEAAPAALARLFSIDW 580  

AtPPC1 YREWSEERRQEWLLSELSGKRPLFGSDLPKTEEIADVLDTFHVIAELPADSFGAYIISMATAPSDVLAVELLQRECRVKQP-----------LRVVPLFEKLADLEAAPAAVARLFSVDW 582  

AtPPC3 YRDWSEEGRQEWLLAELSGKRPLFGPDLPKTEEISDVLDTFKVISELPSDCFGAYIISMATSPSDVLAVELLQRECHVKNP-----------LRVVPLFEKLADLEAAPAAVARLFSIDW 583  

AtPPC2 YKEWSEDKRQEWLLSELSGKRPLFGPDLPKTEEVADVLDTFKVISELPSDSFGAYIISMATAPSDVLAVELLQRECGITDP-----------LRVVPLFEKLADLESAPAAVARLFSIEW 579  

RcPPC4 YSEWDEEKKLEFLTRELKGKRPLVPPTIEVAPDVKEVLDAFRVAAELGSDSLGAYVISMASNASDVLAVELLQKDARLAVSGELGRPCPGGTLRVVPLFETVKDLRGAGSVIRKLLSIDW 695  

AtPPC4 YSEWDEEKKLEFLTRELKGKRPLVPQCIKVGPDVKEVLDTFRVAAELGSESLGAYVISMASNASDVLAVELLQKDARLALTSEHGKPCPGGTLRVVPLFETVNDLRAAGPSIRKLLSIDW 675  

       * :*.*: : *:*  ** *****.   :    :: :***:*:* :** :: :***:****: .**********::. :  .           ********.: **..* . : :*:*::*  

  

 

RcPPC1 YRNRIN----GKQEVMIGYSDSGKDAGRLSAAWQLYKAQEELVKVAKQYGVKLTMFHGRGGTVGRGGGPTHLAILSQPPDTIHGSLRVTVQGEVIEQSFGEEHLCFRTLQRFTAATLEHG 696 

RcPPC3 YRNRIN----GKQEVMIGYSDSGKDAGRFSAAWQLYKAQEELIKVAKQFGVKLTMFHGRGGTVGRGGGPTHLAILSQPPDTIHGSLRVTVQGEVNEQSCGEEHLCFRTLQRFTAATLEHG 696  

AtPPC1 YKNRIN----GKQEVMIGYSDSGKDAGRLSAAWQLYKAQEELVKVAKEYGVKLTMFHGRGGTVGRGGGPTHLAILSQPPDTINGSLRVTVQGEVIEQSFGEEHLCFRTLQRFTAATLEHG 698 

AtPPC3 YKNRIN----GKQEVMIGYSDSGKDAGRLSAAWELYKAQEELVKVAKKYGVKLTMFHGRGGTVGRGGGPTHLAILSQPPDTVNGSLRVTVQGEVIEQSFGEAHLCFRTLQRFTAATLEHG 699  

AtPPC2 YRNRIN----GKQEVMIGYSDSGKDAGRLSAAWQLYKTQEELVKVAKEYGVKLTMFHGRGGTVGRGGGPTHLAILSQPPDTIHGQLRVTVQGEVIEQSFGEEHLCFRTLQRFTAATLEHG 695  

RcPPC4 YREHIIKNHNGHQEVMVGYSDSGKDAGRFTAAWELYKAQEDVVAACNDFGIKVTLFHGRGGSIGRGGGPTYLAIQSQPPGSVMGTLRSTEQGEMVQAKFGLPHTAIRQLEIYTTAVLLAT 815  

AtPPC4 YREHIQKNHNGHQEVMVGYSDSGKDAGRFTAAWELYKAQENVVAACNEFGIKITLFHGRGGSIGRGGGPTYLAIQSQPPGSVMGSLRSTEQGEMVQAKFGIPQTAVRQLEVYTTAVLLAT 795 

       *:::*     *:****:***********::***:***:**::: ..:.:*:*:*:******::*******:*** ****.:: * ** * ***: : . *  : ..* *: :*:*.*  

  

 

RcPPC1 MHPPVSPKPE-WRTLLDEMAVIATKEYRSIVFQEPRFVEYFRLATPELEYGRMNIGSRPSKRKPSGGIESLRAIPWIFAWTQTRFHLPVWLGFGPAFKHVIEKDVRNLHMLQEMYNQWPF 815  

RcPPC3 MHPPVSPKPE-WRKLMDEMAVIATEEYRSIVFKEPRFVEYFRLATPELEYGRMNIGSRPSKRKPSGGIESLRAIPWIFAWTQTRFHLPVWLGFGAAFKHVIQKDVRNLHMLQEMYNEWPF 815  

AtPPC1 MRPPISPKPE-WRALLDEMAVVATEEYRSVVFQEPRFVEYFRLATPELEYGRMNIGSRPSKRKPSGGIESLRAIPWIFAWTQTRFHLPVWLGFGSAIRHVIEKDVRNLHMLQDMYQHWPF 817  

AtPPC3 MNPPISPKPE-WRALLDEMAVVATEEYRSVVFQEPRFVEYFRLATPELEYGRMNIGSRPSKRKPSGGIESLRAIPWIFAWTQTRFHLPVWLGFGAAFRYAIKKDVRNLHMLQDMYKQWPF 818  

AtPPC2 MHPPVSPKPE-WRVLMDEMAIIATEEYRSVVFKEPRFVEYFRLATPELEYGRMNIGSRPSKRKPSGGIESLRAIPWIFAWTQTRFHLPVWLGFGGAFKRVIQKDSKNLNMLKEMYNQWPF 814 

RcPPC4 LRPPHPPREEQWRNVMEEISKISCQNYRSTVYENPEFLAYFHEATPQAELGFLNIGSRPTRRKSSTGIGHLRAIPWVFAWTQTRFVLPAWLGVGAGLKGACEKG--FTEDLKAMYKEWPF 933  
AtPPC4 LKPPQPPREEKWRNLMEEISGISCQHYRSTVYENPEFLSYFHEATPQAELGFLNIGSRPTRRKSSSGIGHLRAIPWVFAWTQTRFVLPAWLGVGAGLKGVSEKG--HADDLKEMYKEWPF 913  

       :.** .*: * ** :::*:: :: :.*** *:::*.*: **: ***: * * :******::**.* **  ******:******** **.***.* .:: . :*.    . *: **:.***  

  

 

RcPPC1 FRVTIDLVEMVFAKGDPGIAALYDKLLVSEELWPFGERLRVNYEETKHLLLQVAGHKDLLEGDPYLKQRLRLRDAYITTLNVCQAYTLKRIRDPDYHVTLRPHLSKEHMESSKPAAELVK 935  

RcPPC3 FRVTIDLVEMVFAKGDPGIAALYDKLLVSQDLWSFGERLRTNYEETKRLLLQIAGHKDLLEGDPYLKQRLRLRDSYITTLNVCQAYTLKRIRDPNYNVTLRPHISKEIMESSKPADELVK 935  

AtPPC1 FRVTIDLIEMVFAKGDPGIAALYDKLLVSEELWPFGEKLRANFEETKKLILQTAGHKDLLEGDPYLKQRLRLRDSYITTLNVCQAYTLKRIRDPSYHVTLRPHISKEIAESSKPAKELIE 937  

AtPPC3 FRVTIDLIEMVFAKGDPGIAALYDKLLVSEDLWAFGEKLRANFDETKNLVLQTAGHKDLLEGDPYLKQRLRLRDSYITTLNVCQAYTLKRIRDANYNVTLRPHISKEIMQSSKSAQELVK 938 

AtPPC2 FRVTIDLVEMVFAKGDPGIAALYDRLLVSEELQPFGEQLRVNYQETRRLLLQVAGHKDILEGDPYLRQRLQLRDPYITTLNVCQAYTLKQIRDPSFHVKVRPHLSKDYMESS-PAAELVK 933  

RcPPC4 FQSTIDLIEMVLGKADIPIAKHYDEVLVSESRRELGAELRSELLTTEKYVLVVSGHEKLSQNNRSLRRLIESRLPYLNPMNMLQVEVLKRLRRDDDNNKLR------------------- 1034 

AtPPC4 FQSTLELIEMVLAKADIPMTKHYDEQLVSEKRRGLGTELRKELMTTEKYVLVISGHEKLLQDNKSLKKLIDSRLPYLNAMNMLQVEILKRLRRDEDNNKLR------------------- 1014  

       *: *::*:***:.*.*  ::  **. ***:.   :* .** :   *.. :*  :**:.: :.:  *:: :  * .*:..:*: *.  **::*  . : .:*  

                                            

              pI     Mr (kDa)  Identity(%) 
RcPPC1 LNPRSEYAPGLEDTLILTMKGIAAGMQNTG 965    6.07     110.5          100     RcPPC1    

RcPPC3 LNPKSDYAPGLEDTLILTMKGVAAGLQNTG 965    5.84     110.6            91         RcPPC3  

AtPPC1 LNPTSEYAPGLEDTLILTMKGIAAGLQNTG 967    5.72     110.3            89         AtPPC1 

AtPPC3 LNPTSEYAPGLEDTLILTMKGIAAGLQNTG 968    5.73     110.2            89         AtPPC3   

AtPPC2 LNPKSEYAPGLEDTVILTMKGIAAGMQNTG 963    5.57     109.8            88         AtPPC2  

RcPPC4 ------------DALLITINGIAAGMRNTG 1052   6.15     118.5            41         RcPPC4  

AtPPC4 ------------DALLITINGIAAGMRNTG 1032   6.68     116.6            40         AtPPC4  
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Figure 1.4 Amino acid sequence alignment of Arabidopsis and castor oil plant PEPC  

isoenzymes. Known in vivo phosphorylation sites of castor oil plant and Arabidopsis PTPCs 

(RcPPC3 and AtPPC1 respectively) and castor oil plant BTPC (RcPPC4) are highlighted in 

green. RcPPC3’s conserved Lys
628

 monoubiquitination site is marked with red font. BTPC’s 

highly divergent ~10-kDa intrinsically disordered region is designated by the red rectangle. The 

RcPPC4 site that is susceptible to in vitro proteolytic cleavage (Lys
446

- Ile
467

) is marked with an 

X. Conserved subdomains essential for PEPC catalysis are designated with Boxes I-III. The 

predicted pI, molecular mass and sequence identity (%) of the various PEPCs are shown. 

Deduced Arabidopsis and castor PEPC sequences were aligned with the use of ClustalW 

software (http://www.ebi.ac.uk/Tools/clustalw2/index.html).  Semi-colons and asterisks indicate 

identical and conserved amino acids respectively (adapted from O’Leary et al., 2011b).  
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Figure 1.5 Model illustrating the complexity of COS PEPC. In developing COS endosperm 

the PTPC RcPPC3 exists as a typical Class-1 PEPC homotetramer (PEPC1) which is subject to 

sucrose-dependent in vivo phosphorylation of its 107-kDa subunit (p107) at Ser
11

. Class-1 PEPC 

can also tightly associate with 118-kDa BTPC (RcPPC4) subunits (p118) to form the novel 

allosterically desensitized Class-2 PEPC hetero-octameric complex (PEPC2). The BTPC subunit 

of Class-2 PEPC is subject to in vivo multi-site regulatory phosphorylation at Thr
4
, Ser

425
 and 

Ser
451

 (Uhrig et al., 2008a; O’Leary et al., 2009; O’Leary et al., 2011c; Dalziel et al., 2012). In 

germinating COS, the same Class-1 PEPC isozyme (RcPPC3) also undergoes regulatory 

monoubiquitination at Lys
628

 (Uhrig et al., 2008b) (adapted from O’Leary et al., 2011b).   
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Chapter 2. Serine-451 phosphorylation of bacterial-type 

phosphoenolpyruvate carboxylase by a calcium-dependent protein 

kinase links calcium signaling with anaplerotic pathway control in 

developing castor oil seeds 

 
A.T. Hill and W. C. Plaxton (2013) 

Manuscript in preparation 
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2.1 INTRODUCTION 

 

 PEPC [PEP(phosphoenolpyruvate) carboxylase] (EC 4.1.1.31) is an important, tightly 

controlled enzyme situated at a critical branch point in plant carbohydrate metabolism that 

catalyzes the irreversible β- carboxylation of phosphoenolpyruvate (PEP) to oxaloacetate (OAA) 

and inorganic phosphate (Pi) in the presence of a divalent metal cation (Mg
2+

, Mn
2+

) and HCO3
-
. 

C4 and crassulacean acid metabolism (CAM) photosynthetic PEPCs have been extensively 

characterized at the structural and regulatory level due to their critical role in atmospheric CO2 

fixation (Izui et al., 2004; Nimmo, 2003). However, PEPC also has a variety of particularly 

essential, non-photosynthetic functions which have received considerable attention, among them 

the anaplerotic replenishment of Kreb’s cycle intermediates consumed during biosynthesis and 

N-assimilation (O’Leary et al., 2011b). Plant PEPCs belong to a small, multi-gene family 

encoding several plant-type PEPCs (PTPC), as well as one, distantly related, bacterial-type 

PEPC (BTPC) (Gennidakis et al., 2007; Igawa et al., 2010; Mamedov et al., 2005; O’Leary et 

al., 2011b; Sullivan et al., 2004). PTPC genes encode closely related 100-110-kDa polypeptides 

that typically assemble as homotetrameric Class-1 PEPCs controlled by a variety of allosteric 

effectors in conjunction with reversible phosphorylation and monoubiquitination (Nimmo, 2003; 

O’Leary et al., 2011b; Uhrig et al., 2008b; Shane et al., 2013). Phosphorylation of PTPC occurs 

at a conserved N-terminal seryl residue and is catalyzed by a dedicated Ca
2+

-independent PTPC 

protein kinase (PPCK) and protein phosphatase type-2A (PP2A) (O’Leary et al., 2011b; Izui et 

al., 2004; Murmu and Plaxton, 2007). PTPC phosphorylation enhances its allosteric activation by 

hexose-phosphates whilst simultaneously reducing allosteric inhibition by L-malate and L-Asp 

(O’Leary et al., 2011b). Due to the importance of phosphorylation as a regulatory mechanism of 

Class-1 PEPC activity, extensive studies of PPCK have been undertaken, including its cloning 
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from CAM, C4, and C3 plants, as well as the purification and characterization of the native 

protein from several species (Nimmo, 2003; Nimmo, 2006; Wang and Chollet, 1993; Murmu and 

Plaxton, 2007). Consequently, PPCK-mediated phosphorylation of PTPC continues to be one of 

the most well-understood examples of regulatory enzyme phosphorylation in planta (O’Leary et 

al., 2011b). 

 Plant BTPC genes encode 116-118-kDa polypeptides that share a higher sequence 

identity with prokaryotic PEPCs than PTPCs (O’Leary et al., 2011b). Purification of native 

PEPCs from unicellular green algae and the triacylglyceride-rich endosperm of developing castor 

oil seeds (COS) led to the discovery of unusual high-Mr Class-2 PEPC hetero-octameric 

complexes composed of a Class-1 PEPC core tightly associated with four BTPC subunits (Rivoal 

et al., 1998; Rivoal et al., 2001; Mamedov et al., 2005; Moellering et al., 2007; Blonde and 

Plaxton, 2003; Gennidakis et al., 2007). Despite BTPC subunits retaining PEPC catalytic 

activity, there are several lines of evidence which suggest that BTPCs only exist in vivo as part of 

a Class-2 PEPC complex (Moellering et al., 2007; Blonde and Plaxton, 2003; Gennidakis et al., 

2007; Igawa et al., 2010; O’Leary et al., 2009; Uhrig et al., 2008a; Park et al., 2012). Relative to 

Class-1 PEPC, Class-2 PEPCs display enhanced thermal stability, a broader pH-activity profile, 

biphasic PEP saturation kinetics and a remarkable insensitivity to Class-1 PEPC allosteric 

effectors (Rivoal et al., 2001; O’Leary et al., 2009). Within the Class-2 PEPC complex, BTPC 

functions as both a catalytic and regulatory subunit as it modulates the PEP binding, catalytic 

activity, and allosteric sensitivity of its PTPC interacting partners (Blonde and Plaxton, 2003; 

O’Leary et al., 2009).  Tissue-specific expression studies in castor have discerned that BTPC 

transcript and polypeptide expression (and thus Class-2 PEPC complexes) is restricted to 

biosynthetically active tissues as opposed to PTPC which is ubiquitously expressed in all tissues 
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(O’Leary et al., 2011a).  Transient expression of FP (fluorescent protein)-tagged PEPCs  in 

tobacco BY2 cells have shown that while Class-1 PEPC appears to be localized diffusely 

throughout the cytosol, Class-2 PEPC dynamically associates with the outer mitochondrial 

envelope in response to mitochondrial respiration (Park et al., 2012).  Class-2 PEPC’s unique 

kinetic and regulatory properties, in conjunction with its restriction to biosynthetically active 

tissues and its subcellular targeting to the mitochondrial surface, has led to the current hypothesis 

that it functions as a “metabolic overflow mechanism” that facilitates rapid refixation of 

respiratory CO2 while sustaining a large anaplerotic flux to replenish tricarboxylic acid cycle C-

skeletons withdrawn for biosynthesis (O’Leary et al., 2011b; Park et al., 2012). 

 Although BTPCs lack the N-terminal seryl phosphorylation motif characteristic of 

PTPCs, BTPC is in vivo phosphorylated at multiple sites during COS development (Uhrig et al., 

2008a). Fourier-transform mass spectrometry (MS) of native COS BTPC identified three novel 

in vivo phosphorylation sites: Thr
4
 at the N-terminus, and Ser

425
 and Ser

451
 within a unique ~10-

kDa intrinsically disordered region (respectively corresponding to acidophilic, proline-directed, 

and basophilic kinase recognition motifs) (O’Leary et al., 2011b; Uhrig et al., 2008a; O’Leary et 

al., 2011c; Dalziel et al., 2012). The phospho-sites at Thr
4
 and Ser

451 
are conserved in all other 

BTPC orthologues whereas the Ser
425

 phosphorylation site is only partially conserved (O’Leary 

et al., 2011b; O’Leary et al., 2011c; Dalziel et al., 2012). Kinetic analyses of Ser
425

 and Ser
451

 

phosphomimetic mutants (Ser to Asp) of COS BTPC indicated that phosphorylation at both sites 

causes inhibition of the BTPC subunits within the Class-2 PEPC complex by increasing their 

Km(PEP) as well as their sensitivity to feedback inhibition by Asp and malate (O’Leary et al., 

2011c; Dalziel et al., 2012). The function of BTPC phosphorylation at Thr
4
 remains unknown 

(O’Leary et al., 2011b). Phospho-site specific antibodies raised against synthetic 
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phosphopeptides corresponding to the sequence surrounding the Ser
425 

and Ser
451

 phospho-sites 

have been crucial tools for studying the in vivo phosphorylation of BTPC in COS at both of these 

sites (O’Leary et al., 2011c; Dalziel et al., 2012). The developmental patterns of BTPC 

phosphorylation at Ser
425

 and Ser
451

 have been shown to be quite distinct from the in vivo 

phosphorylation of Class-1 PEPC’s PTPC subunits at Ser
11

 (Murmu and Plaxton, 2007). 

Additionally, the removal of photosynthate supply via seed pod excision (depodding), leads to an 

increase in Ser
425

 and Ser
451

 phosphorylation (O’Leary et al., 2011c; Dalziel et al., 2012), 

whereas PTPC has been shown to be rapidly dephosphorylated and promptly monoubiquitinated 

following seed pod excision (Murmu and Plaxton, 2007, O’Leary et al., 2011a). Taken together, 

these results clearly imply that phosphorylation of PTPC at Ser
11

 and BTPC at Ser
425

 and Ser
451

 

are subject to control by different protein kinases and signaling pathways.   

 While significant advances have been made in our understanding of the regulatory role of 

COS BTPC phosphorylation at Ser
451

 and Ser
425

, nothing is known about the identity, 

biochemical properties, or control of the protein kinase(s) responsible for these PTMs. The 

current study begins to addresses this gap in knowledge by employing a non-radioactive semi-

quantitative assay to monitor BTPC Ser
451

 kinase (BTPC-K) activity from developing COS 

extracts. This BTPC-K assay is based upon the use of Ser
451

 phospho-site specific antibodies and 

immunoblotting to assess P incorporation from unlabeled ATP into the BTPC subunits of Class-

2 PEPC at Ser
451

. We also report the partial purification of the BTPC-K, its dissimilarity to 

PPCKs, and discovery that it belongs to the Ca
2+

-dependent protein kinases (CDPK) family. 

Also described are physical and kinetic properties, substrate specificities, and other 

characteristics of this unique and previously unknown protein kinase.  
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2.2 MATERIALS AND METHODS 

 

Plant Material 

 

Castor plants (Ricinus communis; cv Baker 296) were cultivated in a greenhouse at 24°C 

and 70% humidity under natural light supplemented with 16 h of artificial light. Pods containing 

developing COS at various stages of development (Greenwood and Bewley, 1985) were 

harvested at midday unless otherwise indicated. For depodding experiments, stems containing 

intact pods of developing COS were excised and placed in water in the dark for various periods 

of time. Developing endosperm tissue was rapidly dissected, frozen in liquid-N2 and stored at -

80°C until used. 

Preparation of Clarified Extracts 

 

Quick-frozen COS endosperm  was homogenized (1:2, w/v)  using a Brinkmann PT-3100 

Polytron in ice-cold Buffer A which contained 50 mM Hepes-KOH (pH 7.3),  1 mM EDTA, 1 

mM EGTA, 10 mM MgCl2, 20% (v/v) glycerol, 20 mM NaF, 2 mM Na3VO4, 2 mM Na2MoO4, 5 

mM thiourea, 1mM dithiothreitol (DTT),  1 % (w/v) polyvinyl(polypyrrolidone) (PVPP), 1 mM 

2,2
’
-dipyridyl disulfide (DPDS), 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 μl 

ml
−1

ProteCEASE-100 (G-Biosciences), and 50 nM microcystin-LR (MC-LR). Homogenates 

were centrifuged at 15,000 g for 15 min at 4°C. Supernatants were desalted in 3 ml Sephadex G-

50 ‘spin columns’ equilibrated in the standard kinase assay buffer described below.  

PEPC and Protein Assays 

 

PEPC activity was assayed at 25°C by following NADH oxidation at 340 nm using a 

Molecular Devices microplate spectrophotometer. The following optimized 200 μl assay mixture 

was used: 50 mM Hepes-KOH (pH 8.0) containing 10% (v/v) glycerol, 10 mM PEP, 5 mM 

KHCO3, 10 mM MgCl2, 2 mM DTT, 0.15 mM NADH, and 5 units ml
-1

 of porcine muscle malate 
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dehydrogenase (Roche). One unit of PEPC is defined as the amount of PEPC resulting in the 

production of 1 μmol of oxaloacetate min
-1

. Apparent Km, I50 and Ka values (concentrations of 

inhibitors and activators producing 50% inhibition and activation, respectively) were calculated 

using a non-linear least-square regression computer program (Brooks, 1992). All kinetic 

parameters represent means of at least three independent experiments and are reproducible to 

within ±15% S.E.M. of the mean value. Metabolite stock solutions were made equimolar with 

MgCl2 and adjusted to pH 7.3. Protein concentrations were determined by Coomassie Blue G-

250 dye-binding using bovine γ-globulin as the protein standard (Blonde and Plaxton, 2003). 

Electrophoresis and Immunoblotting 

 

SDS-PAGE using a Bio-Rad Protean III mini-gel rig, subunit estimates via SDS-PAGE, 

and immunoblotting were conducted as previously described (Blonde and Plaxton, 2003). 

Antigenic polypeptides were visualized using an alkaline phosphatase-conjugated secondary 

antibody and chromogenic detection (Plaxton, 1989). Rabbit anti-BTPC [anti-(COS BTPC)-IgG] 

was raised against homogeneous recombinant RcPPC4 as described previously (O’Leary et al., 

2009). Rabbit anti-pSer451 [anti-(COS BTPC Ser451 phosphorylation site specific)]-IgG was 

raised against a synthetic phosphopeptide, corresponding to residues 447-457 of COS BTPC, as 

described previously (Dalziel et al., 2012). For all anti-pSer451 immunoblots, the corresponding 

dephosphopeptide (10 µg ml
-1

) was used to block any nonspecific antibodies raised against the 

non-phosphorylated portions of the sequence. All immunoblot results were replicated a minimum 

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

Microsomal Membrane Preparation 

 

Quick-frozen stage VII (full-cotyledon) COS endosperm (2 g) was homogenized in 4 ml 

of ice cold Buffer A. The homogenate was filtered through Miracloth (Calbiochem) and 
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centrifuged at 10,000 g for 20 min at 4°C.  The supernatant was centrifuged at 96,000 g for 1 h at 

4°C. An aliquot of the initial supernatant (total protein fraction) was taken prior to re-

centrifugation, desalted and assayed for BTPC-K activity and protein. The final supernatant 

(soluble fraction) was removed, desalted, and assayed for BTPC-K  activity and protein. The 

remaining pellet was re-suspended in Buffer A containing 0.5% (v/v) Triton X-100 and without 

PVPP or thiourea, using a Teflon homogenizer. This membrane fraction was then desalted and 

assayed for BTPC-K activity and protein.  

BTPC-K Assay and Kinetic Studies 

 

The in vitro activity of BTPC-K was assayed by monitoring P incorporation from either 

non-radioactive ATP (for semi-quantitative assays of BTPC-K activity in desalted COS extracts 

or during BTPC-K purification) or [γ-
32

P]ATP (for kinetic studies of partially purified BTPC-K) 

into the BTPC subunit of purified, heterologously expressed Class-2 PEPC (O’Leary et al., 2009; 

O’Leary et al., 2011c). The standard BTPC-K  assay mix contained 50 mM Hepes-KOH (pH 

7.3), 10 mM MgCl2, 1 mM DTT, 0.1 mM Na3VO4, 0.1 mM Na2MoO4, 50 nM MC-LR, 0.5 μl 

ml
−1 

ProteCEASE-100, 10% (v/v) glycerol, 0.2 mM CaCl2, 20 μg purified recombinant Class-2 

PEPC (corresponds to 10 μg BTPC subunit) (O’Leary et al., 2009’ O’Leary et al., 2011c; Dalziel 

et al., 2012), the appropriate amount of kinase sample, and 0.1 mM ATP or 0.1 mM [γ-
32

P]ATP 

(specific activity 1000 cpm/pmol), in a final volume of 50 μl. Where necessary, free Ca
2+

 was 

controlled by modifying the standard kinase assay mix to contain 0.5 mM EGTA and varying 

amounts of CaCl2. Free Ca
2+ 

concentrations were calculated using software available at 

http://www.stanford.edu/~cpatton/webmaxc/webmaxcE.htm. Assays were initiated by the 

addition of ATP and reactions were incubated at 30°C. Aliquots were withdrawn at specified 

https://qwa.queensu.ca/owa/redir.aspx?C=1fl14bM1xkm8Fm9zue3GGLXh4XomZ9AIlr3nmpVa-2SZWwF0gUtuUo6BTQOie250KwQV63qqKIM.&URL=http%3a%2f%2fwww.stanford.edu%2f%7ecpatton%2fwebmaxc%2fwebmaxcE.htm
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times and assayed for Class-2 PEPC activity and/or P incorporation into Class-2 PEPC’s 118- 

kDa BTPC subunit (p118).  

For non-radioactive BTPC-K assays, relative P incorporation into the BTPC subunit from 

unlabeled ATP was estimated by subjecting aliquots of kinase assays to SDS-PAGE and 

immunoblotting with anti-pSer451 and anti-BTPC. The relative amount of P incorporation into 

the BTPC subunit of Class-2 PEPC was estimated by quantification of the anti-pSer451 

immunoreactive p118 subunits on immunoblots after scanning using Image J software 

(http://rsbweb.nih.gov/ij/); derived values were linear with respect to the amount of 

immunoblotted extracts.  Immunoquantification data are presented as means ± S.E.M. Several 

values were compared using the Student’s t-test; P values <0.05 were considered to be 

statistically significant. 

For all radioactive BTPC-K assays, relative 
32

P incorporation from [γ-
32

P]ATP into the 

BTPC subunit was visualized by subjecting aliquots of kinase assays to SDS-PAGE and 

developing Coomassie Blue R-250 stained and dried gels for 2 h in a phosphorimager cassette 

(Molecular Dynamics, Piscataway NJ, USA) followed by scanning of the cassette using a 

Typhoon 6000 (GE Healthcare). 
32

P incorporation into BTPC was quantified either by (1) 

digestion of excised Coomassie blue stained p118 bands from SDS gels with H2O2 and liquid 

scintillation counting as described by Law and Plaxton (1997) (Appendix 2) or (2) by 

trichloroacetic acid (TCA) precipitation of protein in BTPC-K reaction mixtures and Cerenkov 

counting as described in Hardie et al. (1999) (Appendix 3).  

Partial Purification of BTPC-K from Developing COS 

 

All chromatography steps were carried out at room temperature using an ÄKTA Purifier-

FPLC system (GE Healthcare). All buffers were adjusted to their respective pH at 25°C and 

http://rsbweb.nih.gov/ij/
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contained a phosphatase inhibitor cocktail (25 mM NaF, 1 mM EDTA, 1 mM NaMoO4, and 1 

mM NaVO3), whereas 50 nM MC-LR and 2.5 μl ml
-1

 ProteCEASE-100 were added to all pooled 

fractions to further inhibit any co-purifying phosphatase or protease activity. Quick-frozen stage 

V-VII (mid- to full-cotyledon) developing COS endosperm (150 g) was Polytron extracted in 

300 ml Buffer A containing 4% (w/v) polyethylene glycol (PEG-8000) and centrifuged at 20,000 

g for 30 min at 4°C. The supernatant was filtered through 4 layers of Miracloth and re-

centrifuged as above.  A 50% (w/v) solution of PEG-8000 was added to the supernatant fraction 

to a final concentration of 26%, followed by stirring for 20 min at 4°C.  Precipitated proteins 

were pelleted as above. Pellets were dissolved in Buffer B which contained 50 mM Hepes-KOH 

(pH 7.3), 1 mM EDTA, 1 mM EGTA, 2 mM MgCl2 and 20% (saturation) (NH4)2SO4. Re-

suspended pellets were clarified by centrifugation and loaded at 2 ml min
-1

 onto a Butyl 

Sepharose 4 Fast Flow column (1.6 x 12.5 cm) (GE Healthcare) pre-equilibrated in Buffer B. 

The column was washed with Buffer B until the A280 approached baseline. Bound proteins were 

eluted during the first step gradient consisting of 50 ml of 30% Buffer B and 70% Buffer C 

which contained 50 mM Hepes-KOH (pH 7.3), 1 mM EDTA, 1 mM EGTA, and 10% (v/v) 

ethylene glycol. All BTPC-K activity was subsequently eluted in the second step gradient of 30 

ml of 100% Buffer C. The peak BTPC-K activity fractions were pooled and concentrated in an 

Amicon Ultra-15 Centrifugal Filter Unit (30-kDa cutoff). This sample was loaded at 0.5 ml min
-1

 

onto a HiLoad 16/60 Superdex-200  gel filtration column that was pre-equilibrated and 

subsequently eluted with Buffer D containing 50 mM Tris-HCl (pH 7.3), 1 mM EDTA, 0.5 mM 

EGTA, 10% (v/v) glycerol, and 0.1 M KCl. Pooled kinase fractions from the Superdex-200 

column were concentrated to 1 ml and then diluted to 5 ml in Buffer E containing 20 mM Tris-

HCl (pH 7.4), 15% (v/v) glycerol, and 1 mM CaCl2. This sample was loaded at 0.5 ml min
-1

 onto 
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a Mono Q 5/50 GL column (GE Healthcare) pre-equilibrated in Buffer E. BTPC-K activity was 

eluted with a linear gradient (25 ml) of 0-0.5 M NaCl in Buffer E. Peak BTPC-K fractions were 

pooled and concentrated in an Amicon Ultra-15 Centrifugal Filter Unit (30-kDa cutoff) to 150 

µl. MgCl2 was added (final concentration = 5.5 mM) to this sample, and  it was loaded at 0.3 ml 

min
-1

 onto a Cibacron Blue Sepharose Fast Flow column (1 x 2 cm) (GE Healthcare) equilibrated 

in Buffer F which contained 20 mM Tris-HCl (pH 8), 5.5 mM MgCl2 and 2.5 mM EDTA. The 

column was washed with Buffer F containing 0.15 M NaCl, and BTPC-K eluted in Buffer F 

containing 0.3 M NaCl and 0.2% (w/v) CHAPS. Pooled fractions were concentrated to 200 μl in 

an Amicon Ultra-15 Centrifugal Filter Unit (30-kDa cutoff).  For storage, 10% (v/v) glycerol was 

added to final preparation which was then divided into 20 μl aliquots and frozen at -80°C until 

use. BTPC-K activity was stable for at least 4 months when stored at -80°C. 

Estimation of Native Molecular Mass by Gel Filtration FPLC 

 

Native Mr was determined by FPLC at 0.2 ml min
-1

 on both  Superdex-200 10/300 GL 

and Superdex-75 10/30 GL columns calibrated in Buffer D and calculated from a plot of Kav 

(partition coefficient) against log (Mr) using the following protein standards: ferritin (440-kDa), 

catalase (250-kDa), aldolase (158-kDa), bovine serum albumin (66-kDa), ovalbumin (44-kDa), 

carbonic anhydrase (29-kDa), chymotrypsinogen A (25-kDa), ribonuclease A (13.7-kDa) and 

cytochrome C (12.4-kDa).  

 

2.3 RESULTS AND DISCUSSION 

 

Detection of BTPC-K Activity in Clarified COS Extracts 

 

 The production of a phospho-site specific antibody that specifically cross-reacts with the 

conserved Ser
451

 phosphorylation site of the p118 subunit of Class-2 PEPC (Dalziel et al., 2012), 



37 
 

along with the purification of recombinant Class-2 PEPCs from E. coli  (O’Leary et al., 2009; 

Dalziel et al., 2012), facilitated the development of a semi-quantitative immunological assay for 

BTPC-K  activity in COS extracts.  Figure 2.1 demonstrates a typical in vitro BTPC-K assay 

using desalted extracts from stage V developing COS endosperm as the kinase source, purified 

recombinant Class-2 PEPC as the kinase substrate, and anti-pSer451 versus anti-BTPC 

immunoblots. Phosphorylation of p118 at Ser
451

 by BTPC-K activity present in the COS extracts 

was absolutely dependent upon the presence of ATP and Mg
2+ 

(Figure 2.1a).  Specificity of the 

anti-pSer451 for the phospho-form of p118 in Class-2 PEPC was demonstrated by the time-

dependent elimination of its cross-reaction following λ-phosphatase treatment (Figure 2.1b). 

Complete dephosphorylation of p118 occurred 20 min following its incubation with λ-

phosphatase, without influencing the total amount of p118 as revealed by parallel 

immunoblotting with anti-BTPC (Figure 2.1b). Unlike the Ser
11

 phospho-site of COS PTPC 

(Tripodi et al., 2005), the BTPC Ser
451

 phospho-site was unable to be phosphorylated by protein 

kinase A (PK-A) or dephosphorylated by the catalytic subunit of bovine heart PP2A (Appendix 

5). This implies that BTPC’s Ser
451

 phospho-status is controlled by a separate protein kinase and 

phosphatase than PTPC’s Ser
11

 in vivo.  

Monitoring BTPC-K Activity throughout COS Development and Following Pod Excision 

 

 Relative BTPC-K activity in desalted endosperm extracts prepared at each stage of COS 

development was determined using the anti-pSer451 based immunological assay.  These results 

are interpreted in comparison with those previously attained using phospho-site specific 

antibodies to determine PPCK activity (Murmu and Plaxton, 2007) and BTPC’s Ser
451

 and Ser
425 

phosphorylation status (Dalziel et al., 2012; O’Leary et al., 2011c) during COS development.  A 

distinct developmental pattern of BTPC-K activity was observed such that it was relatively 
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constant during early endosperm development, increased at stage VII, and then markedly 

decreased by stage IX (Figure 2.2a). In COS endosperm, developmental stage III marks rapid 

cell expansion, stage V–VII represent the major phases of oil and protein accumulation, and at 

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

begun to desiccate (Sangwan et al., 1992; Greenwood and Bewley, 1982; Simcox et al., 1979). 

The developmental profiles of COS PPCK activity and BTPC-K activity were dissimilar; COS 

PPCK activity rapidly increased during COS development, becoming maximal in stage V to VII, 

and was barely detectable at stages III and IX (Murmu and Plaxton, 2007). BTPC-K activity 

showed some correlation with the in vivo phosphorylation statuses of Ser
451

 and Ser
425

, which 

increase throughout development becoming maximal at stage IX (Dalziel et al., 2012, O’Leary et 

al., 2011c).  

COS pod excision, which eliminates photosynthate import, caused a significant increase 

in BPTC-K activity after 48 h (Figure 2.2b). This parallels the in vivo phosphorylation status of 

Ser
451

 which increased 72 h after COS depodding (Dalziel et al., 2012). In contrast, COS PPCK 

activity is dependent upon the presence of imported photosynthate such that depodding or 

prolonged darkness of intact plants caused the complete elimination of PPCK activity (Murmu 

and Plaxton, 2007).  The results presented in Figures 2.2a and 2.2b: (1) support the conclusion 

that PPCK does not phosphorylate BTPC at Ser
451

, and (2) unlike PPCK, the BTPC-K appears to 

be controlled by factors other than up/down regulation as its kinase activity does not always 

parallel in vivo BTPC Ser
451

 phosphorylation status. 
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Partial Purification of BTPC-K from Developing COS 

 

 BTPC-K was highly purified using a combination of PEG-fractionation and FPLC on 

butyl-Sepharose, Superdex-200, Mono-Q, and Cibacron Blue Sepharose columns. BTPC-K was 

separated from its endogenous substrate during the initial chromatography on butyl-Sepharose. 

FPLC of peak BTPC-K activity fractions on HiLoad 16/60 Superdex-200  gel filtration and 

Mono-Q 5/50 GL columns provided significant purification as the majority of contaminating 

protein was separated from BTPC-K on these matrices (Table 2.1). Final partial purification of 

BTPC-K was achieved by fractionation on Cibracron Blue Sepharose. The decision to use Blue-

Sepharose as an affinity resin was made because BTPC-K activity exhibited a Ca
2+

-dependency 

during purification (Table 2.1), and Blue-Sepharose is effective for the purification of Ca
2+

-

dependent protein kinases (CDPKs) from various plant tissues (Putnam-Evans et al., 1990; 

Harmon et al., 1987; Anil and Rao, 2001). CDPKs are typically eluted from Blue-Sepharose with 

0.2% (w/v) CHAPS after a 0.6 M NaCl wash step (Putnam-Evans et al., 1990; Anil and Rao, 

2001). However, BTPC-K activity was eluted from this matrix in the presence of 0.3 M NaCl 

and 0.2% (w/v) CHAPS, following a 0.15 M NaCl wash.  

 The standard purification of BTPC-K was ~500-fold, yielding 0.1 mg protein (Table 2.1). 

The percent recovery of BTPC-K activity was 1%, the final specific activity in the presence of 

micromolar Ca
2+

 being 707 pmol min
-1

 mg
-1

 (Table 2.1). Blue dextran agarose affinity 

chromatography is effective for PPCK purifications from leaves, soybean root nodules, and 

developing COS (Murmu and Plaxton, 2007; Zhang and Chollet, 1997; Wang and Chollet, 

1993). However, it proved ineffective for purifying BTPC-K as no activity bound to this matrix. 
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Native Molecular Mass Estimation of BTPC-K 

 

 Calibration of both the Superdex-200 column used during BTPC-K purification and a 

Superdex-75 column with Mr standards yielded a native Mr of approximately 63±1 kDa (mean ± 

S.E.M. of n=6 determinations) (Appendix 6). Although we achieved a ~500-fold purification of 

BTPC-K, it is still relatively impure since SDS-PAGE followed by Sypro Red staining resulted 

in at least 6 distinct protein staining bands (Appendix 7). Notably, an approximate 1.4 million-

fold purification was required to isolate 0.1 μg of homogenous PPCK from 2.6 kg of illuminated 

maize leaves (Saze et al., 2001). It thus appears that BTPC-K polypeptides, similar to PPCK 

polypeptides from species such as maize, tomato, COS, and soybean (Murmu and Plaxton, 2007; 

Marsh et al., 2003; Xu et al., 2003; Saze et al., 2001), occur at extremely low levels in planta.  

In vitro Phosphorylation-Inhibition of Recombinant Class-2 PEPC by BTPC-K 

 

 Purified  BTPC-K activity was quantified by monitoring P incorporation from either [γ-

32
P]ATP [and either: (1)  SDS-PAGE followed by phosphorimaging or gel band excision and 

scintillation counting, or (2) TCA precipitation of proteins and scintillation counting] or  

unlabeled ATP (and anti-pSer451 immunoblotting) into the p118 subunit of pure recombinant 

Class-2 PEPC (Figure 2.3a,b).  Experiments were performed to validate and optimize the BTPC-

K assay as well as to determine maximal stoichiometric P incorporation into p118 (Appendix 8). 

Thus, phosphorylation assays were run at variable quantities of the partially purified BTPC-K or 

its substrate BTPC (as part of the Class-2 PEPC complex) (Appendix 8a). Based on these results 

we selected 250 ng of partially purified BTPC-K and a saturating amount (0.2 μg μl
-1

) of BTPC 

and performed phosphorylation time-courses to establish linearity of the BTPC-K assay (Figure 

2.3a,b; Appendix 8b). These reaction conditions were used for kinetic studies of the partially 

purified BTPC-K. The parallel radioactive and non-radioactive BTPC-K assays yielded identical 
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time-courses such that maximal p118 phosphorylation at Ser
451

 was achieved ~100 min 

following assay initiation. The maximal stoichiometry of 
32

P incorporation into BTPC subunits 

of Class-2 PEPC was estimated to be approximately 0.6 mol/mol p118 subunit. BTPC-K activity 

was absolutely dependent upon the presence of Mg
2+ 

and Ca
2+

 (Figure 2.3a, b). Ca
2+

-dependence 

of the partially purified BTPC-K was examined by performing BTPC-K assays in the presence of 

exogenous Ca
2+

 or EGTA. The results of Figures 2.3a and b indicate that unlike most PPCKs 

examined to date (Chollet et al., 1996; Izui et al., 2004; Nimmo, 2006; Murmu and Plaxton, 

2007) COS BTPC-K is likely a Ca
2+

-dependent protein kinase (CDPK). Additionally, no 

measurable 
32

P was incorporated into the BTPC subunits of either S451D phosphomimetic 

mutant Class-2 PEPC, nor the PTPC subunits of Class-2 PEPC (Figure 2.3a). Thus, all 

radioactivity measured was strictly due to BTPC-K-mediated phosphorylation of BTPC at Ser
451

.  

 No significant influence of BTPC-K-mediated phosphorylation on BTPC activity of 

mutant Class-2 PEPC (containing catalytically inactive AtPPC3
R644A

 PTPC subunits) occurred 

when Class-2 PEPC was assayed under optimal conditions (pH 8.0, 20 mM PEP) (Figure 2.3c). 

However, when assayed under two sub-optimal conditions (pH 7.3, 1 mM PEP with or without 

10 mM L-malate), Class-2 PEPC activity decreased by approximately 50% and 40%, 

respectively (Figure 2.3c). Phosphorylation of p118 at Ser
451

 caused an approximate two-fold 

increase in BTPC’s Km(PEP) at pH 7.3 (Km=1.6±0.2 mM and 0.71±0.1 mM for phospho- and 

dephospho-BTPC respectively) (Figure 2.4a). Ser
451 

phosphorylation by BTPC-K also elicited 

significant reductions in BTPC’s I50(malate) and I50(Asp) values [I50(malate) = 5.8±0.5 mM and 

I50(Asp) = 18.7±2 mM for phospho-BTPC, and I50(malate) = 8.1±1 mM and I50(Asp) = 29.6±3.5 

mM for dephospho-BTPC] (Figure 2.4b,c). These results corroborate our previous work with 

phosphomimetic Ser
451

 Class-2 PEPC mutants (containing heterologously expressed 
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RcPPC4
S451D

 and AtPPC3
 R644A

 subunits), where the S451D mutation, while not altering Vmax, 

caused a three-fold increase in BTPC’s Km(PEP) at pH 7.3 and elicited a significant reduction in 

BTPC’s I50(malate) and I50(Asp) (Figure 2.4a-c) (Dalziel et al., 2012; O’Leary et al., 2011c). The 

difference in the degree of attenuation of BTPC’s kinetic properties between the S451D mutant 

and the pSer
451

 Class-2 PEPCs may be due to the in vitro stoichiometric incorporation of P into 

p118; only approximately 60% phosphorylation of total BTPC subunits at Ser
451

 was achieved 

with the partially purified BTPC-K, while 100% of the BTPC subunits of the S451D Class-2 

PEPC contained the phosphomimetic mutation  

Kinetic Characterization of BTPC-K 

 

 The influence of pH on the activity of purified BTPC-K was determined over the range of 

pH 6.0-9.5 using a mixture of 25 mM Mes and 25 mM Bistris-propane as the assay buffer. 

BTPC-K exhibited a broad pH profile with maximal activity occurring at ~pH 7.3 (Figure 2.5c), 

in contrast to plant PPCKs which exhibit maximal activity at ~pH 8.0-8.5 (Law and Plaxton, 

1997, Murmu and Plaxton, 2007, Wang and Chollet, 1993, Saze et al., 2001).  Subsequent 

BTPC-K assays were conducted at pH 7.3 unless otherwise indicated. The Km value of COS 

BTPC-K for BTPC was 1.1 μM while its Km value for Mg
2+

-ATP was 6.6 μM. The optimal 

concentration of Mg
2+

 for maximal BTPC-K activity was 10 mM, with inhibition occurring 

above 10 mM (Figure 2.5b). Mn
2+ 

also served as an adequate divalent cation cofactor in place of 

Mg
2+

. However maximal BTPC-K activity in the presence of 10 mM Mn
2+ 

was approximately 

20% less than that attained in the presence of 10 mM Mg
2+

(Figure 2.5b).  BTPC-K displayed 

negligible activity in the absence of free Ca
2+ 

ions (Figure 2.5a) and required 2.7 μM free Ca
2+

 

for half-maximal activity (Figure 2.5a). A recent analysis of several recombinant Arabidopsis 

CDPKs found that they exhibited a wide range of sensitivities to Ca
2+

 in vitro, i.e. Ka(Ca
2+

) 
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values ranged from 200 nM to complete Ca
2+

-independence (Boudsocq et al., 2012). Based on 

the results of Boudsocq et al. (2012), COS BTPC-K activity exhibits moderate Ca
2+

 sensitivity in 

vitro. 

Substrate Specificity of BTPC-K 

 

 BTPC-K exhibited a narrow substrate specificity in vitro. BTPC-K was unable to 

phosphorylate 
 
any of the following proteins assayed at 0.2 mg ml

-1
: S451D mutant BTPC 

subunits of Class-2 PEPC, PTPC subunits of either recombinant Class-2 PEPC or native 

dephospho-COS Class-1 PEPC, dephosphorylated-sucrose synthase (SuSy) from developing 

COS, or α-casein (Figure 2.6a,b). Nor did BTPC-K phosphorylate a variety of synthetic peptide 

variants containing the sequences flanking the Ser
451

 phospho-site (Appendix 9). Lysine-rich 

Histone Type III-S (isolated from calf thymus), however, served as a good substrate for BTPC-K 

(Km=1.72 μM) (Figure 2.6a,b). Our results indicate that we have successfully purified BTPC-K 

to relative homogeneity (with respect to other protein kinases), as a variety of substrates with 

known phospho-sites were not phosphorylated despite most protein kinases having the 

propensity to phosphorylate a wide range of proteins relatively indiscriminately when isolated in 

vitro. BTPC-K, in a similar fashion to other plant CDPKs, appears unable to phosphorylate 

acidic proteins such as α-casein, whereas basic proteins such as histone type III-S serve as a 

good substrate (Szczegielniak et al., 2000; Harmon et al., 1987), lending further support to the 

hypothesis that BTPC-K is a bonafide CDPK. Additionally, it appears that the BTPC-K may be 

dedicated to phosphorylating BTPC’s Ser
451

 residue of the Class-2 PEPC complex since no other 

residues, including known Class-2 PEPC phospho-sites (Thr
4
 and Ser

425
 on BTPC, and Ser

11
 on 

PTPC, respectively) were phosphorylated when Ser
451

 was mutated to Asp. Furthermore, BTPC-

K’s inability to phosphorylate synthetic peptides containing the Ser
451

 phosphorylation motif 
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indicates that the BTPC phosphorylation activity of BTPC-K is influenced not only by the linear 

sequence of the intrinsically disordered region of BTPC wherein Ser
451

 is located, but also by the 

overall conformation of the target enzyme. This is reminiscent of COS PPCK which displayed a 

marked preference for phosphorylating native COS Class-1 PEPC as compared to a variety of C3 

and C4 leaf PEPCs, despite all of the enzymes possessing the highly conserved N-terminal seryl 

phosphorylation motif characteristic of PTPCs (Murmu and Plaxton, 2007). Finally, it appears 

that at least two distinct CDPKs are operating in developing COS endosperm, as COS SuSy and 

the corresponding SuSy dephospho-peptide containing its in vivo Ser
11

 phospho-site are 

phosphorylated in vivo by an abundant CDPK activity in clarified COS extracts that is apparently 

independent from BTPC-K activity (E. Fedosejevs and W. Plaxton, unpublished data). 

Metabolite Effectors and Redox Control of BTPC-K Activity 

 

 BTPC-K activity was unaffected by the addition of malate, glucose-6-P, sucrose, 

glycerol-3-P, glucose, Glu, Gln, Asp, Asn, Pi, ribose-5-P, or fructose-1,6-P2 (5 mM each), or 

fructose-2,6-P2 (10 μM). However, 3-P-glycerate (3PGA) and PEP decreased BTPC-K activity 

by 42±1% and 57±2%, respectively (Figure 2.7a,b). 3PGA and PEP appear to have a direct 

effect on the kinase itself and do not indirectly affect BTPC-K activity though interaction with 

the substrate as inhibition of activity was evident when either BTPC or Histone Type III-S 

served as its substrate (Figure 2.7a,b). Since phosphorylation at Ser
451

 inhibits BTPC activity 

(Figure 2.3c) it is logical that increased cytosolic [3PGA] and [PEP] would inhibit the protein 

kinase responsible for this phosphorylation, in order to increase PEP-flux to malate via Class-2 

PEPC under these conditions.  

 Redox-control of PPCK activity has been demonstrated in maize, Flaveria trinervia, and 

COS, where it was hypothesized that reversible dithiol-disulfide inter-conversion may down-
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regulate PPCK activity under various environmental conditions that cause oxidative stress in vivo 

(Saze et al., 2001; Tsuchida et al., 2001; Murmu and Plaxton, 2007). Both C4 leaf and COS 

PPCKs appear to contain reactive thiol groups that lead to potent inhibition of enzymatic activity 

when oxidized, but result in pronounced reactivation of the enzyme when re-reduced with DTT. 

Similarly, pre-incubation of partially purified BTPC-K with 5 mM GSSG versus 5 mM DTT for 

10 min at 30
o
C resulted in a ~57% decrease and ~10% increase in BTPC-K activity, respectively, 

relative to control BTPC-K incubations lacking added GSSG or DTT (Figure 2.8a). Moreover, 

the inhibition of BTPC-K by 5 mM GSGG was fully reversed when the GSGG-treated enzyme 

was pre-incubated with 10 mM DTT for an additional 10 min at 30
o
C (Figure 2.8a). Identical 

experiments performed with Histone Type III-S as the substrate yielded similar but more 

pronounced oxidation-inactivation and reduction-activation of BTPC-K (~78% and 35%, 

respectively) indicating that redox-control occurs at BTPC-K and not indirectly via a substrate-

specific effect. An Arabidopsis CDPK (AtCPK21) also exhibited oxidation-inactivation and 

thioredoxin-mediated reduction re-activation, and an intramolecular disulfide bond (Cys97-

Cys108) was identified as the site of redox modulation (Ueoka-Nakanishi et al., 2013). It is thus 

possible that redox control of plant CDPK activity is conserved amongst several members of the 

family.  

Effects of Calmodulin, 14-3-3s, and a Calmodulin Antagonist on BTPC-K Activity 

 

 Lands plants, including COS, contain a suite of Ca
2+

-regulated protein kinases 

encompassing CDPKs, chimeric Ca
2+

 and calmodulin-dependent protein kinases (CCaMKs), 

CDPK-related protein kinases (CRKs), and SNRK3s (SNF1-related protein kinase, type 3, some 

of which are regulated by Ca
2+

-binding proteins) (Harper and Harmon, 2005). Calmodulin 

(CaM) can potentially regulate members of all of these kinase families with the exception of 
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CDPKs which are CaM-insensitive (Harmon et al., 1987; Harper and Harmon, 2005). Certain 

CDPKs in turn, have been shown to be activated by 14-3-3 proteins (Lachaud et al., 2013; Liese 

and Romeis, 2013). Thus, BTPC-K activity was assayed in the presence of exogenous CaM 

(heterologously expressed purified petunia CaM81) or 14-3-3 protein (heterologously expressed 

Saccharomyces cerevisiae BMH2) (1 μM each) (Appendix 10). BTPC-K activity decreased 

slightly in the presence of CaM and 14-3-3 protein (~20% and ~13%, respectively), however it 

also exhibited a ~15% decrease in activity in the presence of exogenous bovine serum albumin, 

which served as a control (Appendix 10). These results indicate that the effects of CaM and 14-

3-3 protein on BTPC-K activity were non-specific, and that COS BTPC-K is a CaM and 14-3-3 

–insensitive CDPK.  

CDPKs are composed of three domains; the N-terminal variable domain, the 

serine/threonine protein kinase domain, and a CDPK activation domain (CAD) (Appendix 11) 

(Liese and Romeis, 2013). The CAD consists of a pseudosubstrate segment and a Ca
2+

-binding 

domain which is highly similar to CaM as it contains four Ca
2+

-binding EF-hand motifs (Liese 

and Romeis, 2013, Harper and Harmon, 2005). Due to the structural and biochemical similarity 

of CAD to CaM, many plant and protist CDPKs are inhibited by µM amounts of CaM 

antagonists such as trifluoperazine (TFP) (Abo-El-Saad and Wu, 1995; Cavagnino et al., 2011; 

Harmon et al., 1994; Szczegielniak et al., 2000). BTPC-K activity was also strongly inhibited by 

TFP; at 100 μM BTPC-K activity was reduced by ~50%, a result consistent with other plant 

CDPKs (Appendix 10) (Abo-El-Saad and Wu, 1995; Szczegielnak et al., 2000; Hetherington and 

Trewavas 1982; DasGupta, 1994).  
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BTPC-K is a Soluble Protein Kinase 

 

The majority of Arabidopsis CDPKs have predicted N-terminal myristoylation and 

palmitoylation sites (Hrabak et al., 2003). Myristoylation with or without palmitoylation has 

been shown to be responsible for membrane localization of some plant CDPKs, while others 

(often those lacking acylation sites) remain soluble/cytosolic (Martin and Busconi, 2000; 

Boudsocq et al., 2012; Liese and Romeis, 2013). Putative COS CDPKs are also predicted to 

differ in their subcellular localization and solubility (Appendix 12). Using subcellular 

fractionation of clarified COS extracts, soluble and microsomal fractions were recovered after 

ultracentrifugation and BTPC-K activity assayed in the respective fractions (Figure 2.10). BTPC-

K activity was only detected in the soluble fraction, suggesting that it has no N-terminal 

acylation sites. The cytosolic localization of BTPC-K is consistent with its maximal activity 

occurring at ~pH 7.3 as well as the cytosolic localization of its in vivo substrate, BTPC (Park et 

al., 2012). 

Bioinformatic Analysis of Castor CDPK Family 

 

 Interrogation of the castor genome revealed that it contains 34 putative CDPK genes 

(Figure 2.9, Appendix 12). The Arabidopsis genome also contains 34 predicted CDPK genes; 

however, three of these genes have not been shown to be expressed based on the existence of 

cDNA or expressed sequence tags (Liese and Romeis, 2013; Hrabak et al., 2003). Alignment of 

the kinase catalytic domains as well as analysis of entire deduced sequences of the 34 putative 

Arabidopsis CDPKs has led to their organization into four subgroups (I-IV) (Hrabak et al., 

2003). The significance of these subgroupings with regards to biochemical or physiological 

function remains unknown.  Similar analysis of deduced sequences of the 34 putative castor 

CDPK isoforms indicated that they cluster into three subgroups (I-III) (Figure 2.9, Appendix 12). 
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Subgroup III is the least complex with two members, whilst subgroups I and II are more complex 

as they contain further subdivisions within themselves; i.e. Ia and Ib and IIa and IIb (Figure 2.9, 

Appendix 12). The majority of predicted CDPK proteins have molecular masses between 51.5-

72.1 kDa (Appendix 12), which is consistent with the predicted molecular masses for 

Arabidopsis CDPKs (Hrabak et al., 2003). Molecular mass predictions outside of this range (i.e. 

between 34.6-12.3 kDa) may be due to the misidentification of pseudogenes as putative CDPKs, 

or due to truncated sequences within the castor genome database. Nevertheless, with a native 

molecular mass of ~63 kDa, COS BTPC-K falls well within the size range for a typical CDPK.  

  

2.4 CONCLUDING REMARKS 

 

 To the best of our knowledge, this is the first report detailing the purification and 

biochemical characterization of a protein kinase that in vivo phosphorylates a plant BTPC. 

Results indicate that COS BTPC-K is an entirely distinct type of protein kinase from any 

previously studied PPCKs (including COS PPCK) owing to its unique physical, biochemical and 

kinetic properties.  

Several lines of evidence suggest that BTPC-K is a CDPK as opposed to the archetypal 

PPCKs which are currently the only identified PEPC protein kinases. BTPC-K activity was 

absolutely dependent upon the presence of free Ca
2+

 and the kinase exhibited a Ca
2+

- sensitivity 

which appears to be typical of many plant CDPKs studied to date (Figure 2.5a) (Boudsocq et al., 

2012; Harmon et al., 1987, Liese and Romeis, 2013). In contrast, PPCKs are believed to be Ca
2+

-

independent (O’Leary et al., 2011b). The native molecular mass estimated for BTPC-K at ~63-

kDa falls within the range of plant CDPKs (Appendix 6, 12), and is much larger than PPCKs 

which have apparent molecular masses of ~30-kDa as they consist simply of a core catalytic 
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kinase domain (O’Leary et al., 2011b, Nimmo, 2003; Chollet et al., 1996). BTPC-K’s substrate 

preference for basic proteins such as Histone Type III-S and its inability to phosphorylate acidic 

proteins such as α-casein is yet another characteristic of many plant CDPKs (Figure 2.6) 

(Harmon et al., 1987; Szczegielniak et al., 2000; Huang and Huber, 2001). COS PPCK can by 

comparison, phosphorylate Histone Type III-S to the same extent as α-casein (Murmu and 

Plaxton, 2007). Additionally, COS BTPC-K does not phosphorylate PTPC as either a subunit of 

recombinant Class-2 PEPC or native COS Class-1 PEPC (Figure 2.6), perhaps the most 

convincing evidence of the uniqueness of BTPC-K with respect to COS PPCK. Finally, BTPC-K 

activity is severely attenuated by the presence of  CaM antagonist TFP, indicating that BTPC-K 

is either: (1) a CaM-dependent Ca
2+

-sensitive protein kinase, or (2) a CDPK with a CAD region 

that is also sensitive to TFP given its sequence homology to CaM (Appendix 10). Since BTPC-K 

was not activated by exogenous CaM (Appendix 10), this leads us to conclude that it is a CDPK.  

 It is unsurprising that COS BTPC and PTPC phosphorylation should be controlled by 

distinct protein kinases. Physiologically, BTPC phosphorylation at Ser
451

 appears to inhibit 

Class-2 PEPC activity by increasing its apparent Km(PEP) and sensitivity to allosteric inhibitors, 

while PTPC phosphorylation serves to activate the enzyme (Figure 2.3c) (O’Leary et al., 2011b; 

Tripodi et al., 2005; Murmu and Plaxton, 2007; Dalziel et al., 2012). PPCK transcript and 

expression levels appear to be strongly controlled by sucrose supply (O’Leary et al., 2011b); in 

non-green “sink” tissues such as COS, this is hypothesized to be a mechanism whereby plant 

cells can sense sugars in order to effectively partition imported carbon into seed storage products 

including protein and lipids when photosynthate supply is abundant. While BTPC-K expression 

and activity appears to be somewhat sensitive to photosynthate supply (Figure 2.2b), its 

relatively constitutive expression throughout COS development implies additional post-
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translational control of its activity apart from mere synthesis/degradation. Ca
2+

 is known to play 

a central role in eukaryotic signal transduction with Ca
2+

-sensor proteins, including plant 

CDPKs, being critical transducers of the many unique Ca
2+

-signatures elicited in response to 

external stimuli or developmental cues, through the activation of phosphorylation cascades 

(Liese and Romeis, 2013). CDPKs are implicated in many different processes of plant biology, 

with several studies documenting critical in vivo roles for CDPKs in heterotrophic “sink” tissues 

such as developing seeds (Abo-El-Saad and Wu, 1995; Szczegielniak et al., 2000; Anil et al., 

2003), pollen (Estruch et al., 1994; Yoon et al., 2006; Zhao et al., 2013), and root nodules 

(Zhang and Chollet, 1997b). That BTPC-K is a CDPK thus appears to be a plausible scenario 

given its tissue-specific expression and purported role in the regulatory phosphorylation of a key 

enzyme at the crux of carbon and nitrogen metabolism in developing COS.  

Despite being distinct protein kinases, COS BTPC-K activity was significantly attenuated 

by mM amounts of the glycolytic intermediates 3PGA and PEP, in a similar fashion to COS 

PPCK activity which is also affected by PEP (Figure 2.7) (Murmu and Plaxton, 2007). However, 

whereas PEP inhibited BTPC-K activity, it activated COS PPCK (Figure 2.7) (Murmu and 

Plaxton, 2007). Given that PPCK-mediated PEPC phosphorylation activates Class-1 PEPC, 

while BTPC-K-mediated phosphorylation inhibits Class-2 PEPC, it is logical that increased 

cytosolic PEP concentrations would serve to simultaneously activate the protein kinase 

responsible for increasing PEP-flux to malate (i.e. PPCK) via Class-1 PEPC, whilst inhibiting a 

distinct protein kinase responsible for decreasing PEP-flux through Class-2 PEPC (i.e BTPC-K). 

Plant CDPKs and PPCKs are classified as belonging to the same superfamily of serine-threonine 

protein kinases, the “CDPK-SnRK” superfamily, and an analysis of intron placements supports 

the hypothesis that CDPKs and PPCKs have a common evolutionary origin (Hrabak et al., 
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2003). Thus the persistence of shared kinetic and biochemical properties would be 

physiologically relevant, particularly considering the distinct yet similar roles BTPC-K and 

PPCK must fulfill in the respective coordinate control of COS Class-1 and Class-2 PEPCs.  

 Apart from characterizing BTPC-K as a CDPK, this study has also served to validate 

previous work analyzing the kinetic properties of phosphorylated Class-2 PEPC performed with 

phosphomimetic S451D BTPC mutant subunits (O’Leary et al., 2011c; Dalziel et al., 2012). 

BTPC-K-mediated phosphorylation at Ser
451

 induced a similar increase in Km(PEP) and decrease 

in I50(malate) and I50(Asp) values as the S451D phosphomimetic mutant when assayed under 

suboptimal conditions (Figure 2.4a-c) (Dalziel et al., 2012). It is still unclear how 

phosphorylation at these sites contributes to the regulation of carbon metabolism in vivo, and the 

discovery of environmental stimuli or cellular conditions that modulate phosphorylation at these 

sites would thus be a major advancement. Nevertheless, BTPC-K’s apparent dedication to the 

Ser
451

 phospho-site of BTPC (as is evidenced by its narrow substrate specificity in vitro), clearly 

implies a specific regulatory role for the kinase as well as for BTPC phosphorylation in vivo. 

Additional work to identify the castor CDPK gene encoding BTPC-K as well as an analysis of 

BTPC-K transcript expression levels and patterns will be necessary in order to further our 

understanding of regulatory Class-2 PEPC phosphorylation and the interplay between Ca
2+

-

signalling and storage oil and protein synthesis in COS. 
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Figure 2.1. Time course for COS BTPC-K and ATP-dependent phosphorylation (a) and λ-

phosphatase-dependent dephosphorylation (b) at Ser
451 

of the BTPC (p118) subunit of  

recombinant Class-2 PEPC. Aliquots were removed at various times and subjected to SDS-

PAGE, followed by immunoblotting with either anti-pSer451 (1 µg BTPC/lane) or anti-BTPC-

IgG (100 ng BTPC/lane), and chromogenic staining as in Tripodi et al (2005).  (a)  Pure 

recombinant Class-2 PEPC (40 μg) was incubated at 30° C in a reaction mixture (50 μl final 

volume) containing 10 mM MgCl2, 0.2 mM CaCl2, 50 nM MC-LR, 0.25 mM ATP, and a 

desalted clarified extract (10 μg protein) from stage V-VII developing COS. (b) Recombinant 

Class-2 PEPC whose BTPC subunits were in vitro phosphorylated at Ser
451

 (panel a) was 

dephosphorylated at 30 °C with 8,000 units ml
-1

 of λ-phosphatase in the presence of absence of a 

phosphatase inhibitor cocktail (25 mM NaF, 1 mM EDTA, 1 mM NaMoO4, and 1 mM NaVO3) 

as in Uhrig et al (2008a). 
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Figure 2.2. Developmental profile of 

BTPC-K activity during COS 

development (a) and influence of seed 

pod excision on BTPC-K activity (b). 

Purified recombinant Class-2 PEPC 

(40 µg) was incubated for 20 min at 

30°C in reaction mixtures (50 µl final 

volume) containing 0.1 mM ATP, 50 

nM MC-LR and a desalted clarified 

COS extract (1 µg protein) from (a) 

various stages of COS development or 

(b) from stage VII endosperm tissue 

harvested from intact, excised pods 

that were placed in the dark with water 

at 24°C and analyzed at the indicated 

times. Aliquots were subjected to SDS-

PAGE and immunoblotting with either 

anti-pSer451 (1 µg BTPC/lane) or anti-

BTPC (100 ng BTPC/lane).  The 

immunoblots were scanned and 

quantified using Image J software. The 

ratios of signals from three 

independent biological replicates were 

compared as a semi-quantitative 

measure of relative BTPC-K activity. 

Maximal mean observed BTPC-K 

activity from (a) Stage VII developing 

COS endosperm or (b) Stage VII 

developing COS endosperm 48 h after 

seed pod excision, were used as 

standards and given a relative BTPC-K 

activity value of 100% to which all 

other values were normalized. All 

values represent the means ± S.E.M. of 

three biological replicates. (a) Relative 

BTPC-K activity at Stage VII was 

significantly different (P < 0.05, 

Student’s t-test) from Stage IX. (b) 

Relative BTPC-K activity 48 h post 

seed pod excision was significantly 

different (P < 0.05, Student’s t-test) 

from that obtained at 0 h.
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Figure 2.3. Time-course for BTPC-K-mediated phosphorylation of COS BTPC at Ser
451

. Pure 

recombinant Class-2 PEPC [40 µg, containing catalytically inactive PTPC (AtPPC3
R644A

) 

subunits (O’Leary et al., 2011c)] was incubated at 30 °C with partially purified BTPC-K (250 

ng) in the presence of 0.1 mM of either [γ-
32

P]ATP (specific radioactivity 1000 cpm/pmol) (a) or 

non-radioactive ATP (b). Aliquots were removed at various times and subjected to SDS-PAGE, 

followed by Coomassie blue R-250 staining and phosphorimaging (a, 1 µg BTPC/lane) or 

immunoblotting with anti-pSer451 (b, 1 µg BTPC/lane) or anti-BTPC (b, 100 ng BTPC/lane), 

and chromogenic staining as in Tripodi et al (2005).  Also shown is the extent of BTPC 

phosphorylation following parallel incubations in the absence of BTPC-K (lane 1); in the 

presence of 5 mM EDTA and absence of Mg
2+

 (lane 2); in the presence of 5 mM EGTA (lane 3); 

and in the presence of recombinant Class-2 PEPC containing phosphomimetic COS BTPC 

S451D subunits (O’Leary et al., 2011 425c) (lane 4). (c) The activity of corresponding Class-2 

PEPC [containing catalytically inactive mutant (R644A) PTPC subunits and active wild-type 

BTPC subunits] was determined from a non-radioactive ATP BTPC-K assay at optimal (pH 8.0, 

20 mM PEP),and suboptimal (pH 7.3, 1 mM PEP, with and without 10 mM L-malate) assay 

conditions. Class-2 PEPC (R644A/wt) activity of aliquots from parallel non-radioactive ATP 

BTPC-K assays performed in the presence of 1 mM EGTA were used as control (dephospho) 

values to which the phospho-values were compared. All values are the means (± SEM) of n = 3 

replicate incubations.  
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Figure 2.4. Kinetic effect of Ser

451
 phosphorylation on BTPC activity of mutant Class-2 PEPC.  

Shown are the Km(PEP) (a), I50(malate) (b), and  I50(aspartate) (c) values for heterologously 

expressed Class-2 PEPC complexes containing an inactive PTPC mutant (AtPPC3
R644A

) and 

either wild-type (wt) or phosphomimetic castor BTPC (RcPPC4
S541D

) subunits. Prior to PEPC 

activity assays, Class-2 PEPC complexes (20 μg) containing wt BTPC subunits were first 

incubated at 30
o
C in the standard BTPC-K reaction mixture with BTPC-K (250 ng), 0.1 mM 

ATP (total reaction volume 50μl), with (wt deP) or without (wt pSer
451

) 0.5 mM EGTA  ([free 

Ca
2+

]= 0 μM) for 100 min. PEPC activity was assayed at pH 7.3 (a-c) with subsaturating PEP (1 

mM) (b,c). All values represent the means of n = 3 separate determinations and are reproducible 

to within 15% of the mean value. Results for S451D were taken from Dalziel et al. (2012). 

Asterisks denote values that are significantly different from dephospho-wild-type (wt deP) (P < 

0.05, Student’s t-test). 
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Figure 2.5. Effect of calcium, divalent metal 

cations, and assay pH, on BTPC-K activity. 

Pure recombinant Class-2 PEPC (20 µg) 

was incubated for 30 min at 30 °C with 

partially purified BTPC-K (250 ng) in the 

standard phosphorylation assay with 0.1 mM 

[γ-
32

P]ATP (specific radioactivity 1000 

cpm/pmol) (50 µl total volume) and (a) the 

addition of 0.5 mM EGTA and varying 

concentrations of free calcium, or (b) at 

varying concentrations of Mg
2+

 (solid line) 

or Mn
2+

 (dashed line), or (c) at different pH 

values except that the buffer used was a 

mixture of 25 mM Mes and 25 mM Bis-tris-

propane.  Reactions were terminated by the 

addition of 20% (w/v) TCA and 0.2% (w/v) 

NaPPi, radiolabeled proteins were 

precipitated as described in “Materials and 

Methods”, and incorporation of 
32

P into the 

BTPC subunit determined by Cerenkov 

counting of the precipitated proteins. All 

values represent the means ±S.E.M. of n = 3 

independent experiments. 
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Figure 2.6. Substrate specificity of BTPC-K. Purified recombinant Class-2 PEPCs (wild-type 

and S451D mutant), purified native in vitro dephosphorylated COS Class-1 PEPC (Tripodi et al., 

2005) or COS SuSy (Fedosejevs and Plaxton, unpublished data), or dephosphorylated α-casein 

from bovine milk, or dephosphorylated Histone Type III-S from calf thymus (5 μg each) were 

incubated for 10 min at 30 °C in the standard [γ-
32

P]ATP phosphorylation assay in the presence 

of 250 ng of partially purified BTPC-K. Following SDS-PAGE (1 μg protein per lane), the gel 

was subjected to (a) phosphorimaging and (b) stained with Coomassie Blue R-250.  Results are 

representative of n = 3 independent experiments where phosphorylation of S451D, PTPC, SuSy, 

and α-casein was negligible. M, pre-stained protein molecular weight standards. 
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Figure 2.7. Effect of 3-P-glycerate (3PGA) and PEP on BTPC-K activity. Pure recombinant 

Class-2 PEPC or histone type III-S (10 µg each) were incubated for 10 min at 30°C with partially 

purified BTPC-K (250 ng) in the standard phosphorylation assay with 0.1 mM [γ-
32

P]ATP 

(specific radioactivity 1000 cpm/pmol) (25 µl total volume) in the presence of varying 

concentrations of (a) 3PGA or (b) PEP. Reactions were terminated by the addition of 20% (w/v) 

TCA and 0.2% (w/v) NaPPi, radiolabeled proteins were precipitated as described in “Materials 

and Methods”, and incorporation of 
32

P into the BTPC subunit determined by Cerenkov counting 

of the TCA precipitated proteins. Activity is expressed relative to BTPC-K activity with BTPC 

or histone type III-S respectively in the absence of any metabolite effectors, set at 100%. All 

values are the means ± S.E.M of n= 3 independent experiments. 
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Figure 2.8. BTPC-K is partially inactivated by GSGG and reactivated by DTT. Purified BTPC-

K was incubated at 30 °C for 10 min in the presence and absence of 5 mM GSGG or 5 mM DTT. 

An aliquot of the GSGG-treated BTPC-K was incubated in 10 mM DTT for an additional 10 

min. Resultant BTPC-K activity in each sample was estimated by their incubation with (a) pure 

recombinant Class-2 PEPC or (b) Histone Type III-S, for 20 min at 30 °C in the standard [γ-
32

P]-

ATP phosphorylation assay. Following SDS-PAGE (1 µg protein/lane), the gel was stained with 

Coomassie Blue R-250 and subjected to phosphorimaging. (c) Separate reactions performed 

under the same conditions as stated above were terminated with the addition of 20% (w/v) TCA 

and 0.2% (w/v) NaPPi, radiolabeled proteins were precipitated as is described in “Materials and 

Methods”, and the relative incorporation of 
32

P into BTPC or Histone Type III-S determined by 

Cerenkov counting. Mean 
32

P incorporation under “no additions” reaction conditions were given 

relative 
32

P incorporation values of 100%, to which all other values were normalized. All values 

represent the means ±S.E.M. of n = 3 independent experiments.
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Figure 2.9. Phylogenetic analysis of castor CDPKs. The deduced protein sequences of the 

RcCDPKs were aligned and analyzed by the ClustalX 1.83 and Treeview 1.6.6 program, 

respectively. The phylogenetic tree reveals the presence of three distinct, branched subgroups (I–

III). The branch lengths are proportional to divergence, with a scale of “0.1” representing 10% 

change.  
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Figure 2.10. BTPC-K is a soluble protein kinase. Purified recombinant Class-2 PEPC (20 µg) 

was incubated for 25 min at 30°C in reaction mixtures (50 µl final volume) containing 0.1 mM 

ATP, 50 nM MC-LR and either a Stage VII desalted clarified COS extract (Total), or the soluble 

or microsomal membrane fractions derived from this clarified COS extract (2 µg protein each) as 

described in “Materials and Methods”. Aliquots were subjected to SDS-PAGE and 

immunoblotting with either anti-pSer451 (1 µg BTPC/lane) or anti-BTPC (100 ng BTPC/lane) to 

determine which fraction contained BTPC-K activity.  
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Table 2.1. Purification of BTPC-K from stage V-VII developing COS endosperm 

 
a
 Pooled and concentrated fractions were assayed using the radiometric [γ-

32
P]ATP assay described in 

Materials and Methods; + Ca
2+ 

and – Ca
2+

 assays respectively contained 0.5 mM EGTA with 0.7 mM 

CaCl2 and 0.5 mM EGTA                                                                                        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Step  + Ca
2+

 - Ca
2+

(1) Clarified Extract 6500 8667 10.0 8.6 1.4 1 1 100

(2) Butyl-Sepharose 176 8149 65.3 19.0 46.3 3 33 94

(3) Superdex-200 33 4510 160.0 23.3 136.7 7 98 52

(4) Mono-Q 4.8 1394 300.3 10.0 290.3 30 207 16

(5) Blue-Sepharose 0.1 71 713.3 6.7 706.7 107 505 1

Purification 

(x-fold)

Yield 

(%)

Specific Activity 

(pmol min
-1 

mg
-1

)
a

Ca
2+

-dependent 

Specific Activity 

(pmol min
-1

 mg
-1

)

Ca
2+ 

Sensitivity         

(x-fold)
Protein 

(mg)

Total Activity 

(pmol min
-1

)
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Chapter 3. General Discussion 
 
3.1 OVERVIEW 

 

 The import of photosynthate and amino acids into developing seeds and the subsequent 

partitioning of these compounds into the storage end products (starch, proteins and lipids) which 

will eventually support seed germination is of obvious agronomic concern. PEP-metabolism via 

PEPC, PKc and PKp plays a central role in the partitioning of imported photosynthate to either 

leucoplast fatty acid biosynthesis or the mitochondrial production of C-skeletons and ATP 

needed for storage protein biosynthesis (Figure 1.3). In non-green oil seeds such as COS, PEPC 

is believed to play a critical role in controlling sucrose partitioning at the cytosolic PEP 

branchpoint to produce C-skeletons (malate) and reductant (NADPH and NADH) required for 

fatty acid biosynthesis (Figure 1.3b) (O’Leary et al., 2011b). COS PEPC has thus become the 

focus of intensive research efforts to understand the control of C-metabolism and oil synthesis in 

non-green oil seeds. In 2001, two physically and kinetically distinct oligomeric classes of PEPC 

were discovered in the endosperm of developing COS (Blonde and Plaxton, 2001). Class-1 

PEPC is a typical homotetramer composed of 107-kDa PTPC subunits, whereas the 910-kDa 

Class-2 PEPC hetero-octameric complex arises from a tight interaction between Class-1 PEPC 

and 118-kDa BTPC subunits. BTPC functions as both a catalytic and regulatory subunit of the 

allosterically-desensitized Class-2 PEPC (O’Leary et al., 2009), which in turn is hypothesized to 

support PEP-flux to malate for leucoplast fatty acid synthesis.  

Work done by Glen Uhrig and Brendan O’Leary to immunopurify native COS BTPC 

enabled the nearly complete sequencing and phosphoproteomic analysis of BTPC polypeptides, 

where it was discovered that BTPC subunits of COS Class-2 PEPC are phosphorylated at 

multiple sites in vivo (Uhrig et al., 2008a; O’Leary et al., 2009). This represents the first reported 
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case of vascular plant BTPC phosphorylation. LTQ-FT MS/MS of co-IP’d COS BTPC was then 

used to identify its specific phospho-sites to Thr
4
, Ser

425
 and Ser

451
. Subsequent work by Brendan 

O’Leary on the Ser
425

 and Katie Dalziel on Ser
451

 phospho-sites of BTPC using S425D and 

S451D phosphomimetic mutants, respectively, indicated that phosphorylation at both sites acted 

as inhibitory regulators of BTPC catalytic activity (O’Leary et al., 2011c; Dalziel et al., 2012).  

In a logical progression of COS BTPC research, this thesis strove to purify and 

characterize the protein kinase (BTPC-K) responsible for in vivo BTPC Ser
451

 phosphorylation. 

A relatively unique non-radioactive, semi-quantitative, immunoassay to monitor BTPC-K 

activity from developing COS extracts was employed in order to facilitate the successful partial 

purification of BTPC-K. This assay was based upon the use of phospho-site specific antibodies 

and immunoblotting to asses P incorporation from unlabeled ATP into the BTPC subunit of 

Class-2 PEPC at Ser
451

.
 
A similar approach had previously been used by Murmu and Plaxton 

(2007) to monitor PPCK activity during its purification from developing COS endosperm. 

Kinetic and biochemical characterization of partially purified BTPC-K revealed that it differed 

significantly from other studied PPCKs including COS PPCK. Most notably, BTPC-K activity is 

strictly dependent on the presence of free Ca
2+

 (Ka= 2.7 μM) (Figure 2.5a), while all known 

PPCKs are Ca
2+

-independent (O’Leary et al., 2011; Nimmo, 2003; Chollet et al., 1996). This 

defining characteristic along with the insensitivity of BTPC-K activity to exogenous CaM, but 

marked CaM antagonist sensitivity (Appendix 10), led to the conclusion that BTPC-K is a 

CDPK. BTPC-K displayed a broad pH-activity optima of ~pH 7.3 (Figure 2.5c), and kinetic 

studies revealed a Km for Mg
2+

-ATP of 6.6 μM and a specific activity of 706.7 pmol min
-1

 mg
-1

 

(Table 2.1). BTPC-K was also revealed to be soluble (Figure 2.10); thus it likely does not 

contain N-terminal acylation motifs characteristic of many CDPKs whose function is to localize 
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them to various cell membranes (Liese and Romeis, 2013, Harper and Harmon, 2005). The 

narrow substrate specificity displayed by BTPC-K in vitro (where its phosphorylation activity 

was restricted to the Ser
451

 residue of BTPC and Histone Type III-S) (Figure 2.6) implies that: 

(1) it is likely a dedicated protein kinase of BTPC and (2) there is a specific regulatory role for 

the kinase as well as for BTPC phosphorylation in vivo.  

COS BTPC-K did share some kinetic and biochemical similarities with COS PPCK. Both 

kinases may be subject to redox-regulation in vivo, as in vitro they each exhibited oxidation-

inactivation and reduction-reactivation (Figure 2.8) (Murmu and Plaxton, 2007). COS BTPC-K 

activity also appears to be attenuated by millimolar amounts of the glycolytic intermediates 

3PGA and PEP, in a similar fashion to COS PPCK activity which is also affected by PEP (Figure 

2.7) (Murmu and Plaxton, 2007). However, PEP caused apparent inhibition of BTPC-K activity 

and activation of COS PPCK (Figure 2.7) (Murmu and Plaxton, 2007). Given that PPCK-

mediated PEPC phosphorylation activates Class-1 and Class-2 PEPCs while BTPC-K-mediated 

phosphorylation inhibits Class-2 PEPC, it is logical that increased cytosolic PEP concentrations 

would serve to simultaneously activate the protein kinase responsible for increasing PEP-flux to 

malate (i.e. PPCK) via Class-1 PEPC, whilst inhibiting a distinct protein kinase responsible for 

decreasing PEP-flux through Class-2 PEPC (i.e BTPC-K). Plant CDPKs and PPCKs are 

classified as belonging to the same superfamily of serine-threonine protein kinases, the “CDPK-

SnRK” superfamily, and an analysis of intron placements supports the hypothesis that CDPKs 

and PPCKs have a common evolutionary origin (Hrabak et al., 2003). Thus the persistence of 

shared kinetic and biochemical properties would be physiologically relevant, particularly 

considering the distinct yet similar roles COS BTPC-K and COS PPCK must fulfill in the 

respective coordinate control of Class-1 and Class-2 PEPCs.  
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This work has also provided novel insights into the function of plant CDPKs. Most 

current studies of plant CDPKs entail the purification of a heterologously expressed kinase and 

its characterization against a variety of synthetic peptides and generic protein kinase substrates, 

as a means of inferring biochemical and kinetic properties as well as putative  roles in planta 

(Leise and Romeis, 2013; Harper and Harmon, 2005; Hrabak et al., 2003). However, even the 

most fundamental biochemical and kinetic characteristics of plant CDPKs, including their free 

Ca
2+

 requirements, can change drastically depending on the substrate they are presented with 

(Boudsocq et al., 2012). This study was able to perform all BTPC-K assays against the bonafide 

in vivo BTPC-K substrate, thus any deduced kinetic parameters or biochemical characteristics 

are more likely to be physiologically relevant. Furthermore, the result of phosphorylation on the 

target enzyme (i.e. inhibition of Class-2 PEPC activity) was  successfully demonstrated using our 

approach and this also served to validate previous phosphomimetic mutant Class-2 PEPC studies 

(Dalziel et al., 2012, O’Leary et al., 2011c). Additionally, BTPC-K was unable to phosphorylate 

a variety of peptides containing its own phosphorylation motif and phospho-site (Appendix 9). 

Thus, kinase studies that strictly employ the use of peptides (i.e. high-throughput peptide arrays) 

to determine kinase recognition motifs likely result in many false-negative results as BTPC-K 

(and COS PPCK) demonstrate the importance of not only the linear sequence surrounding the 

phospho-site but also the overall conformation of the target enzyme (Murmu and Plaxton, 2007). 

This is especially true of kinases which are highly selective for a specific target, one prominent 

example being the MAP kinase kinases (MEKs) (Hardie et al., 1999). Consequently, our work 

has identified a novel CDPK recognition motif which is reminiscent of a SnRK1 recognition 

element, with COS BTPC having a basic Arg residue at position P-2 and hydrophobic residues at 

P-4 and P+4 (Ile and Leu respectively) (Appendix 13). The Ser
451

 phospho-site as well as these 
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critical kinase recognition residues are highly conserved amongst several BTPC orthologs which 

implies an important, conserved function for phosphorylation at this site (Appendix 13). From 

our work it is obvious that the purification of an endogenous protein kinase based on a known in 

vivo substrate, while considerably more intensive, has several advantages which make this 

experimental approach worthwhile.   

Finally, this study has found novel evidence for the role of Ca
2+

-signaling in the control 

of C-metabolism in non-green oilseeds. Unfortunately, most in vivo targets of plant CDPKs 

remain unidentified. However, SuSy provides a good example of another major enzyme with a 

central role in plant C-metabolism that is phosphorylated in vivo by a CDPK that, at least in 

developing COS, appears to be distinct from the CDPK controlling BTPC phosphorylation at 

Ser
451

 (Zhang and Chollet, 1997b; E. Fedosejevs and W. Plaxton, unpublished data). 

Interestingly SnRKs (particularly SnRK1s), have long been implicated in the regulation of plant 

C-metabolism, as they are known to directly phosphorylate a variety of enzymes involved in C-

metabolic pathways (Coello et al., 2011). These targets include, but are not limited to, sucrose 

phosphate synthase, nitrate reductase, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, 

and ADP-glucose pyrophosphorylase (Coello et al., 2011). CDPKs and SnRKs are closely 

related, belonging to the “CDPK-SnRK” superfamily (Hrabak et al., 2003) and work by Huber et 

al (2001) with synthetic peptides has determined that the phosphorylation motifs recognized by 

many plant CDPKs and SnRK1s are remarkably similar, often only differing by the position of 

one amino acid. Given the aforementioned false-negatives that are likely associated with using 

only peptides to determine putative in vivo kinase substrates and/or phosphorylation motifs, it is 

very possible that CDPKs can phosphorylate many of the same or similar targets as SnRKs in 

vivo, perhaps under different physiological conditions. The BTPC Ser
451

 phospho-site itself was 
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initially predicted to be phosphorylated by a SnRK1 protein kinase (O’Leary et al., 2011b). It is 

worth considering then, that plant CDPK and SnRK signalling pathways may somehow “link” or 

converge in the concordant control of plant primary C-metabolism. 

 

3.2 FUTURE DIRECTIONS 

 
 Undoubtedly the most critical area of research that should first be addressed following 

this study is the identification of the castor CDPK gene (RcCDPK) that encodes BTPC-K. We 

attempted to identify the BTPC-K polypeptide by subjecting some of the Blue-Sepharose 

fraction to SDS-PAGE followed by Colloidal Brilliant Blue staining, excision of major protein 

staining bands and then analysis of the bands via MALDI-TOF MS. Unfortunately, we were 

unsuccessful as none of the bands were identified as a protein kinase. We are currently in the 

process of preparing a sample of the Blue-Sepharose fraction for analysis via LC-MS/MS on an 

Orbitrap. We are hopeful that the increased mass accuracy, sensitivity and dynamic range of this 

machine will provide fruitful results.  

 Should this prove unsuccessful, it would be necessary to attempt another purification of 

BTPC-K. Now that a successful purification scheme has been determined, it would be necessary 

to scale up the purification; i.e. start with several kg of COS stage V-VII endosperm tissue, in a 

similar manner to the scale of purification (2.6 kg) that was necessary to purify 0.1 μg of maize 

leaf PPCK to homogeneity (Saze et al., 2001). It may also be worthwhile to try alternate affinity 

chromatography resins in place of Blue-Sepharose. However, it should be noted that blue dextran 

agarose, phospho-cellulose, and γ-linked ATP-Sepharose all proved ineffective for BTPC-K 

purification (COS BTPC-K activity did not bind to these resins).  
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 After the COS BTPC-K gene has been successfully identified, it would then be logical to 

undertake transcript profiling studies in castor to determine its tissue specific expression as well 

as any influences of developmental cues or environmental stress (i.e. Pi-deprivation, salt stress, 

etc.) which might influence BTPC-K expression. These studies would serve to further elucidate 

the roles of both BTPC-K and Class-2 PEPC in COS C-metabolism. While the current thesis 

only analyzed BTPC-K activity in developing COS endosperm, tissue-specific expression studies 

have shown that Class-2 PEPC is also present in other biosynthetically active castor tissues 

including young, expanding leaves (O’Leary et al., 2011a). It would thus be interesting to see if 

BTPC-K transcripts and BTPC-K activity are present in all tissues where Class-2 PEPC is known 

to be expressed.  These studies could also be eventually expanded to include btpc-k knock-out 

plants in order to determine whether: (1) there is an observable phenotype for plants lacking 

BTPC-K expression, and (2) this could be used in tandem with large scale phosphoproteomic 

analyses to determine whether BTPC-K has targets other than BTPC in vivo.  

 The Ser
451

 phospho-site and basophilic kinase phosphorylation motif is also highly 

conserved amongst several BTPC orthologues (Appendix 13). It would thus be of merit to 

explore whether BTPC-K activity and in vivo BTPC phosphorylation at residues corresponding 

to Ser
451

 of COS BTPC occurs in other plant species and tissue types, and if so whether the 

responsible kinase is also a CDPK.  

 More broadly in terms of future PEPC research, recent transient co-expression studies of 

FP (fluorescent protein)-tagged COS PTPC and BTPC subunits in tobacco BY2 cells have 

demonstrated their in vivo interaction, and association with the surface of mitochondria, 

mediated by BTPC’s intrinsically disordered region (Park et al., 2012). While this thesis has 

demonstrated that Ser
451

 phosphorylation has a significant kinetic effect on Class-2 PEPC, the 



72 
 

phospho-site does occur within BTPC’s intrinsically disordered region. Thus it is possible that 

Ser
451

 phosphorylation may also affect Class-2 PEPC’s interaction with the outer mitochondrial 

envelope or may mediate protein:protein interactions with partners other than PTPC. In order to 

examine other putative roles of phosphorylation on Class-2 PEPCs in vivo function and 

localization, similar transient expression studies with FP-tagged PTPC and BTPC subunits in 

tobacco BY2 cells could be employed with the BTPC phosphomimetic S451D mutant and a 

S451A (alanine) mutant, to mimic both constitutive phosphorylation and constitutive  

dephosphorylation at this site. Any changes to the dynamic association of Class-2 PEPC with the 

mitochondrial outer envelope between these two mutants could be readily determined. 

  

Another meaningful avenue of PEPC research would be to definitively determine the Kd 

value for the association of PTPC and BTPC subunits, and the influence, if any, of Ser
451

 

phosphorylation on this interaction. It has now been fairly conclusively established that PTPC is 

BTPCs constitutive binding partner in vivo (Blonde and Plaxton, 2003; O’Leary et al., 2009, 

O’Leary et al., 2011b, Park et al.,  2012). Thus, in order to complete the characterization of this 

relationship it will be necessary to employ a technique such as isothermal titration calorimetry to 

determine the affinity with which BTPC binds PTPC. It will also be of great merit to perform 

structural studies via X-ray crystallography to deduce the crystal structure of Class-2 PEPC. This 

will provide crucial insights into the subunit architecture of Class-2 PEPC and, in conjunction 

with site-directed mutagenesis (i.e. the use of phosphomimetic BTPC mutant subunits), will 

provide information on the influence of BTPC phosphorylation on Class-2 PEPC’s structure-

function relationships.  
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 Finally, COS BTPC contains two other phospho-sites; Thr
4
 at the N-terminus and Ser

425
 

in close proximity to Ser
451

 within the intrinsically disordered region (O’Leary et al., 2009, 

O’Leary et al., 2011b). This thesis has determined that BTPC-K does not phosphorylate either of 

these sites. Therefore, there must be distinct protein kinases in developing COS endosperm 

responsible for regulating their phosphorylation in vivo. A similar experimental approach to the 

one undertaken in this thesis could provide the foundation for purifying, characterizing, and 

ultimately identifying these important BTPC protein kinases as well.  
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Appendices 
 

Appendix 1 

 
Purification of Recombinant Class-2 PEPC 

 

All purifications were conducted as previously described (O’Leary et al., 2009; O’Leary 

et al., 2011c).  Briefly, E. coli cells containing heterologously expressed RcPPC4 or AtPPC3 (or 

the phosphomimetic mutant RcPPC4
Ser451D

 or the AtPPC3
R644A

 inactive isozyme) were lysed by 

passage through a French press and cell extracts were subsequently mixed together.  The 

resulting Class-2 PEPCs were purified using PrepEase
TM

 His-Tagged High Yield Purification 

Ni
2+

-affinity resin (USB Corp.) followed by Superdex-200 and Superpose-6 gel filtration FPLC 

(GE Biosciences). Pooled peak fractions were concentrated with an Amicon Ultra-15 centrifugal 

filter unit (100-kDa cut-off), frozen in liquid N2, and stored at -80 °C until use. PEPC activity 

was stable for at least 2 months when stored under these conditions. 

 

Appendix 2 

 
Polyacrylamide gel slice dissolution for quantification of radio-labeled protein by scintillation 

counting after gel electrophoresis 

 

 Protein samples were subjected to SDS-PAGE and staining with Coomassie Blue R-250.  

Pertinent protein-staining bands were excised from the SDS gel using a razor blade and were 

incubated in tightly sealed scintillation vials in the presence of 50 μl of 30% H2O2 plus 5 μl of  

10 mM CuSO4 at 25 °C for 16 h. After incubation, vials were uncapped, 200 μl of dH2O and 3 

mL of scintillation cocktail were added, and 
32

P-radioactivity determined via Cerenkov counting  

(Donato et al., 1988).  
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Appendix 3 
 

 In vitro phosphorylation of BTPC at Ser
451

 with Protein Kinase A and 

Dephosphorylation with PP2Ac or λ-Phosphatase 

 

 Aliquots (50 μl) of purified recombinant Class-2 PEPC were desalted into the standard 

dephosphorylation buffer containing 50 mM Tris-HCl  (pH 7.5), 5 mM MgCl2, 1 mM DTT, and 

20% (v/v) glycerol, using Micro Spin-OUT GT-1200 desalting columns (G-Biosciences) 

according to the manufacturer’s instructions. Desalted Class-2 PEPC (50 μg) was incubated at30 

°C with 20 units/ml of the catalytic subunit of bovine heart PK-A (Sigma) and 50 nM 

microcystin-LR ±1 mM ATP. Aliquots of PK-A-treated Class-2 PEPC were subsequently 

incubated  at 30 °C in the presence of 15 milliunits/ml of the catalytic subunit of bovine heart 

PP2A ± 50 nM MC-LR according to Tripodi et al., (2005). Aliquots were withdrawn at specified 

times and assayed for relative 
32

P incorporation into Ser
451 

of BTPC subunits by subjecting 

aliquots of kinase assays to SDS-PAGE and immunoblotting with anti-pSer451 (in the presence 

of 10 µg/ml dephosphopeptide) and anti-BTPC. 
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Appendix 4 
 

Protein kinase assay by TCA precipitation (adapted from “Protein Phosphorylation – A 

practical approach” by Hardie et al., 1999, Book). 

 

1. Run typical 25 or 50 μl BTPC-K assay in 1.5 ml eppendorf tube 

2. Stop reaction by adding 1 ml of cold 20% (w/v) TCA containing 0.2% (w/v) NaPPi 

3. When all reactions have been stopped, add 30 μl of 10 mg ml
-1

 BSA
1
, cap the tube, 

vortex mix, and leave on ice for at least 2 min. 

4. Centrifuge the tubes for 2 min with the tags holding the caps facing radially outwards
2
. 

5. Remove the supernatant
3
 by sliding a glass Pasteur pipette down the face of the tube that 

was facing radially inwards
4
 (opposite to the cap tag). The protein pellet may not be 

visible; be careful not to scrape the bottom with the pipette tip. A few μl of supernatant 

will remain but this will be removed in subsequent steps. 

6. Add 1 ml cold 20% (w/v) TCA, vortex mix, centrifuge for 2 min, and remove supernatant 

as before. 

7. Repeat step 6 twice more. 

8. Count tubes, using Cerenkov effect, by placing the whole tube into a scintillation vial and 

counting using a scintillation counter. 

9. Use appropriate blanks to determine background. 

 

 

 

                                                        
1
 The BSA acts as a carrier for precipitation. 

2
 Because the protein pellets may not be visible after subsequent washes, in a fixed angle microcentrifuge 

rotor the pellet will form a streak near the bottom of the tube on the tube face that was radially outwards. 

The tag on the tube cap provides the orientation for this. 
3
 Initial supernatants and following washes will be radioactive and must be handled with appropriate 

safety precautions. 
4
 This will ensure that the protein pellet is not disturbed. 
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Appendix 5 

 

 
 

Figure S1. (a) Exogenous bovine PK-A is unable to phosphorylate COS BTPC subunits of 

Class-2 PEPC at Ser
451

. (b) Exogenous PP2Ac is unable to dephosphorylate phospho-Ser
451

 

residues of COS BTPC subunits of Class-2 PEPC. Pure recombinant Class-2 PEPC (50 μg) was 

incubated at 30 °C in the presence of (a) 20 U ml
-1

 of the catalytic subunit of bovine heart PK-A 

as in Tripodi et al. (2005). Aliquots were removed at various time points and subjected to SDS-

PAGE, followed by Coomassie blue R-250 staining or immunoblotting with either anti-pSer451 

(1 µg BTPC/lane) or anti-PTPC phosphosite-specific (anti-pSer11) (1 µg PTPC/lane) and 

chromogenic detection as in Tripodi et al. (2005). (b) Class-2 PEPC previously phosphorylated 

at Ser
451

 of the BTPC subunit and Ser
11 

of the PTPC subunit was incubated at 30 °C in the 

presence of 5 mU/ml of the catalytic subunit of bovine heart PP2A as in Gregory et al., (2009) in 

the presence and absence of 50 nM microcystin-LR. Aliquots were withdrawn at specified times 

and subjected to SDS-PAGE followed by immunoblotting as described in panel a. 
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Appendix 6 

 

 
 
Figure S2. Native molecular mass determination for purified BTPC-K. BTPC native Mr was 

estimated via gel filtration chromatography on both a calibrated (a) Superdex-75 10/30 GL 

column and (b) Superdex-200 10/300 GL column. Results reproducible in three independent 

repetitions.  
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Appdendix 7 

 

 
Figure S3. Analysis of purified COS BTPC-K by SDS-PAGE. Proteins from the final pooled 

and concentrated Blue-Sepharose fraction (1 μg) were resolved on a 10% SDS-PAGE gel, 

stained with Sypro Red, and protein-staining bands visualized using a Typhoon 6000 (lane 1). M, 

protein molecular weight standards. 
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Appendix 8 

 
 

Figure S4. Determination of COS BTPC-K specific activity. (a) Saturation curve for BTPC 

phosphorylation by partially purified BTPC-K (250 ng). All Values were obtained by 

scintillation counting of the 
32

P incorporated on BTPC as is described under Materials and 

Methods. (b) Time-course of 
32

P incorporation (cpm) into BTPC (5 μg) after phosphorylation by 

purified BTPC-K (250 ng). Values were used to calculate maximal stoichiometric P 

incorporation into BTPC. Values were obtained by scintillation counting of the 
32

P incorporated 

into BTPC as is described under Materials and Methods. Inset, linear range for 
32

P
 
incorporation 

into BTPC used to calculate specific activity of purified BTPC-K. 
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Appendix 9 

 

 
 

Figure S5. BTPC-K is unable to phosphorylate synthetic peptides containing residues flanking 

the BTPC Ser
451

 phospho-site. The synthetic peptide was a variant of the phosphorylation motif 

surrounding BTPC Ser
451

 with the following modifications; (1) Ser
450

 was replaced with Ala in 

order to ensure that Ser
451

 was the only Ser residue in the peptide, and (2) an additional Arg was 

added to the N-terminus to improve peptide binding to P81 paper. Synthetic peptide (0.4 mM) 

was incubated at 30 °C with partially purified BTPC-K (250 ng) (total reaction volume 25μl), in 

the presence of 0.1 mM of non-radioactive ATP.  Reactions were terminated by either  dot 

blotting varying amounts of kinase reactions (along with corresponding phospho- and 

dephospho-peptides as controls) and probing with anti-pSer451. 

 

 

Appendix 10 

 
Table S1. Effect of exogenous proteins and a CaM antagonist on BTPC-K activity. Kinase 

activity was determined in the presence of 1 μM of each compound unless otherwise indicated, 

using the standard [γ-
32

P]-ATP radiometric kinase assay. Activity is expressed relative to BTPC-

K activity in the absence of any effectors, set at 100%.  All values represent the means of 

triplicate determinations and are reproducible within ± 15 % of the mean value. 

Addition Activity (%) 

None 100 

CaM 80 

14-3-3 87 

BSA 85 

TFP* 50 

*TFP assayed at 100 μM 
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Appendix 11 

 

 
 
Figure S6. Domain structure of a CDPK. V, N-terminal variable domain; K, kinase domain; 

CAD, CDPK activation domain; PS, pseudosubstrate segment; CLD; calmodulin-like domain; 

EF, EF-hand. EF-hand Ca
2+

-binding loops are represented here as white bars within the EF-hand 

motifs. This drawn-to-scale scheme is representative of AtCPK21, which consists of 531 amino 

acids (Taken from Liese and Romeis, 2013).  
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Appendix 12 

 
Table S2. Predicted properties of deduced castor CDPKs 

Gene Name
a Sub-

Family 

Length 

(A.A.) 

MW 

(kDa)
b 

pI
b Subcellular 

Distribution
c 

Soluble or 

Insoluble
c 

Gene ID
a 

RcCDPK1 

RcCDPK11 

RcCDPK18 

RcCDPK19 

RcCDPK23 

RcCDPK24 

RcCDPK26 

RcCDPK27 

RcCDPK31 

RcCDPK33 

RcCDPK4 

RcCDPK5 

RcCDPK13 

RcCDPK21 

RcCDPK28 

RcCDPK3 

RcCDPK30 

RcCDPK12 

RcCDPK14 

RcCDPK15 

RcCDPK16 

RcCDPK2 

RcCDPK25 

RcCDPK8 

RcCDPK10 

RcCDPK17 

Ⅰa 

Ⅰa 

Ⅰa 

Ⅰa 

Ⅰa 

Ⅰa 

Ⅰa 

Ⅰa 

Ⅰa 

Ⅰa 

Ⅰa 

Ⅰa 

Ⅰb 

Ⅰb 

Ⅰb 

Ⅰb 

Ⅰb 

Ⅱa 

Ⅱa 

Ⅱa 

Ⅱa 

Ⅱa 

Ⅱa 

Ⅱa 

Ⅱb 

Ⅱb 

533 

497 

551 

578 

305 

187 

561 

536 

529 

528 

641 

584 

529 

533 

549 

525 

536 

512 

598 

148 

575 

602 

589 

467 

105 

466 

60.2 

56.0 

62.1 

64.2 

34.3 

20.8 

62.8 

59.5 

59.7 

59.2 

72.1 

65.4 

60.1 

60.4 

62.3 

59.4 

60.3 

57.2 

67.6 

17.1 

65.1 

67.3 

66.0 

51.9 

12.3 

51.5 

6.55 

5.33 

6.44 

5.40 

8.30 

4.38 

5.52 

5.86 

6.47 

6.35 

6.21 

5.32 

6.94 

6.02 

6.67 

5.99 

6.77 

7.54 

9.09 

8.18 

8.98 

8.84 

8.85 

7.75 

4.47 

8.91 

Mitochondrion 

Mitochondrion 

Other 

Chloroplast 

Chloroplast 

Other 

Mitochondrion 

Other 

Chloroplast 

Other 

Other 

Chloroplast 

Other 

Mitochondrion 

Other 

Other 

Other 

Other 

Chloroplast 

Other 

Chloroplast 

Other 

Other 

Chloroplast 

Other 

Mitochondrion 

Insoluble 

Insoluble 

Insoluble 

Insoluble 

Soluble 

Insoluble 

Soluble 

Insoluble 

Insoluble 

Soluble 

Insoluble 

Soluble 

Soluble 

Insoluble 

Soluble 

Insoluble 

Insoluble 

Insoluble 

Soluble 

Insoluble 

Insoluble 

Insoluble 

Insoluble 

Insoluble 

Insoluble 

Insoluble 

16815051_peptide|Rcommunis|29983.t000185|29983.m003286 

16815050_peptide|Rcommunis|29983.t000184|29983.m003285 

16806882_peptide|Rcommunis|29728.t000018|29728.m000812 

16823697_peptide|Rcommunis|30190.t000579|30190.m011343 

16819478_peptide|Rcommunis|30142.t000025|30142.m000651 

16822115_peptide|Rcommunis|30170.t000694|30170.m014282 

16799163_peptide|Rcommunis|27777.t000008|27777.m000274 

16810728_peptide|Rcommunis|29842.t000094|29842.m003597 

16817768_peptide|Rcommunis|30100.t000014|30100.m000791 

16811562_peptide|Rcommunis|29852.t000019|29852.m002000 

16802702_peptide|Rcommunis|29333.t000051|29333.m001088 

16802692_peptide|Rcommunis|29333.t000041|29333.m001078 

16800511_peptide|Rcommunis|28308.t000002|28308.m000065 

16808108_peptide|Rcommunis|29761.t000015|29761.m000421 

16821242_peptide|Rcommunis|30169.t000219|30169.m006442 

16812395_peptide|Rcommunis|29896.t000003|29896.m000119 

16820071_peptide|Rcommunis|30147.t000328|30147.m014057 

16808371_peptide|Rcommunis|29780.t000025|29780.m001339 

16805369_peptide|Rcommunis|29676.t000013|29676.m001622 

16807073_peptide|Rcommunis|29733.t000003|29733.m000739 

16810129_peptide|Rcommunis|29830.t000004|29830.m001387 

16817534_peptide|Rcommunis|30089.t000034|30089.m001020 

16799638_peptide|Rcommunis|27964.t000005|27964.m000350 

16808369_peptide|Rcommunis|29780.t000023|29780.m001337 

16805518_peptide|Rcommunis|29680.t000028|29680.m001685 

16805517_peptide|Rcommunis|29680.t000027|29680.m001684 
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RcCDPK20 

RcCDPK22 

RcCDPK29 

RcCDPK32 

RcCDPK34 

RcCDPK9 

RcCDPK6 

RcCDPK7 
 

Ⅱb 

Ⅱb 

Ⅱb 

Ⅱb 

Ⅱb 

Ⅱb 

Ⅲ 

Ⅲ 
 

273 

490 

530 

475 

508 

162 

309 

284 
 

30.4 

53.8 

58.2 

52.7 

56.8 

18.3 

34.6 

32.9 
 

6.80 

7.13 

6.44 

5.25 

5.49 

6.76 

5.10 

7.62 
 

Other 

Other 

Other 

Other 

Chloroplast 

Mitochondrion 

Other 

Other 
 

Soluble 

Soluble 

Soluble 

Soluble 

Soluble 

Insoluble 

Soluble 

Soluble 
 

16812383_peptide|Rcommunis|29895.t000006|29895.m000312 

16810323_peptide|Rcommunis|29838.t000023|29838.m001653 

16823475_peptide|Rcommunis|30190.t000351|30190.m011115 

16812933_peptide|Rcommunis|29908.t000164|29908.m006113 

16824290_peptide|Rcommunis|30226.t000071|30226.m002047 

16820328_peptide|Rcommunis|30147.t000588|30147.m014317 

16802708_peptide|Rcommunis|29333.t000058|29333.m001095 

16802707_peptide|Rcommunis|29333.t000056|29333.m001093 
 

a
Source of protein coding transcripts was Phytozome (http://www.phytozome.net/). 

b
Molecular masses in kilodaltons and pI predicted using DNAStar software. 

c
Subcellular distribution was predicted using TargetP (http://www.cbs.dtu.dk/services/TargetP/). 

d
Solubility predicted using PROSO II (http://mips.helmholtz-

muenchen.de/prosoII/prosoII.seam).  
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Appendix 13 

 
 
Figure S7. Partial alignment of COS BTPC Ser

425
 and Ser

451
 phosphorylation domains with other vascular plant BTPCs. Available 

full length plant BTPC amino acid sequences were aligned using the TCoffee program (available online at http://www.tcoffee.org/).  

Ser
425

 and Ser
451

 phospho-sites are indicated by the arrows. *, : and . indicate decreasing degrees of conservation. The protein 

sequences were identified using NCBI’s BLAST program and the NCBI (http://www.ncbi.nlm.nih.gov/) or Phytozome 

(www.phytozome.org) databases (taken from Dalziel et al., 2012).  

 


