CO-IMMUNOPRECIPITATION ANALYSIS OF THE
PHOSPHOENOLPYRUVATE CARBOXYLASE INTERACTOME OF
DEVELOPING CASTOR OIL SEEDS

by
Richard Glen Uhrig

A thesis submitted to the Department of Biology
In conformity with the requirements for
the degree of Master of Science

Queen’s University
Kingston, Ontario, Canada
September, 2007

Copyright © Richard Glen Uhrig, 2007

Abstract
Co-immunoprecipitation (co-IP) followed by proteomic analysis was employed to
examine the phosphoenolpyruvate carboxylase (PEPC) interactome of developing castor oil seed
(COS) endosperm. Earlier studies suggested that immunologically unrelated 107-kDa plant-type
and 118-kDa bacterial-type PEPCs (p107/PTPC and p118/BTPC, respectively) are subunits of an
unusual ~910-kDa hetero-octameric Class-2 PEPC complex of developing COS. The current
results confirm that a tight physical interaction occurs between p118 and p107 since p118
quantitatively co-IP’d with p107 following elution of COS extracts through an anti-p107-IgG
immunoaffinity column. No PEPC activity or immunoreactive PTPC or BTPC polypeptides were
detected in the corresponding flow-through fractions. Although BTPCs lack the N-terminal
phosphorylation site characteristic of PTPCs, Pro-Q Diamond Phosphoprotein staining,
immunoblotting with phospho-(Ser/Thr) Akt substrate IgG, and phosphate-affinity PAGE
demonstrated that the co-IP’d p118 was significantly phosphorylated at unique Ser and/or Thr
residue(s). The co-IP of p118 and p107 was not influenced by their phosphorylation status. As
p118 phosphorylation appeared unchanged 48 h following elimination of photosynthate supply
due to COS depodding, the signaling mechanisms responsible for photosynthate-dependent p107
phosphorylation differ from those controlling p118’s in vivo phosphorylation. A third PEPC
polypeptide of ~110-kDa (p110; RcPPC1) co-IP’d with p118 and p107 when depodded COS was
used. Analysis of RcPpc1’s full-length cDNA sequence revealed p110’s identity with PTPCs, but
that a pair of unique amino-acid substitutions occurs in its N-terminal sequence that may render
p110 non-phosphorylatable in vivo. The plastidial pyruvate dehydrogenase complex (PDCpl) was
identified as a novel PEPC interactor. Subcellular fractionation indicated that p118 and p107 are
strictly cytosolic, but that PDCpl is targeted to both the cytosol and leucoplast of developing COS.
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Thus, a putative cytosolic metabolon involving PEPC and PDCpl could function to channel carbon
from phosphoenolpyruvate to acetyl-CoA and/or to recycle CO2 from PDCpl to PEPC.
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Chapter 1
Literature Review and Introduction
Phosphoenolpyruvate (PEP) carboxylase (PEPC; E.C. 4.1.1.31) is a ubiquitous, and
tightly controlled cytosolic enzyme found in vascular plants, green algae and bacteria. PEPC
catalyzes the irreversible β-carboxylation of phosphoenolpyruvate (PEP) to oxaloacetate (OAA)
[1] in the presence of a divalent metal cation co-factor (Mg2+ / Mn2+), and bicarbonate (HCO3-)
(Fig 1.1). PEPC plays a pivotal role in photosynthetic CO2 fixation by C4 and CAM leaves [1, 2].
PEPC also has a variety of additional functions, including the anaplerotic replenishment of
tricarboxylic acid (TCA) cycle intermediates withdrawn for biosynthesis and N-assimilation.
Most PEPCs maintain a homotetrameric native structure approximating 400 – 440 kDa, and
consist of 4 identical 100 – 110 kDa subunits [3].

However, exceptions to the classic

homotetrameric structure have been documented. In particular, a heterotetrameric PEPC has been
characterized from banana fruit [4, 5], while several unicellular green algae and developing castor
oil seeds (COS) contain large Class-2 PEPC hetero-oligomer complexes [6-10].

1.1 Post-Translational Control of PEPC
Owing to its location at a key junction in primary plant metabolism, PEPC is tightly
controlled by a combination of various fine metabolic controls including allosteric effectors and
reversible phosphorylation. Allosteric control is accomplished by both upstream activators and
downstream inhibitors. Well documented ‘feed-forward’ activators include hexose- and triosephosphates such as glucose-6-phosphate (Glu-6-P) and glycerol-3-phosphate (Gly-3-P), while
feedback inhibitors include L-malate, L-aspartate, and L-glutamate [1, 4, 9, 11]. Further PEPC
control is achieved through reversible phosphorylation, which represents a significantly more
complex scenario than allosteric effectors.
1

Fig. 1.1. The phosphoenolpyruvate carboxylase reaction. (A) The conversion of PEP to OAA
releasing Pi requires the presence of HCO3– and the metal cofactor Mg2+. (B) In order to
complete the irreversible β-carboxylation reaction, all substrates and co-factors must bind PEPC
in a specific sequential fashion.
Me2+, divalent metal ion (Mn2+ or Mg2+); PEP,
phosphoenolpyruvate; PEPC, PEP carboxylase; OAA, oxaloacetate; Pi, orthophosphate (adapted
from [12]).

2

First discovered in C4 and Crassulacean acid metabolism (CAM) leaves, diurnal
phosphorylation modulates PEPC’s allosteric sensitivity to metabolic effectors [13]. The effect
of phosphorylation is manifested in phospho-PEPC’s decreased sensitivity to malate inhibition
and increased sensitivity to Glu-6-P activation (overall increase in enzymatic activity) in the ‘day’
and ‘night’ forms of C4 [14] and CAM leaf PEPC [15, 16] respectively. Key experiments
involving in vivo

32

Pi-labelling, immunoprecipitation (IP), purification, N-terminal sequencing

and kinetic characterization demonstrated that phosphorylation occurs on an extreme N-terminal
seryl residue of a PEPC polypeptide. An ~ 30 – 33 kDa calcium-independent PEPC protein
kinase (PEPCk) and protein phosphatase type 2A (PP2A) facilitate this cyclic phosphorylation
process [17, 18]. PEPCks high specificity for the conserved N-terminal seryl phosphorylation
motif of PEPC is highlighted by its inability to target both phosphorylation-site mutant PEPCs
and alternative substrates [18-20].

Despite being structurally related to calcium-dependent

protein kinases (CDPKs), PEPCk lacks all regulatory domains, and represents the smallest
documented protein kinase [13, 19].
Control of PEPC phosphorylation is achieved through PEPCk itself. Due to the lack of
regulatory domains, PEPCk activity appears to be regulated by cyclic day-night ubiquitin proteosomal mediated protein turnover [21] precipitated by endogenous circadian rhythms (CAM
plants), light-sensing mechanisms (C4 plants) or the presence / absence of phloem supplied
sucrose (C3 plants) [14, 22-24].

These intra- and extra-cellular cues function to elicit

alkalinization of the cytosol, which activates PEPCk production through a complex signaling
cascade within the cell. Cytosolic alkalinization activates Ca2+ dependent phosphoinositidespecific phospholipase C (PI-PLC) to facilitate the production of the second messenger inositol1,4,5-triphosphate (IP3), which in turn stimulates Ca2+ efflux from the vacuole to the cytosol [25,
26]. Released Ca2+ then activates a Ca2+ dependent protein kinase to either stimulate PEPCk gene
3

expression or protein translation (Fig 1.2) [27, 28]. As mentioned, PEPCk activity is contrasted
by a complementary mammalian-type protein phosphatase 2A responsible for dephosphorylating
PEPC. Studies examining this PP2A have documented it at constant levels throughout plant
tissues, suggesting that control of PEPC phosphorylation lies mainly with PEPCk [1, 29, 30].
Alternatively, more recent lines of work have uncovered evidence relating the presence / absence
of an inhibitor protein [31], and/or reversible disulfide-dithiol interconversion [32] as possible
fine metabolic controls of PEPCk in C4 and CAM leaves.
Collectively, the complex inter-play between allosteric effectors and reversible covalent
modification via phosphorylation can be attributed to the role PEPC occupies as a key and
multifaceted metabolic enzyme. Operating at the cytosolic PEP branchpoint, PEPC functions in
both respiratory and biosynthetic pathways assisting indirectly in ATP and acetyl-CoA
production as well as directly creating tricarboxylic acid (TCA) cycle intermediates (OAA &
malate) to support key anabolic processes such as nitrogen assimilation and fatty acid synthesis
[33].

1.2 PEPC Structure – Function: Site-Directed Mutagenesis and Crystal
Structures
PEPC has been purified and characterized from many sources as a ~ 400 kDa
homotetramer of 4 identical ~ 100 kDa monomers [1]; few exceptions noted [4, 6-8]. When first
characterized in C4 and CAM leaves, PEPC demonstrated in vitro intro-conversion between an
inactive dimeric state and an active tetrameric state [34, 35] based on the presence or absence of
known metabolic effectors, PEP, high salt [35], and pH [36]. Initially, this was hypothesized to
function as a mode of post-translational regulation, but upon subsequent examination, PEPC
interconversion between a dimeric and tetrameric state was largely attributed to in vitro dilution
and was deemed physiologically irrelevant [1, 36]. Further investigations of PEPC structure –
4

Fig. 1.2. Current model for the activation of PEPCk and regulatory phosphorylation of
PEPC in C4 and CAM plants. Initially, the cytosolic pH becomes alkaline, stimulating the
conversion of PIP2 to IP3 and DAG by PI-PLC. Subsequent release of IP3 into the cytosol
stimulates vacuolar release of Ca2+ in turn activating either a CDPK or CaMK. The activated
kinase either directly or indirectly enhances PEPCk gene expression and/or protein synthesis.
PEPCk, PEPC kinase; PIP2, phosphatidylinositol-4,5-bisphosphate; IP3, inositol-1,4,5trisphosphate; DAG, 1,2-diacylglycerol; PI-PLC, phosphoinositide-specific phospholipase C;
CDPK / CaMK, Ca2+/calmodulin-dependent protein kinase (adapted from [12])
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function pursued a more in-depth and targeted approach. Here, homology alignments of the fulllength prokaryotic and eukaryotic PEPC sequences available at the time [37, 38] assisted in
elucidating regions of amino acid residue conservation common amongst all examined species
despite evolutionary divergence [39]. From this a compiled list of conserved amino acid targets
were identified and subsequent site-directed mutagenesis ensued [1]. At this time however,
complete evaluation of structure – function relationships became hampered by the lack of three
dimensional structures for PEPC [40].
In 1989 Inoue and colleagues obtained the first crystals of a PEPC using purified
Escherichia coli (E. coli) PEPC (EcPEPC) in the presence of the inhibitor L-aspartate [41]. A
fully resolved PEPC structure was then subsequently reported [42]. Visualization of EcPEPC
helped assemble the findings of site-directed mutagenesis studies into a three dimensional
working model of PEPC structure - function. Furthermore, the crystal structure of EcPEPC
resolved a ‘dimer-of-dimer’ tetrameric conformation, consisting of two pairs of tightly bound
monomeric subunits interacting together through relatively loose dimer-dimer interactions
between the C-terminal domains of each monomer to form a homotetramer (Fig 1.3A) [42].
Subsequent EcPEPC crystal structures became available in 2002, but were only able to resolve
the inactive T-state of PEPC complexed with Mn2+ - aspartate and Mn2+- 3,3-dichloro-2dihydroxyphosphoinoylmethyl-2-propenoate (PEP substitute) [3]. However, upon crystallization
of maize leaf PEPC (ZmPEPC) in the presence of sulfate (simulates Glu-6-P activation), PEPC
crystals were finally acquired in the active R-state conformation [3]. Obtaining both PEPC states
through EcPEPC and ZmPEPC crystallization made the creation of a consensus mechanism of
PEPC catalysis possible, and revealed the unique structural components involved in catalyzing
this reaction. These included the presence of secondary structure loop regions which undergo
conformational changes between R and T states (Fig 1.3B; Fig 1.4), in addition to key amino acid
6

Fig. 1.3. Various Structural Components of EcPEPC and ZmPEPC. (A) Overall “Dimer-ofDimers” structure of E. coli PEPC. (B) Surface images of maize (left) and E.coli (right) PEPC.
The blue arrow represents the modeled PEP. The yellow represents the “gated domain”, which is
shown in the open state of the maize PEPC and closed state of the E. coli PEPC. The shift
between states manifests an approximate 10o shift between monomeric subunits and represents a
global conformational change between R and T – state structures. Numbers in brackets represent
the corresponding amino acids of maize PEPC. (C) Intersubunit ion pairing between R438 (498)
and E433 (493) of an adjacent monomer contributing to the tetramerization of dimer pairs. (D)
Monomer of E. coli PEPC complexed with an aspartate molecule. (E) Aspartate binding site
demonstrating the key amino acids involved in inhibitor binding; R537 (647), K773 (835), R832
(894), and N881 (968) (F) Electrostatic surface potential of E. coli PEPC demonstrating the
inhibitor binding channel (Blue) center of image. Images A – E are adapted from [40], while F
was adapted from [42].

7

Fig. 1.4. Location of key functional residues in the primary structure of maize PEPC
(ZmPEPC). Horizontal grey bar represents the primary structure with the Roman numerals
symbolize the exon number. Vertical lines above the main bar represent invariable amino acid
residues across all PEPCs characterized to date (100). Amino acid residues whose function is
understood are underlined, with all residue numbers corresponding to the ZmPEPC, despite their
function being described from a combination of site-directed mutagenesis studies using E. coli,
maize and sorghum. (adapted from [40])
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residues which specifically function in PEPC tetramerization (Fig 1.3C), activation, inhibition
(Fig 1.3D - F) and catalysis [3]. However, as of 2003 only 30 of the 100 completely conserved
amino acid residues of bacterial and plant PEPCs sequenced to date have been characterized via
site-direct mutagenesis [40]. Research currently underway hopes to further understand the roles
of these uncharacterized conserved amino acids and their roles in PEPC structure – function, in
addition to obtaining a structural understanding of PEPC phosphorylation, and the formation of
the novel ‘Class-2’ hetero-oligomeric PEPCs [40].

1.3 PEPC Classification and Expression
Initial classification of plant PEPCs based on differences in kinetics and hypothesized
physiological roles assisted in categorizing PEPCs as either photosynthetic (CAM or C4) or nonphotosynthetic (C3) [43].

Despite this classification scheme, these two PEPC classes were

subsequently found to maintain a 75% sequence similarity [44]. This high level of similarity
between the two classes of PEPC assists in explaining PEPCs ubiquitous nature, and conserved
functionality (conversion of PEP to OAA) throughout various plant tissues, as well as different
plant species [1, 37]. More recently however, work has re-examined the PEPC classification
scheme through a molecular phylogenetic approach [45]. Finally, in 2001 Gehrig and colleagues
revised the previously accepted C4/CAM vs C3 nomenclature to provide a more detailed
classification of PEPCs using high-throughput, partial sequencing of ~ 140 PEPCs from a variety
of species [45, 46]. This study maintained the C4/CAM PEPC (involved in primary CO2 fixation)
classification, but redrew the over simplistic definition of C3 PEPCs, replacing it with ppc-aP
(prokaryotic anaplerotic and other non-photosynthetic isoforms), and ppc-aX (eukaryotic
anaplerotic and other non-photosynthetic isoforms), where the X stands for either R = root or
nodule and L = leaf. Notably, this new nomenclature still neglects to classify seed and fruit
specific PEPC isoforms [46].
9

Within any particular plant species PEPC is represented by a small, multi-gene family
coding for several isozymes [37].

Genome sequencing projects, and pointed molecular

investigations of various plant species in recent years have conclusively identified all components
of the multi-gene PEPC family for: the green alga Chlamydomonas reinhardtii (2), and the
vascular plants Sorghum vulgare (3), Arabidopsis thaliana (4), Oryza sativa (rice) (7), and
Glycine max (soybean) (5) [47-49].

Due to highly conserved functionality amongst PEPC

isozymes, physiological specificity has been largely attributed to variation in genetic expression
as a response to developmental, environmental or tissue specific cues, where expression ranges
from constitutive to non-existent [47, 49]. To date, tissue-specific PEPC isozyme tracking at the
protein level has not been achieved, and is a point in need of further investigation to complement
the large body of transcript profiling already accomplished. Interestingly, PEPC gene expression
studies involving Arabidopsis, rice [49], and soybean [47], in addition to biochemical analyses of
COS and green algal PEPCs [6-9], proposed another layer of complexity that further complicates
the understanding and classification of PEPCs in plants. In each species, one of the genes
comprising the multi-gene PEPC family differs significantly from classically characterized
vascular plant-type PEPCs (PTPCs), and more closely matches PEPCs of prokaryotic origin,
namely the so-called ‘bacterial-type PEPCs’ (BTPCs) [50]. The discovery of this new subset of
PEPCs within the multi-gene families of vascular plants has recently become a major focus of
current PEPC research.

1.4 Physiological Roles of PEPC
The physiological roles for photosynthetic PEPCs involved in C4 and CAM primary CO2
fixation is well established throughout the literature [1]. However, the roles attributed to nonphotosynthetic PEPCs continue to be an area of active research. Some key roles performed by
non-photosynthetic PEPCs include: 1) providing a carbon substrate (malate) to N2-fixing
10

bacteriods in legume root nodules to support the symbiotic relationship [51], 2) contributing to
the synthesis of organic acids in Pi-deficient roots for secretion into the rhizosphere to solublize
mineralized phosphate [11], 3) assisting in leaf guard cell malate production to balance pH
changes associated with stomatal operation [52], and 4) the production of TCA cycle
intermediates withdrawn for biosynthetic processes such as N-assimilation, as well as protein and
fatty-acid synthesis [1, 33, 53]. This last role in particular suggests PEPC may be a potential
target for metabolic engineering in an effort to adjust carbon flux through the PEP branchpoint
towards agronomically important end-products such as storage proteins and lipids in seed crops.

1.5 Ricinus communis (Castor): An Oil Seed Model
Despite only possessing minor agronomic value at present (lubricants & plastics), Ricinus
communis (Castor) still represents a potential target organism for genetic modification and
metabolic engineering [54]. In particular, castor oil seeds (COS) have been documented to
produce more triacylglycerides (fatty-acid derived storage lipids) than any other seed examined to
date (~ 64 % of total seed weight) [55, 56] of which 90 % is represented by ricinoleic acid [54,
57]. Since the early 1990’s a variety of research has continually uncovered findings which
suggests that PEPC plays a key role in COS storage lipid synthesis. This body of research has
shown that: 1) PEPC activity and protein abundance correlates closely with storage lipid
accumulation [58], 2) leucoplast fatty-acid synthesis is supported primarily by cytosolic malate
manufactured from OAA produced by PEPC [59], 3) a malate/Pi antiport on the leucoplast
envelope facilitates the transport of cytosolic malate into the leucoplast [60], and 4) only two
intermediate steps lay between malate and the first committed step of fatty-acid synthesis via
acetyl-CoA carboxylase (ACC); the sequential production of pyruvate and acetyl-CoA via
leucoplast localized NADP-malic enzyme (NADP-ME) and plastidial pyruvate dehydrogenase
complex (PDCpl) respectively (Fig 1.5) [33].

The creation of fatty-acid derived lipids is
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imperative to plant survival. In particular, fatty-acid derived lipids are a key component of
biological membranes [61], waxes, cutin [56], signaling molecules [62], and in the case of COS,
and other oilseeds, a compact carbon store to fuel subsequent seed germination [56, 63].
1.5.1 Fatty-Acid Synthesis in Plastids
To successfully build fatty-acids in plant plastids three key components are required:
reductant (NADH and NADPH), energy (ATP), and substrate (acetyl-CoA). Obtaining these
requirements depends on whether or not the plastid is green (autotrophic) or non-green
(heterotrophic).

In green plastids (chloroplasts), reductant, energy, and substrate can be

efficiently created via photosynthesis, while in non-green plastids (leucoplasts) this occurs
through the oxidation of various imported cytosolic metabolites that double as carbon substrates
[63]. These concepts can be observed in the plastids of green (Brassica napus; canola) and nongreen (R. commuis; castor) oil seeds, where plastid preferences for imported carbon-metabolite
substrates seem to differ in vitro [63-65]. Plastids of green oil seeds seem to preferentially import
the cytosolic glycolytic intermediates (DHAP, Glu-6-P, PEP) which upon processing, do not
alone achieve the reductant requirements necessary for efficient fatty-acid synthesis [66, 67]. To
accommodate this, it is proposed that the majority of required reductant and energy is obtained
through limited intra-plastidial photosynthetic processes [65, 67]. Plastids from non-green oil
seeds however, seem to demonstrate a preference for importing substrates (pyruvate, malate)
which can generate adequate amounts of reductant and energy upon intra-leucoplastic processing
to acetyl-CoA [66]. Specific examples of these in vitro preferences can be seen in studies of
isolated plastids from developing canola and Arabidopsis embryos [66] (green) versus sunflower
embryos [64] and COS endosperm [59] (non-green).

It is important to note that despite

documented in vitro substrate preferences, plastids of both green and non-green oil seeds contain
transporters for each of the aforementioned substrates, and are likely capable of importing /
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Fig. 1.5. Model of carbon metabolism in developing COS. The production of substrates via
cytosolic glycolysis supplies intra-plastidial fatty-acid synthesis. The primary cytosolic
metabolite supporting this process varies between species. In COS, malate occupies a crucial
role, whose production hinges on PEPC activity. Following import into the leucoplast, malate
fuels the production of C-skeletons (acetyl-CoA) and reductant (NADH and NADPH) via NADPME and PDC for use in fatty-acid production. MDH, malate dehydrogenase; ME, malic enzymes,
PDC; pyruvate dehydrogenase complex; ACC, acetyl-CoA carboxylase (adapted from [68]).
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utilizing an integrated combination in vivo, depending on various intra- (developmental) and
extra- (stress) cellular cues. More recently, improved approximations of in vivo carbon flux
toward fatty-acid synthesis have been achieved through in vitro flux analyses of cultured B. napus
embryos. Here, stable isotope labeling was used to monitor storage end-product synthesis, and
demonstrated that Glu-6-P represents the ‘preferred’ substrate of B. napus embryos [69].
As outlined above, imported metabolites provide a means to create reductant and energy,
while also supplying the required carbon substrate to produce acetyl-CoA. In the case of nongreen seeds the shared governance of fatty-acid synthesis by cytosolic and intra-leucoplastic
glycolysis is significantly more apparent. This essential dependency of leucoplastic fatty-acid
synthesis on the import of key cytosolic substrates (i.e. malate in COS) provides further
precedence for PEPCs potentially key role in diverting a substantial portion of cytosolic carbon
toward fatty-acid synthesis in developing COS.
1.5.2 PEPC in Castor Oil Seed
To further investigate the specific role of PEPC in supporting fatty-acid synthesis Blonde
and Plaxton, 2003 undertook the first purification of PEPC from any seed, namely COS. Here,
using Superdex 200 gel filtration FPLC, 2 isoforms of PEPC were resolved from developing
stage VII (full cotyledon) COS endosperm extracts (Fig 1.6a); Class-1 and Class-2 PEPC
complexes respectively (Table 1.1). The COS Class-1 PEPC complex represented the typical 410
kDa, homotetrameric PEPC composed of 4 identical 107 kDa PTPC subunits (p107), which
exhibited immunological, structural and allosteric properties characteristic of other well
documented Class-1 PEPCs. The COS Class-2 PEPC complex, however, represented a novel 680
kDa, hetero-oligomeric PEPC composed of the same homotetrameric PTPC core as the COS
Class-1 PEPC, in addition to 4 immunologically unrelated 64 kDa subunits (p64). The COS
Class-2 PEPC complex exhibited a broader pH optima, lower allosteric sensitivity and higher
14

Fig. 1.6. Subunit structure of COS PEPC isoforms. (A) The two isoforms of PEPC resolved
by Blonde and Plaxton 2003 [9]. COS Class-1 and Class-2 PEPCs consist of the same catalytic,
p107 homotetramer core, while COS Class-2 PEPC possesses 4 immunologically unrelated
BTPC polypeptides (p64) that associate with it. Addition of the p64 subunits renders the COS
Class-2 PEPC to approximate a native Mr of ~680 kDa. The presence of multiple PEPC isoforms
is very similar to the previously characterized ‘Class-1’ and ‘Class-2’ PEPCs of unicellular green
algae [6, 7]. The COS Class-2 PEPC, like green algal ‘Class-2’ PEPCs, exhibited insensitivity to
allosteric effectors, broader functional pH range and enhanced thermostability.
(B)
Immunoblotting using anti-(COS p64)-peptide IgG and MS, demonstrated that p64 was the in
vitro proteolytic degradation product of a larger ~118 kDa polypeptide (p118) during incubation
of COS extracts on ice [10]. Only a few select protease inhibitors were capable of preventing
p118 breakdown; proteCEASE-100tm (GBioSciences), copper acetate, and 1x PMSF
(GBioSciences) [10]. COS, Castor oil seed; PMSF, phenylmethylsulfonyl fluoride (A; adapted
from [10]).
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TABLE 1.1
PEPC nomenclature and its relation to the COS PEPCs

a

a

Polypeptide
(kDa)

COS PEPC Gene Product

PEPC
Oligomeric
Class

p118

RcPPC4 (full-length)

Class-2

BTPC

p110

RcPPC1 (full-length)

Unknown

PTPC

p107

RcPPC3 (full-length)

Class-1 & 2

PTPC

p98

RcPPC3 (N-terminal proteolyzed)

Class-1

PTPC

p71, p64

RcPPC4 (C-terminal proteolytic
products)

Class-2

BTPC

p50, p46

RcPPC4 (N-terminal proteolytic
products)

Class-2

BTPC

b

PEPC Type

‘Class-1’ = homotetramer; ‘Class-2’ = hetero-oligomer (hetero-octamer)

b

PTPC = Plant-type PEPC; BTPC = Bacterial-type PEPC based on sequence homology
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thermostability than its Class-1 PEPC counterpart.
tryptic

peptides

interrogated

against

the

Several LC Q-TOF MS/MS sequenced
NCBInr

database

using

MASCOT

(www.matrixscience.com) identified p64 as being most closely related to the C-terminal portion
of BTPC polypeptides deduced from Arabidopsis and rice genomes [9]. To date, the COS Class2 PEPC complex represents the only biochemically characterized Class-2 PEPC complex in
vascular plants despite the identification of genes and corresponding transcripts coding for
BTPCs in Arabidopsis, rice [49], and soybean [47]. Observation of a Class-2 heteromeric PEPC
in COS was unexpected, but reminiscent of the high Mr Class-2 PEPCs previously discovered in
the unicellular green algae species S. minutum and C. reinhardtii, where Class-2 heteromeric
PEPC complexes ranged in size from 650 – 1500 kDa. As is the case with the COS Class-2
PEPC complex, the green algal Class-2 PEPCs are comprised of tightly associated PTPC and
BTPC polypeptides, and exhibit enhanced thermostability, and desensitization to various
metabolic effectors [6-8].
Additional findings observed by Blonde and Plaxton 2003, documented a dissimilar
developmental profile between the COS Class-1 and Class-2 PEPC complexes. The COS Class-2
PEPC complex was more abundant in the earlier stages of COS development, peaking at stage V
- VII (mid- to full cotyledon) where maximal oil synthesis was observed, while the COS Class-1
PEPC complex increased in prevalence throughout the developmental stages, peaking at stage VII
- IX (mature cotyledon) (Fig 1.7). This developmental profile has led to the hypothesis that
micro-compartmentation of COS Class-1 and Class-2 PEPC within the cytosol allows for targeted
PEP partioning toward specific end-products; COS Class-1 PEPC (effector sensitive) toward
protein synthesis and anaplerotic replenishment of TCA cycle intermediates, while COS Class-2
PEPC (effector insensitive) toward massive leucoplastic storage lipid synthesis [9]. More recent
insights into COS Class-2 PEPC complex structure – function [10], in conjunction
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Fig. 1.7. Non-denaturing PAGE and in gel activity staining of COS PEPC across endosperm
development: Lanes 1 and 2 contain purified COS Class-1 and Class-2 PEPC respectively as Mr
controls for activity staining in crude COS endosperm extracts. Lanes III, V, VII and IX
correspond to detected PEPC activity staining of clarified extracts at a each developmental stage
of COS endosperm. Lane III (heart-shaped embryo), Lane V (mid-cotyledon), Lane VII (fullcotyledon), Lane IX (maturation) as described previously [70]. (Adapted from [9]).
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with work presented here (Fig 1.6b), found that the p64 BTPC polypeptides of the originally
characterized Class-2 PEPC complex are in fact in vitro proteolytic fragments of larger 118 kDa
BTPC polypeptides (p118s). Detailed analysis of proteolysis using calibrated, non-denaturing gel
electrophoresis and immunoblotting demonstrated that non-proteolyzed COS Class-2 PEPC
complex is actually a ~ 910 kDa hetero-octamer that becomes reduced to ~ 680 kDa by the
proteolytic action of endogenous cysteine proteases (Fig 1.6) [10]. Efforts pursued in preventing
proteolytic degradation demonstrated that ProteCEASE-100tm (GBioSciences), copper acetate and
1 x PMSF (GBioSciences) were the only protease inhibitors capable of preventing p118
breakdown to p64 during incubation of COS extracts on ice.

Despite preventing p118

degradation in clarified extracts for up to 24 h, purification of a non-degraded COS Class-2 PEPC
complex has proven elusive [10].

1.6 Thesis Objectives
With the discovery of Class-2 PEPCs in the unicellular green algae S. minutum and C.
reinhardtii [6-8], followed closely by the purification of a remarkably similar Class-2 PEPC
complex from developing COS [9], and the discovery of BTPC genes in vascular plant and green
algal species [47, 49, 50], the possibility of a conserved role for these higher Mr heterooligomeric PEPCs in plants becomes significantly more likely. Of particular interest is the
presence of both Class-1 and Class-2 PEPC isoforms in the triglyceride-rich endosperm of COS.
The presence of multiple isoforms within a single tissue type suggests the occupation of specific
physiological roles. In the case of COS PEPC, this has been suggested to be accomplished
through cytosolic microcompartmentation, facilitated by either novel interacting protein partners
and/or targeted post-translational modifications which direct their cytosolic localization and/or
contribute directly to their specific physiological functionality through allosteric control.
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To further investigate the hypothesis of protein:protein interactions dictating
microcompartmentation, a proteomic co-immunoprecipitation (co-IP) approach was under taken
using polyclonal protein-A purified rabbit anti-(COS p107) IgG. Co-IP experimentation looked
to extract p107 from various clarified and/or fractionated COS extracts either in the presence of
various allosteric effectors, solublized with different detergents, or under various PEPC
phosphorylation states to elucidate the COS PEPC interactome.

Co-IP approaches to

investigating protein:protein interactions have been cited throughout the literature as a robust in
vitro depiction of the in vivo condition [71, 72], but have largely been used only to corroborate
the findings of more high-throughput molecular approaches (i.e. yeast 2-hybrid) [73]. More
recently, techniques such as co-IP and protein affinity chromatography have begun to be used in
conjunction with MS as a primary approach to examining protein ‘interactomes’ [73, 74]. Few, if
any, of these studies have addressed potential interactors of plant primary metabolic enzymes
such as PEPC.

This study highlights the use of co-IP as a primary tool for investigating

protein:protein interactions of COS PEPC. Work presented here describes the identification COS
PEPC interactors, while providing novel insights into the post translational modification of the
proteolyzed and non-proteolyzed BTPC subunits of the Class-2 hetero-oligomeric PEPC complex
of COS.
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Chapter 2
Co-immunoprecipitation of phosphorylated bacterial- and
plant-type phosphoenolpyruvate carboxylases with the
plastidial pyruvate dehydrogenase complex from developing
castor oil seeds

Submitted August 2007 to Mol. Cell. Proteomics - USA

2.1 Introduction
Phosphoenolpyruvate (PEP) carboxylase (PEPC, E.C. 4.1.1.31) is a tightly regulated
enzyme of vascular plants, green algae, and bacteria that catalyzes the irreversible βcarboxylation of PEP to yield oxaloacetate (OAA) and inorganic phosphate (Pi). PEPC has been
extensively studied with regards to its function in C4 and crassulacean acid metabolism (CAM)
photosynthesis. It also plays pivotal metabolic roles in non-photosynthetic and C3 photosynthetic
cells, particularly the anaplerotic replenishment of TCA intermediates consumed during
biosynthesis and N-assimilation. Most plant PEPCs are: (i) homotetramers composed of identical
subunits of ~100 – 110-kDa, (ii) allosteric enzymes whose activity is potently modulated by
various metabolite effectors, and (iii) also controlled by reversible phosphorylation at a highly
conserved N-terminal seryl residue by a Ca2+-independent PEPC protein kinase and protein
phosphatase type-2A [1, 2, 33]. PEPC phosphorylation typically activates the enzyme by
simultaneously reducing and increasing its sensitivity to L-malate inhibition and Glu-6-P
activation, respectively.
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In developing seeds, the partitioning of imported photosynthate between starch, storage
lipid, and storage protein biosynthesis is of major agronomic concern. PEP metabolism via PEPC
and pyruvate kinase (PK, E.C. 2.7.1.40) plays a prominent role in partitioning oil seed
carbohydrates towards plastidial fatty-acid biosynthesis versus the mitochondrial production of
ATP and C-skeletons needed for amino acid interconversion in support of storage protein
biosynthesis [33, 75, 76]. PEPC and PK activities are abundant in developing seeds and represent
promising targets for metabolic engineering in this tissue [58, 77, 78]. However, our
understanding of the molecular and kinetic/regulatory properties of seed PEPC and PK is
relatively sparse. We recently described the biochemical properties of PEPC and cytosolic PK
purified from the triglyceride-rich endosperm of developing castor oil seeds (COS) [9, 10, 23,
78]. The combined results suggested that cytosolic pH, and the allosteric effectors glutamate and
aspartate are involved in the coordinated control of the glycolytic PEP branchpoint as mediated
by cytosolic PK versus PEPC [9, 33, 78]. Our interest in COS PEPC was sparked by the
discovery that exogenous L-malate supported maximal rates of fatty-acid synthesis by purified
leucoplasts from developing COS [59]. Subsequent research revealed that L-malate import from
the cytosol into the leucoplast stroma is catalyzed by a malate/Pi translocator within the COS
leucoplast envelope [79].
While purifying PEPC from developing COS, low and high Mr PEPC isoforms were
resolved during Superdex 200 gel filtration that respectively exhibited striking physical and
kinetic similarities to previously characterized green algal Class-1 and Class-2 PEPC [9, 80].
COS Class-1 PEPC is a typical 428-kDa homotetramer of 107-kDa plant-type PEPC (PTPC)
subunits (p107), whereas the native Class-2 PEPC ~910-kDa hetero-oligomeric complex appears
to arise from an association between Class-1 PEPC and an immunologically-unrelated 118-kDa
bacterial-type PEPC (BTPC) polypeptides (p118) [9, 10]. Characterization of the native Class-2
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PEPC has been hampered by p118’s extreme susceptibility to in vitro degradation to a 64-kDa
polypeptide (p64) by an endogenous thiol endopeptidase [9, 10]. The reversible in vivo seryl
phosphorylation of the shared p107 subunit of Class-1 and Class-2 PEPC in response to
photosynthate supply indicated that PEPC (p107) protein kinase also contributes to the control of
carbohydrate partitioning in developing COS at the level of the cytosolic PEP branchpoint [23,
24]. Distinctive Class-1 versus Class-2 PEPC developmental profiles during COS filling, along
with Class-2 PEPC’s marked insensitivity to allosteric effectors relative to Class-1 PEPC, led to
the hypotheses that: (i) Class-1 and Class-2 PEPC respectively support carbon flux required for
storage protein and storage lipid synthesis in developing COS, and (ii) the p118 BTPC functions
as regulatory subunit of the Class-2 PEPC complex [9, 10]. The existence of Class-1 and Class-2
PEPC isoforms within developing COS implies that they may have discrete metabolic functions
in vivo, and could be micro-compartmented within the cytosol through unique post-translational
modifications and/or protein interactors.
The current study exploits the availability of monospecific polyclonal antibodies raised
against the native COS Class-1 PEPC [9, 10] to investigate the PEPC interactome of developing
COS using a co-immunoprecipitation (co-IP) proteomics approach. Interactome studies via co-IP
coupled with proteomic analysis can provide a robust in vitro depiction of protein:protein
interactions prevailing in vivo [73]. Our results indicate that a specific interaction between
phosphorylated BTPC and PTPC polypeptides and the plastidial pyruvate dehydrogenase
complex (PDCpl) may exist in the COS cytosol. Furthermore, a third PEPC polypeptide of ~110kDa (p110) co-IP’d with p118 and p107, 48 h following the elimination of photosynthate supply
due to COS depodding. Bioinformatic analysis of a full-length cDNA-deduced amino-acid
sequence for p110 (RcPpc1) revealed its significant identity with p107 and other PTPCs.
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2.2 Experimental Procedures
2.2.1 Plant Material
Castor (R. communis L.) cv. Baker 296 plants were cultivated in a greenhouse at 24 oC
and 70% humidity under natural light supplemented with 16 h of artificial light. Pods containing
developing COS at various developmental stages were harvested at mid-day unless otherwise
indicated. Stems containing intact pods of developing COS were also excised and placed in water
in the dark for 48 h at 24 oC. Endosperm (free of cotyledon) was rapidly dissected and routinely
frozen in liquid N2 and stored at -80 ºC until used.
2.2.2 PEPC and Protein Assays
PEPC was assayed at 340 nm using a Molecular Devices microplate spectrophotometer.
Standard assay conditions were: 100 mM HEPES-KOH, pH 8.0, 2.5 mM PEP, 5 mM NaHCO3, 5
mM MgCl2, 0.15 mM NADH, 10% (v/v) glycerol, 1 mM DTT, and 5 units/ml malate
dehydrogenase (0.2 mL final volume). One unit of activity is defined as the amount of PEPC
catalyzing the formation of 1 µmol of oxaloacetate/min at 25 oC. Protein concentrations were
determined as previously described [9] using bovine γ-globulin as the protein standard.
2.2.3 Production of Anti-(COS p107)-IgG Immunoabsorbant
The anti-p107-IgG present in 3 mL of rabbit immune serum (I.S.) raised against the
homogeneous and non-proteolyzed native Class-1 PEPC from stage VII developing COS [10, 81]
was purified by chromatography on a column (2 mL) of ImmunoPure Immobilized Protein-A
Plus agarose (Pierce Chemicals) according to the manufacturer’s protocol. After eluting unbound
serum proteins with PBS, anti-p107-IgG was eluted with 100 mM glycine-HCl, pH 2.8, and
neutralized with 1 M unbuffered Tris. OD280 absorbing fractions were concentrated to ~1.5
mg/mL using an Amicon Ultra-15 Centrifugal Filter Unit (10-kDa cutoff) and dialyzed overnight
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against PBS. Dialyzed anti-p107-IgG, as well as proteins in the corresponding pre-I.S. (3 mg
each) were separately coupled to 3 mL of AminoLink Plus Gel (Pierce Chemicals) as stipulated
by the manufacturer.
2.2.4 Co-immunoprecipitation
COS endosperm (8 g) was homogenized using a mortar and pestle in two volumes of icecold Buffer A containing: 100 mM HEPES-KOH, pH 7.5, 1 mM EDTA, 1 mM EGTA, 15% (v/v)
glycerol, 5 mM MgCl2, 100 mM KCl, 10 mM NaCl, 25 mM NaF, 1 mM Na3VO4, 0.1% (w/v)
polyvinyl(polypyrrolidone), 0.1% (v/v) Triton X-100, 2 mM 2,2’-dipyridyl disulfide, and 10
µL/mL ProteCEASE-100 (G-BioSciences). Homogenates were centrifuged at 4 oC and 17000 x g
for 10 min, and the supernatant fluid recentrifuged for 5 min and filtered through a layer of
Miracloth (Calbiochem). Clarified extracts were pre-cleared by eluting at 0.5 mL/min through the
pre-I.S. protein-coupled AminoLink column (1 X 3.8 cm). Unbound proteins were immediately
absorbed at 0.5 mL/min onto the anti-p107-IgG co-IP column (1 X 3.8 cm) that had been preequilibrated with PBS. Flow-through fractions were collected by eluting the column at 1 mL/min
with PBS containing 10 µL/mL ProteCEASE-100 until the OD280 decreased to baseline, and
bound proteins eluted at 0.5 mL/min with 100 mM glycine-HCl, pH 2.8, and neutralized (1 mL
fractions collected into 0.1 mL of unbuffered 1 M Tris). OD280 absorbing fractions were
concentrated to ~1 mg/mL as above, and analyzed for their polypeptide composition by 1-D SDSPAGE, 2-dimensional PAGE (2-DE), and immunoblotting. In some instances, the co-IP column
was eluted stepwise with increasing concentrations of ImmunoPure Ab/Ag Gentle Elution Buffer
(GEB) (Pierce Chemicals), prior to elution with the acidic glycine buffer.
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2.2.5 Phosphatase Treatments
Clarified extracts were prepared in buffer A (adjusted to pH 8.2) ± 25 mM NaF and 1
mM Na-ortho-vanadate, and respectively incubated at 30 oC for 1 h ± 60 units/mL calf intestinal
alkaline phosphatase type VII-S (alk-p’tase) (Sigma Chemical Co.). Prior to co-IP, alk-p’tase
activity was quenched with 25 mM NaF and 1 mM Na3VO4, followed by pre-clearing of the
extracts with the pre-I.S. column. Phosphatase treatment of BTPC-enriched co-IP eluates
(obtained following elution of the anti-p107-IgG co-IP column with 25% (v/v) GEB in PBS) was
performed using λ phosphatase (λ-P’tase) (New England BioLabs). An aliquot of the co-IP
concentrate (25 μg in 50 μL) was incubated ± 8000 units/mL of λ-P’tase in the presence of 50
mM Tris-HCl (pH 7.5), 2 mM MnCl2, 100 mM NaCl, 2 mM DTT, 0.1 mM EGTA, and 0.01%
Brij 35 for up to 30 min at 30 oC.
2.2.6 Subcellular Fractionation
Freshly harvested stage V COS endosperm (15 g) was homogenized as above in Buffer A
lacking KCl, NaCl, and Triton X-100, but containing 0.4 M sorbitol (Buffer B), and centrifuged
at 500 x g for 5 min. The supernatant fluid was centrifuged at 6000 x g for 20 min to separate the
enriched cytosolic (supernatant) and organellar (pellet) fractions [79]. Pellets were gently
resuspended in 25 mL of Buffer B lacking polyvinyl(polypyrrolidone), followed by recentrifugation as above. Pelleted organelles were lysed by resuspension in 2 mL of Buffer A
containing 0.2% (v/v) Triton X-100.
2.2.7 SDS-PAGE and Immunoblotting
SDS-PAGE was performed using Bio-Rad Protean III mini-gel (200 V, 50 min) or
Protean II xi (50 mA, 6 h) cells as previously described [9]. Gels were stained for total protein
using either Coomassie Blue R-250 or Sypro-Red, or for phosphoproteins using Pro-Q Diamond
Phosphoprotein stain (ProQ-PPS) (Molecular Probes). Sypro-Red and ProQ-PPS stained gels
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were scanned using a Typhoon 8600 fluorescence imager and relative band intensities quantified
using Image Quant software, version 5.0 (GE Healthcare). ProQ-PPS stained and imaged gels
were incubated overnight in 0.05% (w/v) SDS at 24 oC prior to visualization of total proteins
using Sypro-Red. Polypeptide Mr estimates by SDS-PAGE were as previously described [9].
Phosphate-affinity PAGE was conducted at 75 V for 5 h with the Bio-Rad mini-gel system
described above except that the resolving gel (7.5% acrylamide) contained 75 µmol/L Phos-tagTM
acrylamide (www.phos-tag.com) and 150 µM MnCl2 [82].
For immunoblotting, SDS-PAGE mini-gels were electroblotted onto PVDF membranes
[9] and probed using antibodies described in the relevant Fig. legends. Mn2+ present following
phosphate-affinity PAGE was removed prior to electroblotting by incubating the gels for 10 min
in transfer buffer containing 1 mM EDTA, and then for 10 min in transfer buffer lacking EDTA.
Immunoreactive polypeptides were visualized using an alk-p’tase conjugated secondary antibody
and chromogenic detection [9]. Immunological specificities were confirmed by performing
immunoblots in which rabbit pre-I.S. was substituted for the various antibodies. For anti-(p107
phosphorylation site-specific)-IgG (p107 APS-IgG) immunoblots, non-phosphorylated p107
peptide was used to block any nonspecific antibodies raised against the non-phosphorylated
sequence [23]. All immunoblot results were replicated a minimum of three times, with
representative results shown in the various Figs.
2.2.8 2-Dimensional PAGE
Protein samples were precipitated using a 2-DE Clean-UP Kit (GE Healthcare).
Following centrifugation, pellets were solubilized in 50 μL of rehydration buffer [6 M urea, 2 M
thiourea, 4% (w/v) CHAPS, 0.5% (v/v) IPG buffer (pH 4-7) (GE Healthcare), 50 mM DTT, and a
trace of bromophenol blue], and proteins quantified using the 2-DE Quant Kit (GE Healthcare).
IEF was carried out at 20 oC using immobilized strip gels (pH 4-7, 13 cm) and an Ettan IPGphor
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II system (GE Healthcare). One hundred µg of protein in 250 μL of rehydration buffer was loaded
onto the IEF tray and passive rehydration carried out overnight under a layer of mineral oil. IEF
was performed using stepwise increases in voltage and running times: 250 V for 15 min, then
1000 V for 6 h, and finally 8000 V for a total of 80000 Vh. Focused strips were equilibrated for
15 min in 50 mM Tris-HCl, pH 8.8, containing 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS, and
1% (w/v) DTT, followed by incubation for 15 min in the same buffer lacking DTT, but
containing 2.5% (w/v) iodoacetamide. Equilibrated IPG strips were placed on 12% SDS-gels, and
sealed with a 3% (w/v) agarose solution. SDS-PAGE was carried out at 10 mA for 1 h and 50 mA
for 5 h using the Bio-Rad Protean II xi cell.
2.2.9 Mass Spectrometry
Coomassie Blue R-250 stained polypeptides were excised from SDS or 2-DE gels, and
digested with Promega sequencing grade trypsin (6 ng/µL) in 50 mM NH4HCO3 for 5 h at 37 oC
using a Micromass massPREP robotic protein handling system. Peptides were gel extracted with
a 1% formic acid/2% acetonitrile solution, followed by two extractions with 50% acetonitrile. All
three extractions were pooled and evaporated to 20 μL using a ThermoSavant Speedvac
concentrator (model: SPD121P). Capillary scale HPLC-MS/MS was performed on a Waters
CapLC XE chromatography system connected to a Waters QTOF Global mass spectrometer
(Protein Function Discovery Facility, Queen’s University) or (for p118/RcPPC4) an Agilent
MSD Ion Trap XCT (Southern Alberta Mass Spectrometry Centre, University of Calgary),
equipped with a nanoelectrospray ion source. LC Packings C18 PepMap 100 columns (3 μm x
100 Ǻ; Dionex, Sunnyvale, CA) were used for enhanced peptide separation. Column elution was
performed using a 5-80% acetonitrile/0.1% formic acid gradient over 35 min at a flow rate of 4
μL/min, with a downstream post column T-split to provide a 200 nL/min flow rate to the
electrospray inlet. Each mass spectrometer was operated in data-dependant mode to automatically
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switch between MS and MS/MS acquisition. Parent ions were scanned in the range of 400-2000
m/z, with a switching threshold for MS/MS selection of 10 counts/sec, and a charge state
recognition filter to select only +2 and +3 charged species. MS/MS ions were scanned in the
range of 50-2200 m/z. All MS/MS spectra files were combined into a single file, smoothed and
centroided using Waters ProteinLynx. Smoothing made use of Savitzky-Golay mode, while
centroiding was only performed on the top 80% of a given peak. Files were searched using the
Mascot search engine (www.matrixscience.com; last updated 01/03/2007) against the publicly
available MS Protein Sequence Database (MSDB released 08/31/2006; containing 3,239,079 nonredundant proteins) with carbamidomethylcysteine and oxidized methionine as fixed and variable
modifications respectively. Searches were performed allowing 1 missed tryptic cleavage
accompanied by a mass tolerance of 0.1 Da in MS mode and 0.6 Da for MS/MS ions.

2.3 Results and Discussion
2.3.1 Screening

for

Plant-type

PEPC-interacting

Protein

Candidates

from

Developing COS
Protein:protein interactions of the COS p107 PTPC were assessed using co-IP, followed
by immunoblotting and MS-based proteomic analyses. The protein A-purified anti-p107-IgG
specifically detected p107 on immunoblots of clarified COS extracts or co-IP’d proteins eluting
from the anti-p107-IgG column (Fig. 2.1B). Prior to co-IP, lysates from stage VII (full cotyledon)
developing COS were pre-cleared by eluting through a pre-I.S. protein column. No reduction in
the total PEPC activity of clarified COS extracts occurred during this pre-clearing step. Nonbinding proteins were immediately absorbed onto a column containing covalently bound antip107-IgG. The vast majority of soluble proteins (>98%) eluted in the flow-through fractions
during the PBS wash. However, 100% of total PEPC activity (~19 units originating from 8 g of
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stage VII developing COS) was routinely eliminated from pre-cleared COS lysates following
their elution through the 3 mL anti-p107-IgG co-IP column. This implied that all of the Class-1
and Class-2 PEPCs present in developing COS extracts [9, 10, 23] were bound by the anti-p107IgG column. Subsequent application of glycine-HCl (pH 2.8) buffer resulted in elution of p107
together with a number of putative p107-protein interactors as judged by SDS-PAGE,
immunoblotting, and 2-DE (Figs. 2.1 and 2.2). In some instances the washed co-IP column was
eluted with Pierce’s Gentle Elution Buffer (GEB) prior to the Glycine-HCl (pH 2.8) buffer. As
p107-interactors were eluted with 25% GEB, they appeared to be less tightly bound relative to
p107, which was subsequently eluted following the application of the Glycine-HCl (pH 2.8)
buffer to the co-IP column (Fig 2.3).
Initially, pH 3–10 IPG strips were employed for IEF of the co-IP’d proteins prior to
second dimension SDS-PAGE. As all of the p107-interactors focused within the 4–7 pH range
(results not shown), subsequent 2-DE was conducted using pH 4-7 IPG strips (Fig. 2.2).
Reproducible 1-D and 2-DE maps were obtained from at least three independent experiments
(Appendix E and results not shown). SDS-PAGE provided optimal resolution of proteins having
a ~Mr >90-kDa (Fig. 2.1A), whereas 2-DE facilitated separation of about 20 lower Mr (~35 – 90kDa) protein spots (Fig. 2.2). Protein-staining bands and spots other than p107 were respectively
excised from 1-D SDS-PAGE and 2-DE gels, and identified using LC Q-TOF MS/MS (Table
2.1).
2.3.2 Bacterial-type PEPC Quantitatively Co-IPs with Plant-type PEPC from
Developing COS
Previous research indicated that the immunologically-unrelated p107 PTPC and p118 BTPC are
subunits of a non-proteolyzed ~910-kDa Class-2 PEPC hetero-octameric complex [10]. The
p118 subunits are extremely prone to in vitro truncation to p64 (corresponding to p118’s C30

Fig. 2.1. Co-immunoprecipitation of PEPC (p107) interactors in developing COS
endosperm. Clarified extracts from 8 g of either control or 48 h depodded stage VII developing
COS were pre-cleared with a pre-I.S. protein column prior to their elution through the anti-p107IgG column. Pooled co-IP column flow-through fractions (Co-IP FT), and bound proteins eluted
from the pre-immune (Pre-I.S.) and anti-p107-IgG (Co-IP) columns with glycine-HCl (pH 2.8)
were analyzed by 10% SDS-PAGE (A), and immunoblotting using anti-p107-IgG (B) or anti(COS BTPC peptide)-IgG (C). (A) Each lane contained 2 μg of protein. ‘M’ denotes various
protein Mr standards. The gel was stained with Coomassie Brilliant Blue R-250 (CBB-250).
Protein bands A-D were excised and analyzed by LC MS/MS (Table 2.1). (B) Each lane
contained 10 μg of protein, except the control and depodded co-IP eluates which each contained
25 ng of protein. (C) Each lane contained 45 μg of protein, except the control and depodded co-IP
eluates which each contain 300 ng of protein. O, origin; TD, tracking dye front.
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Fig. 2.2. 2-DE map of co-immunoprecipitated proteins from stage VII developing COS.
Approximately 100 μg of protein was subjected to first dimension IEF on 13 cm IPG strips (pH
4-7), followed by second-dimension SDS-PAGE (12%). Reproducible Coomassie Blue R-250
staining p107-interactors were excised and analyzed by LC MS/MS. Spot numbers correspond to
Table 2.1.
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Fig. 2.3. Gentle elution buffer (GEB) enrichment of co-immunoprecipitated PEPC (p107)
interactors from developing COS endosperm. Clarified extracts from 8 g of stage VII COS
endosperm tissue were pre-cleared through the pre-I.S. column prior to their elution through the
anti-p107-IgG immunoaffinity column. Bound proteins were sequentially eluted with 25% GEB
in PBS followed by 100 mM glycine-HCl (pH 2.8). Concentrated eluates were analyzed by 10%
SDS-PAGE (A) (2 ug protein/lane), and immunoblotting using anti-p107 IgG (B) (50 ng
protein/lane) or anti-(COS BTPC peptide)-IgG (C) (500 ng protein/lane)
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terminal portion) by endogenous thiol endoprotease activity during incubation of clarified COS
extracts on ice, or Class-2 PEPC purification from developing COS [9, 10]. In the present study:
(i) immunoreactive 118- and 64-kDa BTPC polypeptides quantitatively co-IP’d with p107
following elution of pre-cleared control or 48 h depodded stage VII COS lysates through the antip107-IgG column (Fig. 2.1C). No immunoreactive BTPC polypeptides were detected in the
corresponding co-IP flow-through fractions. The anti-(COS BTPC)-IgG immunoreactive 90-kDa
polypeptide (p90) observed on immunoblots of COS lysates and pooled co-IP flow-through
fractions (Fig. 2.1C) arises from a non-specific interaction of the anti-(COS BTPC) peptideantibody with a sucrose synthase subunit [10]. Use of LC MS/MS confirmed that co-IP’d p118
and p64 corresponded to full-length and truncated BTPC polypeptides, respectively (Table 2.1,
Fig. 2.4A). The 71-kDa protein spot (p71) observed on the 2-DE gels (Fig. 2.2) was identified as
a larger form of p64 (Table 2.1, Fig. 2.4A), suggesting that in vitro p118 cleavage by endogenous
endoproteases occurred at more than one peptide bond. Furthermore, co-IP’d 50- and 46-kDa
polypeptides (p50 and p46) corresponded to truncated N-terminal portions of p118 (Table 2.1,
Fig. 2.4A). In contrast to p118, p71, and p64, the p50 and p46 did not cross-react on immunoblots
probed with the anti-(COS BTPC)-IgG (Fig. 2.1C). This was expected since this antibody was
raised against a synthetic peptide matching a 12 amino-acid sequence in the vicinity of p118’s Cterminus (Fig. 2.4A) [10]. All tryptic peptides obtained by LC MS/MS analysis of p118, p71,
p64, p50, and p46 exactly corresponded with portions of p118’s deduced full length sequence
(Fig. 2.4A). Limited proteolytic degradation of p118 occurred during co-IP at room temperature,
despite the use of conditions documented to negate its proteolysis during incubation of clarified
COS extracts on ice (i.e., absence of thiol reducing agents, inclusion of ProteCEASE-100) [10].
The aforementioned results are reminiscent of previous findings of Gousset-Dupont and coworkers [83] who used anti-(CAM PEPC)-IgG to immunoprecipitate PEPC activity from
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Arabidopsis leaf extracts. Here, MALDI-TOF MS analysis of tryptic peptides derived from the
solubilized immunoprecipitate indicated the presence of all three Arabidopsis PTPC isozymes
(AtPPC1-AtPPC3), in addition to the AtPPC4 BTPC [83].
Elimination of photosynthate delivery to stage VII developing COS by incubating
excised pods in the dark for 48 h appeared to have little impact on the interaction between p107
and BTPC polypeptides (Fig. 2.1A and 2.1C). This corroborates previous findings suggesting that
the relative amount of immunoreactive p107 or p118 polypeptides, or proportion of Class-1
versus Class-2 PEPC isoforms are unaffected in 48 h depodded COS [10, 23]. The influence of
several detergents, as well as PEP, pyruvate, and several COS PEPC allosteric effectors [9] on
p107-interacting proteins was also investigated. No differences in the protein profile occurred
when stage VII COS extracts were subjected to co-IP in the presence of 2 mM PEP or pyruvate, 5
mM glucose-6-P or L-malate, 10 mM L-Asp, 0.1% (v/v) Triton X-100, or 0.3% (v/v) CHAPS
(results not shown).
2.3.3 Bacterial-type PEPC of Developing COS is a Phosphoprotein
1-D SDS-PAGE of co-IP’d proteins from control and 48 h depodded stage VII COS was
followed by ProQ-PPS staining and imaging on a Typhoon fluorescence imager. Subsequent to
ProQ-PPS staining, all gels were re-incubated in SDS and stained with Sypro-Red to visualize
total protein. Three phosphorylated proteins were detected following SDS-PAGE of control co-IP
eluates: p118, p107, and p64 (Fig. 2.5A, Fig. 2.6A, Appendix D). ProQ-PPS staining of p107 was
anticipated since its in vivo phosphorylation by a COS PEPC protein kinase has been well
documented [23, 24]. COS depodding or prolonged darkness of intact castor plants downregulates this PEPC kinase and promotes in vivo p107 dephosphorylation (Fig. 2.5A and 2.5D)
[23, 24]. As p118’s phosphorylation status was unaffected by depodding (Fig. 2.5A), the
signaling mechanisms responsible for photosynthate-dependent p107 phosphorylation appear to
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Fig. 2.4. Alignment of LC MS/MS derived tryptic peptides of co-immunoprecipitated p118,
p71, p64, p50, and p46 with the deduced amino-acid sequence of bacterial-type PEPC
(RcPPC4) from developing COS. (A) Tryptic peptides of p118 are underlined with a solid line,
whereas those obtained from p118’s N- and C-terminal proteolytic fragments (p71 / p64 and p50 /
p46, respectively) are indicated with bold font and bold/italicized fonts, respectively. The 14
amino-acid N-terminal sequence obtained by automated Edman degradation of the p64 subunit of
purified COS Class-2 PEPC [10] is underlined with a dotted line. The 12 amino-acid sequence
that was selected for peptide synthesis and subsequent COS BTPC peptide antibody production
[10] is enclosed in a dashed rectangle. A putative phosphorylation site (Ser879) is highlighted with
an astrix. (B) Alignment of deduced consensus sequence for phosphorylation by SnRK1 type
protein kinase of p118 (RcPPC4) with several other vascular plant BTPCs. The recognition motif
for SnRK1 is fully conserved in each sequence. The abbreviated name for each sequence follows:
RcPPC4, COS p118; AtPPC4, Arabidopsis PPC4; GmPPC17, G. max PPC17; OsPPC-b, O.
sativa PPC-b.
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differ from those controlling in vivo p118 phosphorylation. In vivo dephosphorylation of p107
subunits via depodding rendered no effect on the co-IP of the Class-2 PEPC. This corroborates
previous findings obtained via non-denaturing PAGE and in-gel PEPC activity staining of
depodded COS extracts [23, 24]. Similarly, in vitro dephosphorylation of p107 and p118
following pre-incubation of non-depodded COS extracts with exogenous alk-p’tase exerted no
influence on the interaction between BTPC polypeptides and p107 (Figs. 2.5B and 2.5E). The
immunoreactive BTPC p118 band disappeared on immunoblots of control co-IP column eluates
when the clarified COS extracts were preincubated for 1 h at 30 oC with alk-p’tase (Fig. 2.5E).
However, this was attributed to p118’s enhanced proteolysis since: (i) the relative quantity of p64
present in the alk-p’tase pre-treated co-IP eluate increased relative to the control extraction (Fig.
2.5B), (ii) immunoreactive anti-BTPC-IgG polypeptides were absent on immunoblots of the
corresponding co-IP column flow-through fractions, and (iii) incubation of a desalted COS
endosperm extract in the absence of alk-p’tase for 1 h at 30 oC resulted in the same rapid p118 to
p64 proteolysis (results not shown). Sequential ProQ-PPS and Sypro-Red staining in conjunction
with densitometry revealed that p118 yields a relative phosphorylation signal approximately
twice that of p107 throughout COS development (students t-test, p > 0.05, n = 3) (Fig. 2.5A and
2.5B, Appendix D). This indicates that p118 possesses a higher stoichiometry of Pi incorporation
relative to p107 which was reported to maximize at ~0.45 [24]. ProQ-PPS staining of p118 or
p64 as well as their cross-reaction with a commercially available phospho-(Ser/Thr) Akt substrate
IgG was eliminated following incubation of BTPC-enriched 25% GEB co-IP eluates with
exogenous λ-P’tase (Fig. 2.6A and 2.6C). Immunodetection of p118 and p64 by the phospho(Ser/Thr) Akt substrate IgG showed that p118 is phosphorylated on either a Ser or Thr residue at
a novel phosphorylation site localized in its C-terminal half. Phospho-(Ser/Thr) Akt substrate IgG
specifically cross-reacts with phosphoproteins containing a phosphorylated Ser or Thr preceded
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Fig. 2.5. Bacterial-type PEPC exists as a phosphoprotein in developing COS. Clarified
extracts from stage VII developing COS were incubated at 30 oC for 1 h in the absence (Control)
and presence of 60 units/mL calf intestinal alk-P’tase as described in the Experimental
Procedures. Excised stems containing intact pods of developing COS were also placed in water in
the dark for 48 h (Depodded). Anti-p107-IgG co-IP column eluates from all three treatments were
subjected to SDS-PAGE followed by ProQ-PPS (A) and Sypro-Red (B) staining, as well as
immunoblotting using anti-p107-IgG (C), p107 APS-IgG (D), and anti-BTPC-IgG (E). SDSPAGE protein standards (M) provided positive (phosphorylated 45-kDa ovalbumin) and negative
(remaining protein standards) controls for ProQ-PPS staining. All lanes contained 500 ng of
protein except for the anti-p107-IgG immunoblots which contained 50 ng/lane.
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Fig. 2.6. Dephosphorylation of co-immunoprecipitated bacterial-type PEPC from stage VII
developing COS by exogenous λ-P’tase. Co-IP column eluates enriched in p118 and p64
following application of 25% GEB (Supplemental Fig. S1) were incubated for up to 20 min ±
8000 units/mL λ-P’tase. Aliquots were removed at various times and subjected to SDS-PAGE
followed by: (A) ProQ-PPS, (B) Sypro-Red staining, and (C) immunoblotting using Phospho(Ser/Thr) Akt substrate IgG (Cell Signaling Technology). Lane 1 of panel C was excised after
electroblotting and separately probed with the anti-BTPC-IgG.
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by Lys/Arg at position -3. The deduced p118 sequence contains several Akt phosphorylation
motifs in its C-terminal portion (Fig. 2.4A). Ser879 is an especially attractive candidate since it is
also within a precise recognition motif for phosphorylation by plant SNF1-related protein kinase1 (SnRK1) (which comprises the phosphorylated Ser (or Thr), hydrophobic residues at positions 5 and +4, and basic residues at -3 and -6). This consensus sequence is conserved in all other plant
BTPCs examined to date (Fig. 2.4B).
Further evidence for p118 phosphorylation was provided by phosphate-affinity PAGE of
the BTPC-enriched co-IP eluates (Fig. 2.7A). The Phos-tagTM ligand is a polyacrylamide-bound
dinuclear Mn2+ complex that reduces the mobility of phosphoproteins during SDS-PAGE relative
to the corresponding dephosphoprotein [82]. Phosphorylated Class-1 PEPC purified from stage
VII COS [9, 23, 24, 81] provided a positive control for phosphate-affinity PAGE, while
corroborating our previous estimate [24] that ~50% of p107 is maximally phosphorylated by the
COS PEPC kinase (Fig. 2.7B). By contrast, virtually 100% of the co-IP’d p118 BTPC appeared
to migrate as di- or mono-phosphorylated species upon phosphate-affinity PAGE (Fig. 2.7A). The
fastest migrating dephospho-p118 was only detected in co-IP eluates that had been pre-incubated
with λ-P’tase.
To the best of our knowledge, in vivo BTPC phosphorylation has not been described in
vascular plants or green algae. However, the in vitro phosphorylation of the 130-kDa BTPC
polypeptide of a green algal Class-2 PEPC complex by endogenous protein kinase activity was
previously reported [84]. Work is in progress to determine the site(s) of p118 phosphorylation,
the influence of p118 phosphorylation on Class-2 PEPC’s kinetic/regulatory and biological
properties, and the molecular and biochemical features of the as yet uncharacterized BTPC
protein kinase(s) and protein phosphatase(s) that mediate in vivo p118 (de)phosphorylation in
developing COS.
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2.3.4 Up-regulation of a Third PEPC Polypeptide (RcPPC1) in Depodded COS
Co-IP was performed using depodded COS to assess the influence of in vivo p107
dephosphorylation [23, 24] on p107 interactors, but this treatment unexpectedly generated an
additional 110-kDa polypeptide (p110) in the resulting co-IP column eluates (Figs. 2.1A and
2.5b). Initially identified via LC MS/MS as a PTPC (Table I), p110 cross-reacted with anti-p107IgG (Figs. 2.1B and 2.5C), generated no detectable ProQ-PPS fluorescence signal (Fig. 2.5A),
and only occurred in co-IP eluates obtained from depodded COS. The amino-acid sequence of
COS p110 was deduced from its corresponding full-length cDNA designated as RcPpc1 (Fig.
2.8A, Appendix F). Although RcPPC1’s amino-acid sequence was ≥87% identical to that of other
PTPCs, two key amino-acids, Glu and Lys, are substituted with hydrophobic amino-acids (Val7
and Ile8) in the acid-base position of RcPPC1’s conserved N-terminal phosphorylation motif
(Figs. 2.8A and 2.8B). An Arabidopsis PTPC (AtPPC1) possesses similar substitutions to its Nterminal phosphorylation motif (Fig. 2.8B) and may also be non-phosphorylatable in vivo [85].
The presence of RcPPC1 in co-IP eluates from depodded COS implies either a potential
interaction between p110 and p107 subunits to form a heterotetrameric native PEPC, as observed
in banana fruit [5], or a direct binding of p110 to the anti-p107-IgG on the immunoaffinity
column. Direct interaction of p110 with the immobilized anti-p107-IgG is plausible, owing to its
cross-reactivity with anti-p107-IgG on immunoblots (Figs. 2.1C and 2.5C). Interestingly, a
similarly immunoreactive p110 PTPC is synthesized de novo during the initial stages of COS
germination [58]. It was hypothesized that during this early phase of COS germination PEPC has
a critical function to build up cellular levels of dicarboxylic acids required to ‘spark’ the
glyoxylate cycle and subsequent massive gluconeogenic conversion of stored fat into sucrose
[58]. The accumulation of p110 in depodded developing COS may be attributed to its possible
transition to a gluconeogenic state, in which the glyoxylate cycle becomes activated to
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Fig. 2.7. Phosphate-affinity PAGE of co-immunoprecipitated bacterial-type PEPC or
homogeneous native Class-1 PEPC from stage VII developing COS. Co-IP column eluate
enriched in the p118 BTPC (following application of 25% GEB) and homogeneous COS Class-1
PEPC (p107 homotetramer) [9] were each incubated with 8000 units/mL λ-P’tase for up to 30
min and subjected to phosphate-affinity PAGE and immunoblotting using (A) anti-(COS BTPC
peptide)-IgG (3 µg protein/lane), or (B) anti-p107-IgG and p107 APS-IgG (0.2 and 1 µg
protein/lane, respectively).
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mobilize energy from the large pools of storage triacylglycerides. Since depodding or prolonged
darkness would result in a significant reduction in photosynthate delivery to the developing
endosperm, it is conceivable that the carbon metabolism of depodded COS may be somewhat
rearranged to parallel that of germinated COS.
2.3.5 The Plastid Isozyme of the Pyruvate Dehydrogenase Complex Co-IPs with
PEPC from Developing COS
The plastidial pyruvate dehydrogenase complex (PDCpl) was identified as a putative
PEPC interactor in developing COS (Fig. 2.2, Table 2.1). PDC catalyzes the irreversible
decarboxylation of pyruvate into acetyl-CoA. Immunoblotting using monospecific antibodies
raised against recombinant E1α, E1β, E2, and E3 subunits of Arabidopsis PDCpl verified the
presence of all four PDCpl subunits in co-IP eluates from stage III - IX COS (Fig. 2.9 and results
not shown). PDCpl subunits were substantially enriched relative to initial clarified COS extracts
(Fig. 2.9). However, while Class-1 and Class-2 PEPC isoforms were quantitatively bound to the
co-IP column (Fig. 2.1), immunoreactive PDCpl subunits were detected on immunoblots of the
pooled column flow-through fractions (Fig. 2.9B and results not shown). It is possible that the
PDCpl partially dissociates during the co-IP procedure, causing some its subunits to flow-through
the column. Native PDCpl is difficult to purify owing to subunit dissociation [86]. Although PEPC
and PDCpl are believed to be localized in different metabolic compartments, there are only two
enzymatic steps between them (malate dehydrogenase and malic enzyme), and PEPC and PDCpl
have both been implicated in playing an important role in supporting fatty-acid synthesis in
developing COS [58, 59, 87]. This raises the intriguing question of whether PEPC and PDCpl
might interact in a multi-enzyme complex (metabolon) that could channel carbon from PEP to
acetyl-CoA and/or recycle CO2 from PDCpl to PEPC in the endosperm of developing COS.
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Fig. 2.8. Amino-acid sequence and N-terminal sequence alignment of RcPPC1 (COS p110).
(A) The amino-acid sequence for RcPPC1 was deduced from its corresponding full-length cDNA
sequence obtained by screening a developing COS cDNA library (Appendix F). Underlined are
the conserved N-terminal phosphorylation-motif and QNTG C-terminal tetrapeptide,
characteristic features of PTPCs [1, 2, 10]. Q-TOF MS/MS derived tryptic peptide sequences of
co-IP’d p110 (from depodded COS) are highlighted with bold font. (B) Alignment of deduced Nterminal sequence of RcPPC1 with several other PTPCs. The N-terminal seryl phosphorylation
site of RcPPC3 (COS p107) [23] is marked with an astrix. The canonical PTPC N-terminal serylphosphorylation motif [1, 10] is also indicated. The abbreviated name for each sequence follows:
RcPPC1 and RcPPC3, R. communis PPC1 (p110) and PPC3 (p107), respectively; AtPPC1AtPPC3, Arabidopsis thaliana PPC1-PPC3; GmPPC7, Glycine max PPC7; OsPPC1, Oryza sativa
PPC1.
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Plant cells are unique in containing two different isozymes of PDC: mitochondrial PDC
(PDCmt) which links cytosolic glycolysis with the citric acid cycle, and PDCpl which produces
acetyl-CoA and NADH for plastidic fatty-acid synthesis [86]. PDCpl was originally discovered in
leucoplasts isolated from developing COS [87], and has since been found in all plants examined
to date. The structure and regulation of PDCpl is quite different from that of PDCmt [86-92]. For
example, (i) the E1αpl and E1βpl subunits of PDCpl only exhibit 31% and 32% amino-acid
sequence identity with their PDCmt counterparts, respectively [90, 91], and (ii) PDCmt is
controlled by reversible phosphorylation, whereas PDCpl is not [86, 87]. The structural
distinctiveness of PDCpl and PDCmt allows their subunits to be discriminated by immunoblotting
[88]. Immunoblotting of clarified COS extracts with anti-(maize E1αmt)-IgG revealed a single
43-kDa immunoreactive band which agrees with the Mr reported for plant E1αmt subunits [91].
Although immunoreactive E1αmt appeared to be abundant in clarified COS lysates and co-IP
column flow-through fractions, no immunoreactive bands were apparent when an immunoblot of
up to 5 μg of the co-IP column eluate was probed with the anti-(maize E1αmt)-IgG (Fig. 2.9 and
results not shown).
Fractionation of freshly harvested endosperm into enriched organellar and cytosolic
fractions was employed to assess the subcellular localization of PEPC (p118 and p107) versus
PDCpl in stage V (mid-cotyledon) developing COS. Anti-(COS plastid pyruvate kinase (PKpl))IgG, anti-(maize E1αmt)-IgG, and anti-(COS cytosolic aldolase (ALDcyt))-IgG were respectively
used as plastidial, mitochondrial, and cytosolic marker antibodies. Immunoblotting demonstrated
that PKpl’s α- and β-subunits (63.5- and 58-kDa, respectively) [79] and E1αmt were abundant in
the washed organellar pellet fraction, but absent in the enriched cytosolic fraction. Similarly,
immunoreactive p118, p107 and ALDcyt polypeptides [93] were abundant in the cytosolic
fraction, but absent in the organellar pellet (Fig. 2.9B). By contrast, immunoreactive E1αpl, E1βpl,
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Fig. 2.9. Immunoblot analysis of clarified extracts, enriched organellar and cytosolic
fractions, and co-IP column eluates from endosperms of stage V developing COS. (A)
Clarified extracts prepared from quick-frozen COS and corresponding co-IP fractions from the
anti-p107-IgG column were analyzed by SDS-PAGE and immunoblotting using 1,000-fold
diluted rabbit immune sera raised against recombinant subunits of Arabidopsis PDCpl (E1αpl,
E1βpl, E2pl, and E3pl), and a 100-fold diluted mouse monoclonal antibody raised against the
recombinant E1α subunit of maize PDCmt (E1αmt). Loading of clarified extract and co-IP’d
proteins was as follows: E1αpl and E1βpl immunoblots (5 and 0.25 µg, respectively); E2pl and E3pl
immunoblots (15 and 1 µg, respectively); E1αmt immunoblot (15 and 5 µg, respectively). (B)
Freshly harvested endosperms were fractionated into enriched organellar and cytosolic fractions
as described in the Experimental Procedures. Washed organelles were lysed in a buffer containing
0.2% (v/v) Triton X-100 prior to immunoblot analysis. The cytosolic fraction was subjected to
immunoaffinity chromatography on the anti-p107-IgG column, and resulting co-IP and flowthrough fractions (co-IP and co-IP FT, respectively) subjected to immunoblotting using the
antibodies described above, in addition to anti-(COS p107 and BTPC)-IgGs and affinity-purified
IgGs raised against COS cytosolic aldolase (ALDcyt) [93] and COS leucoplast pyruvate kinase
(PKpl) [94]. Protein loading per lane (left to right) was as follows: anti-p107-IgG (2, 2, 0.05, 2
μg), anti-(COS BTPC)-IgG (40, 40, 0.5, 40 μg), anti-(COS PKpl or ALDcyt)-IgG (20, 20, 2, 20
μg), anti-(E1αpl E1βpl, and E2pl) I.S. (0.5 μg each), anti-(E3pl) I.S. (2 μg each), anti-(maize E1αmt)IgG (15, 15, 2, 15 μg). Sizes of immunoreactive polypeptides were estimated by comparing their
mobility to those of SDS-PAGE Mr standards, and agree with the Mrs reported in the literature
[88].
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E2pl, and E3pl were detected on immunoblots of both the organellar and cytosolic fractions (Fig.
2.9B), suggesting that PDCpl may be targeted to both compartments in developing COS.
Moreover, all four PDCpl subunits co-IP’d with p107 and p118 following chromatography of the
enriched cytosolic fraction on the anti-p107-IgG column (Fig. 2.9B).
A previous report also indicated that PDCpl may not be exclusively plastidial in
developing COS endosperm [87]. In this study, the plastid marker enzyme acetyl-CoA
carboxylase (ACC) demonstrated 98% of its total activity to be leucoplast-localized, while only
62% of total PDCpl activity was in the same fraction. Conversely, 2% and 38% of total ACC and
PDCpl activity were respectively measured in the corresponding cytosolic fraction [87]. The
apparent dual plastidic and cytosolic localization of PDCpl in developing COS is reminiscent of
ADP-glucose pyrophosphorylase, a starch biosynthetic control enzyme that exists in both the
amyloplast and cytosol of developing wheat endosperm [95]. Our collective findings support the
possible existence of a specific PEPC-PDCpl interaction in the cytosol of developing COS. This
interaction may facilitate CO2 recycling from PDC to PEPC and/or the flux of glycolytic PEP to
cytosolic acetyl-CoA required for the biosynthesis of isoprenoids, flavonoids and malonated
derivatives, in addition to the elongation of C16 and C18 fatty-acids. Cytosolic acetyl-CoA is
generally believed to be generated from citrate and CoA by ATP-citrate lyase [96, 97]. However,
PDCpl could provide an alternative metabolic route for acetyl-CoA production within the COS
cytosol. Further studies are required to determine whether the observed in vitro interaction
between PEPC and PDCpl exists in vivo, and if so, the role that it plays in carbohydrate
partitioning and CO2 recycling in developing COS.
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2.4 Concluding Remarks
PEPC is an important enzyme situated at a crucial branchpoint in primary plant
metabolism that through enzyme purification and biochemical analyses was suggested to form a
complex with the metabolically sequential malate dehydrogenase in C4 leaves [33], its own
protein kinase in banana fruit [5], as well as the BTPC leading to the formation of the unusual
Class-2 PEPC hetero-oligomer in green algae and developing COS [8-10, 50]. The present study
employed a co-IP/proteomics approach to screen for Class-1 PEPC interacting proteins in
developing COS. Surprising outcomes included the identification of PDCpl as a putative PEPC
interactor, and the up-regulation of a third PEPC (RcPPC1, p110) in depodded COS. Subcellular
fractionation suggested that p118 and p107 are strictly cytosolic, but that COS PDCpl is targeted
to both the cytosol and leucoplast. Additional research is needed to determine whether a
metabolon involving PEPC and PDCpl exists in vivo, and if PDCpl interacts with the Class-1
and/or Class-2 PEPC of developing COS. The discovery of RcPPC1/p110 in co-IP eluates from
48 h depodded COS adds yet another layer of complexity to COS PEPC biochemistry. Analysis
of the deduced amino-acid sequence revealed RcPPC1’s identity with PTPCs, but that a pair of
unique amino-acid substitutions occurs within its conserved N-terminal phosphorylation motif
that may render it non-phosphorylatable in vivo. The in vivo function of RcPPC1 is unknown,
although it has been hypothesized to be involved in the initial stages of COS germination [58].
Our results also corroborate and significantly extend preliminary evidence suggesting that
the p118 BTPC physically interacts with p107 in a Class-2 PEPC complex [9, 10, 23]. Formation
of the high Mr p107/p118 hetero-octameric Class-2 PEPC complex in developing COS may be
largely dictated by the relative amount of p118 being expressed in vivo. The use of ProQ-PPS,
Phospho-(Ser/Thr) Akt substrate IgG, and phosphate-affinity PAGE demonstrated that the coIP’d p118 BTPC was significantly phosphorylated at unique site(s). Key areas for future research
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include establishing the: (i) biological function(s) of COS BTPC phosphorylation, as well as
p118’s phosphorylation site(s), (ii) PEPC kinase-protein phosphatase system that controls p118
phosphorylation in vivo, (iii) structural basis for the tight interaction between COS p118 and
p107, and (iv) catalytic and/or regulatory subunit functions for p118 within the Class-2 PEPC
hetero-oligomer.
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Chapter 3
General Discussion
3.1 Overview
Work presented in this thesis utilizes a co-IP approach via anti-p107-IgG to survey
protein interactors of the ‘Class-1’ PTPC RcPPC3 (p107) homotetramer from developing COS
endosperm. A variety of interesting findings were resolved through this technique, providing
further insight into previous findings, as well as completely new information regarding vascular
plant PEPCs.
By using co-IP as an approach to explore the COS PEPC interactome, independent
verification of a physical interaction between PTPC (p107) and BTPC (p118) subunits in the COS
‘Class-2’ hetero-oligomeric PEPC complex was achieved. LC Q-TOF MS/MS identification of
full-length (p118), and truncated N- (p50) and C-terminal (p64) BTPC polypeptides from co-IP
eluate, in conjunction with work performed previously [10], helped elucidate that COS ‘Class-2’
PEPC was larger (~910 kDa) than previously characterized [9]. Additionally, the application of
ProQ-PPS, Phospho-(Ser/Thr) Akt substrate IgG immunoblotting and phosphate-affinity PAGE
to co-IP eluates demonstrated that p118 was a multi-phosphorylated protein. This represents the
first reported case of vascular plant BTPC phosphorylation. Subsequent bioinformatic analyses of
the deduced full-length sequence of p118 (RcPPC4) indicated that one of the two putative
phosphorylation sites may correspond to a plant SNF1-protein kinase-1 (SnRK1) binding motif
located in the C-terminal half of the polypeptide. This motif also corresponds to a conserved
region of primary amino acid sequence amongst all vascular plant BTPCs identified to date.
Further investigation into PEPC phosphorylation included its role in sustaining protein protein interactions, in particular, its potential involvement in promoting p118s interaction with
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p107 leading to the formation of the COS ‘Class-2’ PEPC complex. It was determined that
neither p118 nor p107s phosphorylation status had an effect on ‘Class-2’ PEPC complex
structure. Furthermore, in vivo PEPC dephosphorylation via depodding had no effect on the
phosphorylation status of p118, suggesting that the signaling mechanisms governing p118
phosphorylation differ from the sucrose-mediated control mechanisms dictating p107
phosphorylation [23]. Finally, the phosphorylation status of either p118 or p107 seemed to have
little effect on the co-IP of p107 interactors with the exception of a 2nd ~110 kDa (p110) PTPC
(RcPPC1) which was only up-regulated and co-IP’d under depodded conditions. Interestingly,
RcPPC1 did not demonstrate detectable phosphorylation as deduced by ProQ-PPS. This finding
may be related to a dual amino acid substitution found in the conserved N-terminal PTPC
phosphorylation motif of this polypeptide.
Lastly, the plastidial pyruvate dehydrogenase complex (PDCpl) was found to interact with
PEPC. Initial use of frozen tissue rendered the possibility of a non-specific interaction, due to
classically documented subcellular localization differences between PEPC (cytosol) and PDCpl
(leucoplast). However, subsequent cellular fractionation of freshly harvested COS, followed by
co-IP with the resulting enriched cytosolic fraction, consistently demonstrated an interaction
between PEPC and PDCpl. Marker enzyme antibodies were used to examine the quality of the
cellular fractionation, and further substantiated the presence of PDCpl in both the cytosolic and
plastidial fraction. Additionally, no immunologically detectable PDCmt was observed in either
the co-IP eluate from frozen tissue or the cytosolic fraction of fresh, fractionated COS. This
further emphasizes that a specific targeted interaction may exist between PEPC and PDCpl in vivo.
Collectively, these results have shown co-IP coupled with proteomic analysis to be an
excellent discovery tool for deducing protein interactions in vitro. Use of co-IP facilitated the
successful quantitative extraction of p107 from developing COS extracts in addition to numerous
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p107-interactors.

Most significant was the co-IP of non-proteolyzed p118 BTPC which

subsequently lead to the discovery that p118 is a multi-phosphorylated protein. This considerable
new finding represents a major breakthrough towards achieving a better understanding of the
functionality and physiological role of BTPCs in plants.

3.2 Future Directions
With the availability of multiple, fully sequenced plant genomes (Arabidopsis, rice, and
poplar), and more on the horizon including castor, soybean, and wheat, there exists a need to
further expand plant science beyond functional genomics through the incorporation of
complementary proteomics. Proteomic techniques in the plant sciences as of late have mainly
been used to assess the protein composition of particular tissue types, or subcellular
compartments, via high-throughput methodologies such as 2DE coupled to MS [98, 99]. These
approaches have made good progress in terms of protein classification, but in the process have
generated large datasets of protein identifications, that often neglect to address the specific
biological relevance of these proteins.

To further elucidate the functional roles of specific

proteins, it becomes necessary to understand how and where they are operating within a cell.
This includes characterizing their protein interaction partners. Numerous techniques available
today have been devised to achieve this by going beyond proteomic documentation and closely
examining the intricacies of cellular operations through protein – protein interactions and the
creation of interactome networks. In particular, the technique co-IP has proven to be especially
robust in accurately characterizing protein – protein interactions [73], and here has led to the
identification of numerous ‘Class-1’ PTPC RcPPC3 (p107) interactors including phosphorylated
BTPC (RcPPC4), a 2nd PTPC (RcPPC1), and PDCpl.
The demonstration of a physical interaction between COS p107 and p118 via co-IP
provided further evidence that this interaction exists in vivo in developing COS endosperm, and
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offered independent corroboration of previous experimental endeavors [9, 10]. Most importantly
however, it was through co-IP of p107 with p118 that the first evidence of vascular plant BTPC
phosphorylation was obtained. Moving forward from this finding should be a priority for PEPC
research, and should involve further investigation into the physiological relevance of BTPC
phosphorylation. In particular, this should involve careful characterization of the corresponding
BTPC protein kinase(s) / phosphatase(s) and the signaling mechanisms governing them.
Currently, this question is being preliminarily addressed using anti-(phosphorylation site
specific)-IgG made to the conserved SnRK1 motif outlined in chapter 2 to carefully characterize
this putative phosphorylation site. Additionally, the co-IP matrix developed in this thesis is
currently being used as a preparative source of p118 for identification and sequencing of
phosphorylated tryptic peptides by LC Q-TOF MS/MS.
Despite the work in this thesis demonstrating no role for phosphorylation mediated COS
‘Class-2’ PEPC complex formation / dissociation, further investigation into this ‘Class-2’ heterooligomeric PEPC complex remains crucial. Purification of the native, non-denatured ‘Class-2’
PEPC complex itself from developing COS endosperm would be ideal, however, current and
previous work has demonstrated p118 to be especially susceptible to in vitro proteolytic
degradation [9, 10]. Recent developments however, have made bypassing purification of native
COS ‘Class-2’ PEPC possible by recombinantly expressing both RcPPC3 (p107) and RcPPC4
(p118) full-length cDNA clones to potentially allow reconstitution of a ‘Class-2’ PEPC complex
in vitro [10]. Either recombinant protein expression or yeast 2-hybrid could facilitate interaction
studies to better identify the required conditions and interaction domains for complex formation
respectively, while avoiding proteolytic degradation via endogenous COS proteases.
Recombinant p118 could also function as a substrate for in vitro kinase and/or protease assays,
while also providing a means for anti-(COS p118)-IgG production. Monospecific anti-(COS
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p118)-IgG would support various lines of experimentation ranging from reverse co-IP to
immunohistochemical localization studies to determine cytosolic microcompartmentation. This
could also be coupled to the creation of constructs encoding fluorescent-tagged p118 and p107
polypeptides, which would help identify cellular localization via confocal microscopy.
Recombinant protein expression could also encompass co-expression of both complex
components (p107; RcPPC3 & p118; RcPPC4) in the same construct.

Co-expression may

provide an easier way of obtaining a high abundance of native COS ‘Class-2’ PEPC for
subsequent biophysical and kinetic characterization. Of particular long-term interest would be
the crystallization of the non-degraded COS ‘Class-2’ PEPC complex, coupled with targeted site
directed mutagenesis to fully characterize the interaction domains and structure - function
relationships of this heteromeric complex. The initial steps of recombinant protein expression of
the full-length RcPPC3 and RcPPC4 constructs are currently underway in house, and should
provide a platform for the aforementioned experimentation.
Molecular biological approaches could also be applied to further investigate the 2nd COS
PTPC RcPPC1, which was up-regulated under depodded conditions. In particular, recombinant
RcPPC1 would facilitate interaction experiments to observe if p110 interacts with p107 to form a
hetero-tetrameric complex.

Furthermore, specific biochemical investigations into the

physiological role(s) of this PEPC should be conducted to answer questions regarding: RcPPC1s
induction in developing COS endosperm only under depodded conditions, its oligomeric
structure, and its relation to the higher Mr PTPC previously observed in germinating COS [58].
In addition, the observed dual amino acid substitution in the highly conserved N-terminal PTPC
phosphorylation motif may render RcPPC1 incapable of undergoing phosphorylation. A similar
finding was also observed in Arabidopsis PEPC AtPPC1 [85], together suggesting specialized
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functionality in light of other PTPCs. Collectively, these questions render RcPPC1 in need of
further investigation.
Finally, the identification of PDCpl as an interactor of the COS PEPC was a completely
new and unanticipated finding. Despite the promising results outlined in chapter 2, a reverse coIP using antiserum specific to the PDCpl subunits or purified native PDCpl of COS would
ultimately be the quickest and most effective way to concretely conclude the legitimacy of this
interaction.

Reverse co-IP was attempted, however failed to pull down the antigen using

antiserum made to recombinantly expressed, gel extracted Arabidopsis homologs of COS PDCpl.
However, the identification of previously characterized p107 interactors (p118/p64), combined
with the inability to co-IP PDCmt, provides reinforcing evidence that the findings here are reliable,
but in need of follow-up experimentation. In light of this, a yeast 2-hybrid screen applied here
could provide an effective and efficient means to corroborate the observed PEPC – PDCpl
interaction.
Together, the aforementioned molecular and biochemical experimentation would help
further characterize the PEPC interactome; in particular the COS ‘Class-2’ PEPC heteromeric
complex. This will assist in better understanding PEPCs role and control at the cytosolic PEP
branchpoint in developing COS, and may contribute considerably to long-term metabolic
engineering initiatives of high oil producing seeds for agronomic purposes.
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Appendix A
Protein A Antibody Purification
I.

Buffers Required
I. Binding Buffer A: 200 mM Tris-HCl pH 8.0
II. Binding Buffer B: 100 mM Tris-HCl pH 8.0
III. Elution Buffer: 100 mM Glycine pH 3.0
IV. Neutralization Buffer: 1.0 M unbuffered Tris

II.

Procedural Outline: (Rabbit Crude Immune Serum)
1) Bring all buffers to room temperature; ensure pH’s are correct
2) Pack column with 4 mL of 50% Slurry (2 mL settled resin)
3) Equilibrate with 5 column volumes (cv) of Binding Buffer
4) Adjust 3 mL of rabbit crude immune serum (CIS) to pH 8.0 by either:
a. Carefully pH CIS to 8.0 using 1.0 M Tris (unbuffered) (Harlow and
Lane 1988)
b. Add 200 mM Tris-HCl pH 8.0 1:1 with CIS (adapted from the patented
Pierce ImmunoPure Binding Buffer)
•

KEY: to maintaining ionic strength and pH of CIS for optimal IgG binding

5) Apply CIS pH 8.0 to the ImmunoPure Immobilized Protein-A Plus agarose
support (Pierce Product # 22811) and allow it to flow completely into the gel
(~ 0.5 mL/min via gravity). KEY: Do Not let the gel dry out
6) Save flow through (may have exceeded binding capacity of Resin) and check
via SDS-Page / Immunoblot analysis that all IgG was removed from the CIS
7) Wash with 10-20 cv Binding Buffer A; check OD280 < 0.01; blank with Buffer A
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8) Wash with 10 cv Binding Buffer B; check OD280 < 0.01; blank with Buffer B.
9) Elute with 5 cv of Elution Buffer, collecting 1.0 mL fractions in 1.5 mL
Eppendorf tubes containing 100 µL Neutralization Buffer; mix and place on
ice.
10) Monitor IgG elution via OD280.
11) Pool IgG containing fractions; measure protein (Bradford, 1976) and
concentrate
12) Regenerate column with 10 cv Elution buffer; followed by 10 cv Binding
Buffer A

III.

Column Storage:
13) Store @ 4oC in Binding Buffer A with 0.02% sodium azide
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Fig. S1. Protein-A purification of polyclonal rabbit anti-p107-IgG from crude
immune serum (CIS). Coomassie blue R-250 staining resolved a clean and
significantly enriched fraction of IgG which was used for co-IP immunoaffinity
matrix creation. Each lane contains 2 µg of total protein.
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Appendix B
Co-Immunoprecipitation Column Matrix Creation
A) Reagents Required
I. 10x Coupling Buffer (Modified Dulbecco’s PBS) stock (used at 1x
concentration):1.4 M sodium chloride, 0.080 M sodium phosphate, 0.020 M
potassium phosphate, 0.1 M KCl, pH 7.4
II. Quenching Buffer: 1.0 M Tris-HCl pH 7.4
III. Wash Buffer: 1.0 M Sodium chloride
IV. Fresh 5M Sodium Cyanoborohydride Solution: room temperature
desiccator (Pierce Product # 44892)

B) Antibody Preparation:
1) Dialyze Concentrated Protein A Glycine Eluted / Tris Neutralized IgG sample
using 4 PBS buffer exchanges (use buffer volumes 300 fold larger than
sample volume)
2) Dialysis Necessary because both Tris and Glycine will compete with IgG for
binding site on the AminoLink Plus Coupling Gel (Pierce Product # 20501)
Buffer Exchange 1
Buffer Exchange 2
Buffer Exchange 3
Buffer Exchange 4

2-3 hours
3 hrs – Overnight
Overnight
Overnight
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C) Antibody Immobilization
* Note all buffer volumes scaled according to volume of antibody coupled resin being
created (ref: Pierce online manual for ProFound Co-Immunoprecipitation Kit Pierce
Product # 23600)
3) Bring all coupling reagents to room temperature
4) Swirl and add X mL 50% gel slurry to a 15 mL round bottom test tube;
centrifuge using the tabletop centrifuge (2000 x g for 1 min; setting 2) NOTE:
do not crush resin with high speed centrifugation
5) Carefully remove supernatant WITHOUT disturbing the settled resin
6) Gently wash with excess Coupling Buffer using a transfer pipette; centrifuge
as above
7) Repeat Steps 3 and 4 x 3 additional times

Gel Slurry
Volume
(μL)
200
100

Settled Gel
Volume (μL)

Maximal Antibody
Quantity (μg)

Maximal Antibody
Volume (μL)

100
50

200-1000
100-500

400
200

8) Dilute or concentrate dialyzed, protein – A pure IgG to achieve a volume of
approximately 5x that of the settled gel volume. NOTE: here the sample
should contain no primary amines (No Tris and/or glycine; removed
previously by dialysis against PBS).
9) Obtain an OD280 of diluted IgG containing sample prior to incubation with the
activated gel resin. NOTE: key in accessing IgG binding efficiency
10) In a fume hood add 1 µL 5M sodium cyanoborohydride for every 100 µL of
antibody being coupled; invert a few times and incubate end-over-end for 4
hrs Æ overnight.
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11) Centrifuge down the resin (2000 x g for 1 min; setting 2); Check OD280
12) Add 5 cv Coupling Buffer. Carefully re-suspend the resin with a transfer
pipette. Centrifuge; save wash to estimate binding efficiency.
13) Add 5 cv Quenching Buffer. Carefully re-suspend the resin with a transfer
pipette. Centrifuge; remove supernatant.
14) In a fume hood; Add 5 cv quenching Buffer + 4% resin volume of 5M sodium
cyanoborohydride (i.e. 4 mL resin add 40 µL 5M Sodium cyanoborohydride).
Carefully re-suspend the gel using a transfer pipette; incubate with end-overend mixing for 1.0 hr.
15) Centrifuge (2000 x g for 1 min setting 2)
16) In a fume hood; remove supernatant.
17) Add 5 cv wash Buffer. Carefully re-suspend resin; centrifuge; remove
supernatant.
18) Repeat step 15 x 3 additional times
19) Add 5 cv coupling Buffer. Carefully re-suspend resin; centrifuge; remove
supernatant.
20) Repeat step 17 x 2 additional times
21) Using a transfer pipette, place resin in pre-rinsed, acid washed column.
22) Store gel @ 4oC in 5 cv coupling Buffer with 0.02% NaN3
NOTE: Column has been used upwards of 100 times during which a binding efficiency of
~ 80 % of ~ 19 U total PEPC activity was isolated from 8 g of tissue.
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Appendix C
Sequential ProQ Diamond Phosphoprotein and Sypro-Red
Fluorescent Staining Procedure
NOTE: Outlined Procedure for Mini SDS-PAGE gels
A) ProQ Diamond Phosphoprotein (ProQ-PPS) Staining Procedure
a. Reagents Required:
i. Fix Solution: 50% methanol, 10% Glacial acetic acid
ii. 1x ProQ-PPS: dilute 1:1 with fresh ddH2O
iii. Destain Solution: 20% acetonitrile, 50 mM sodium acetate pH4.0
b. Procedure:
i. Fix: x 3 100 mL sequential changes fix solution for a mini SDSPAGE Gel; 30 min; 1 hr; overnight
ii. Wash: x 3 100 mL ddH2O washes; 15 min each
iii. Stain: IN DARK FOR 1 – 1.25 hrs MAX using 50 mL 1:1 diluted 1x
ProQ-PPS. NOTE: ProQ-PPS WILL over stain; careful not to
expose gel to light until placing on imager. Will significantly
reduce fluorescent signal
iv. Destain: x 2 100 mL changes of destain solution
v. Image on Typhoon 8600: excitation : emission = 532 : 580 (nm)
vi. Save as both a .gel and .tiff file. NOTE: change name between
each save)
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vii. Wash: x 3 100 mL ddH2O washes; 15 min each NOTE: this
ensures the removal of the destain and stain for re-incubation with
SDS for Sypro-Red staining

B) Sypro-Red Total Protein (Sypro-Red) Staining Procedure
a. Reagents Required:
i. SDS solution: 0.05% SDS in ddH2O
ii. Sypro-Red: 1 : 5000 dilution of stock (-20oC) in 7.5% Glacial
acetic acid
iii. Destain: 7.5% Glacial acetic acid
b. Procedure:
i. Fix: x 1 100 mL volume of 0.05% SDS solution incubated
overnight in the dark
ii. Wash: x 3 100 mL ddH2O washes; 10 min each
iii. Stain: IN DARK FOR 1 – 2 hrs. NOTE: WILL NOT overstain like
ProQ-PPS; exposure to light will reduce fluorescent signal
iv. Destain: x 1 100 mL destain solution for 1 min (en route to
Typhoon Imager)
v. Image of Typhoon 8600: excitation : emission = 532 – 610 (nm)
vi. Save as both a .gel and .tiff file. NOTE: change name between
each save)
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vii. Wash: x 3 mL ddH2O washes; 15 min each NOTE: subsequent
Coomassie Blue or Sliver staining can be performed if polypeptide
excision for MS is desired.
NOTE: All stains used in this thesis were MS compatible (ProQ-PPS, Sypro-Red,
Coomassie Blue R-250 and Silver)
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Appendix D
Developmental Analysis of COS BTPC (p118) Phosphorylation
A) Reagents Required
a. Same as Appendix C
b. Image Quant Software version 5.0
B) Procedure
a. Obtain properly stained gels via the methods outlined in Appendix C
b. Load Image Quant Software version 5.0 and open the .gel files
corresponding to the ProQ-PPS and Sypro-Red gels for a sequentially
stained.
c. Do not adjust contrast, since all replicate gels should have stained and
destained together.
d. Use the “Box Objects” option to outline the protein band of interest
(Object). Copy and paste this box to outline additional objects to ensure
consistent area coverage across all objects
e. At the bottom of each lane locate a region with no protein staining bands
and place an object box to be used as a blank for that lane. NOTE: If not
possible, blank from a near by lane
f.

Once all bands of interest are identified by an object box on a particular
gel, open the complementary stained .gel file. Cut and Paste all boxes
from the first gel to the second. NOTE: small adjustments may need to be
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made based on positioning of gel on Typhoon Scanner. Minimal box size
adjust should be necessary to maintain area consistency between gels.
g. Using the “Object Average” function, average the blank object box at the
bottom of each gel lane. This will function as a background correction for
each experimental object in that same lane.
h. Reference each experimental object box to their corresponding blank
object box at the bottom of the same lane.
i.

Perform “Volumetric Analysis” on all bands at the same time for a given
gel.

j.

Double click the displayed output to export it into an excel file, where it
becomes a new spreadsheet and should be save under a new name.
NOTE: ensure all boxes in the readout are in the order outline on the gel.

k. Once steps d – j have been accomplished for both the ProQ-PPS and
Sypro-Red images of a given trial, the divide the ProQ-PPS volumetric
output by the Sypro-Red output to obtain relative phosphorylation.

C) Important Additional Notes
a. Each relative p118 and p107 phosphorylation estimation at a given stage
was the product of 3 independent co-IP trials ran on SDS-PAGE at 3
different protein concentrations (2 µg, 1µg, 500 ng) on 3 separate gels
simultaneously to reduce error and obtain a representative relative
phosphorylation output through this methodology. Multiple concentrations
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of co-IP eluate were ran to achieve a linear range; falling between 500 ng
– 1 µg)
b. All gels were run, stained and distained at the same time with freshly
diluted ProQ-PPS and Sypro-Red to achieve equal fluorescent dye
staining on each gel.
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COS Developmental Stages
A.
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Fig. S2. Relative p118 & p107 phosphorylation across COS development. A) Representative
co-IP eluates obtained from each developmental stage were subjected to SDS-PAGE (1 µg
protein/lane) followed by sequential ProQ-PPS (Panel 1A) and Sypro-Red (Panel 2A) staining.
Developmental stages III, V, VII, IX correspond to heart-shaped embryo, mid-cotyledon, full
cotyledon, and maturation stages of COS endosperm development, respectively. ‘M’ denotes
various Mr standards. B) Relative phosphorylation ± S.E. of p118 & p107 across COS
development. Replicate co-IP trials (n = 3) at each stage of development, followed by SDSPAGE, the outlined staining procedure (Appendix C), and fluorescent quantification (Appendix
D).
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Appendix E

R1
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4

R2
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7

R3

Fig. S3. 2DE gels of concentrated co-IP eluates obtained following anti-p107-IgG
immunoaffinity chromatography of independently prepared pre-cleared stage VII
COS lysates. Protein staining was performed with Coomassie Blue R-250.
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Appendix F
Table: Antibodies described throughout Chapter 2
*Antibody (1o)

Immunogenic Protein

Purity

Dil’n Used

Anti-p107 IgG

Castor Class-1 PEPC

Protein-A

1:5000

Anti-BTPC IgG

a

Affinity

1:250

Anti-APS IgG

b

CIS

1:1000

Anti-Akt IgG

Akt Phospho-(Ser/Thr) substrate

Commercial

1:1000

Anti-E1αmt IgG

Recomb. Maize PDCmt (E1a subunit)

CIS

1:100

Anti-E1αpl IgG

Recomb. Arabidopsis PDCpl (E1α subunit)

CIS

1:1000

Anti-E1βpl IgG

Recomb. Arabidopsis PDCpl (E1β subunit)

CIS

1:1000

Anti-E2pl IgG

Recomb. Arabidopsis PDCpl (E2 subunit)

CIS

1:1000

Anti-E3pl IgG

Recomb. Arabidopsis PDCpl (E3 subunit)

CIS

1:1000

Anti-ALDcyt IgG

Castor aldolase (cytosolic isoform)

Affinity

1:50

Anti-PKpl IgG

Castor pyruvate kinase (plastidial isoform)

Affinity

1:250

BTPC C-terminal peptide
Class-1 PEPC Phospho-site peptide

o

* All IgG were made in rabbit; Goat-anti rabbit IgG = 2 IgG (Use at 1 : 30000)
a

Gennidakis et al., 2007 [10]

b

Tripodi et al., 2005 [23]
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Appendix G
Isolation and sequence analysis of RcPpc1 (p110) cDNA from a developing COS cDNA
expression library
Sequencing and EST analyses of a full-length cDNA library (Lu et al., 2006, 2007) identified two
sequences (39D04 and 65H02) exhibiting significant homology to known PTPCs, corresponding
to putative p110 (RcPPC1) and p107 (RcPPC3), respectively. The full-length sequences of both
cDNA inserts were obtained. Fig. 7 shows the deduced amino-acid sequence of p110 (RcPPC1),
whereas that of RcPPC3 was recently reported by Gennidakis and co-workers [10]. Phylogenetic
analysis of RcPpc1’s deduced amino-acid sequence was performed using the Clustal-W program.
Lu, C., Fulda, M., Wallis, J.G., and Browse, J. (2006) A high-throughput screen for genes from
castor that boost hydroxy fatty acid accumulation in seed oils of transgenic Arabidopsis. Plant J.
45, 847-856
Lu, C., Wallis, J.G., and Browse J. (2007) An analysis of expressed sequence tags of developing
castor endosperm using a full-length cDNA library. BMC Plant Biol. in press, DOI
10.1186/1471-2229-7-42
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