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Abstract 

 Sucrose synthase (SUS) is the major sucrolytic enzyme of developing fruits, 

seeds, and tubers responsible for establishing sink strength while allocating imported 

photosynthate into specific biosynthetic pathways. While SUS has been implicated in 

directly channeling imported sucrose into starch, xyloglucan, and cellulose biosynthesis, 

comparatively little is known about its biochemical properties or role in supporting 

triacylglycerol biosynthesis in developing oil seeds. This thesis examines SUS in the oil-

rich endosperm of developing castor oil seeds (Ricinus communis L.). The dominant SUS 

isozyme from developing endosperm was purified and identified via LC MS/MS as 

RcSUS1, one of five predicted SUS isozymes encoded by the castor genome. 

Immunological studies using phosphosite specific antibodies revealed that RcSUS1 is 

highly phosphorylated at Ser11 during early seed development. The ~10% of RcSUS1 that 

associates with microsomal membranes was hypophosphorylated relative to its cytosolic 

counterpart. However, Ser11 phosphorylation affected neither RcSUS1 microsomal 

association nor its kinetic properties. Instead, decreased Ser11 phosphorylation preceded a 

marked decline in RcSUS1 activity and polypeptide levels during seed maturation or 

following sucrose supply removal, suggesting that it triggers its proteolytic turnover. The 

Ca2+-dependent protein kinase that catalyzes RcSUS1 Ser11 phosphorylation in the 

developing endosperm was highly purified, thoroughly characterized, and identified as 

RcCDPK2. Recombinant RcCDPK2 effectively phosphorylated RcSUS1 and its 

corresponding dephosphopeptide at Ser11. The SUS interactome of developing castor 

endosperm was assessed via co-immunopurification with anti-RcSUS1-IgG. A 41-kDa 

polypeptide that co-immunopurified with RcSUS1 was identified as reversibly 
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glycosylated polypeptide 1 (RcRGP1). RcRGP1 was in vivo phosphorylated at Tyr40, 

Thr165, and Thr338. It is hypothesized that RcSUS1 forms a metabolon with RcRGP1, 

channeling UDPG directly into hemicellulose and/or glycoprotein/glycolipid 

biosynthesis. Sucrolytic activity of RcSUS1 was allosterically inhibited by trehalose 6-

phosphate (T6P) (I50 ~ 200 µM), the first observation of its kind. In plants, T6P is a key 

signaling metabolite that acts as both a signal and negative feedback regulator of sucrose 

levels. Feedback inhibition of RcSUS1 by T6P is hypothesized to help regulate sink 

strength while playing a role in T6P homeostasis. Collective results of this thesis 

contribute to our understanding of oil seed SUS while identifying novel mechanisms by 

which phosphorylation and T6P signaling may control SUS activity. 
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Chapter 1 

Introduction and literature review 

1.1 General background and rationale 

Seed development requires a large influx of sucrose, the major sugar translocated from 

photosynthetic leaves to sink tissues. Sucrose synthase (SUS) catalyzes the nucleoside 

diphosphate (NDP)-dependent cleavage of imported sucrose into fructose and NDP-glucose. 

Their catabolism via the combined reactions of glycolysis, the oxidative pentose-phosphate 

pathway (OPPP), and the mitochondrial tricarboxylic acid (TCA) cycle and respiratory electron 

transport chain provides energy, reducing power, and carbon skeletons needed for the 

biosynthesis of seed storage end-products (i.e. starch, oil, and protein), and cellulose, the primary 

component of cell walls. The partitioning of imported photosynthate between catabolic and 

anabolic pathways of developing seeds is of obvious agronomic importance. 

With its key position upstream of glycolysis, SUS has been implicated in directly 

channeling carbon into starch and cellulose biosynthesis, and is proving to be a promising target 

for crop improvement in cellulose and starch-storing crops [1–5]. Its role in seed storage oil, or 

more properly, triacylglycerol (TAG) biosynthesis, however, remains largely unknown. The 

genetic origin, biochemical properties, and in vivo phosphorylation status of native oil seed SUS 

isozymes are also poorly understood [6].  

By studying SUS in developing seeds of the castor oil plant (Ricinus communis L.), a 

model oil seed crop with remarkably high oil content (up to 65% oil by weight at maturity), the 

overall aim of this thesis is to further our understanding of the function, and biochemical and 

molecular properties of SUS during oil seed development. Such knowledge will hopefully one 
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day provide significant economic and agronomic benefits by contributing to the biotechnological 

development of crop seeds with higher oil levels.  

1.2 Economic importance of oil seeds 

Seed-derived oils are essential to the global food supply in addition to being increasingly 

used in consumer and industrial goods such as biofuels and bioplastics. The production of oil 

seeds is of particular importance to Canada. Canola (Brassica napus) is, by value, Canada’s most 

important crop and we are the world’s largest canola producer, producing 18 million metric tons 

(Mt) in 2013 (market value $8.8 billion), of which 8.5 Mt were exported [7]. Canola’s agronomic 

importance is in spite of its a relatively low oil content (approximately 40% oil by weight) 

compared with castor oil seed (COS), leaving much room for improvement; achieving only a 1% 

increase in the oil content of mature canola seeds would add at least $90 million per year to the 

Canadian canola industry [8]. 

1.3 Castor oil seed 

Castor oil plants are native to eastern Africa, but an invasive species in most of the 

tropics. COS is a model heterotrophic (non-green) oil seed that contains up to 65% (by weight) 

TAGs at maturity, compared with approximately 20% and 40% in the green oil seeds soybean 

(Glycine max) and canola, respectively [9]. Castor beans are perhaps best known as the source of 

one of the world’s most toxic proteins (ricin). However, castor oil is valued for its unique TAG 

composition, as it contains approximately 90% ricinoleic acid, an unusual hydroxylated 

monosaturated fatty acid with cosmetic and industrial applications. Today, COS is cultivated 

primarily in India, where production has doubled over the past decade, reaching 1.7 Mt in 2014 

[7]. 
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Unlike in most oil seeds, TAGs in COS are primarily stored in endosperm rather than in 

the embryo, with endosperm comprising the bulk of the mature seed [10]. Castor seeds are 

relatively large, with a thick seed coat, and are encased in a ‘tough’ fruit, leading to speculation 

that the interior of the developing COS, like that of legumes [11] is hypoxic. TAG biosynthesis 

depends upon the synthesis of long chain fatty acids, which in developing oil seeds occurs in 

specialized plastids called leucoplasts. This process requires the transport of both sucrose-

derived carbon skeletons and energetic intermediates across the plastid envelope. L-malate 

supports the most significant rates of fatty acid synthesis by isolated leucoplasts from developing 

COS [12], and its import from the cytosol into the leucoplast is mediated by a malate/phosphate 

translocator within the COS leucoplast envelope [13]. 

1.4 Sucrose metabolizing enzymes in plants 

Seed development requires the coordinated production of sucrose (i.e. ‘photosynthate’) in 

photosynthetic (source) tissues, its translocation via the phloem vasculature, and its cleavage in 

the developing seed. Sucrose synthesis in source tissues occurs primarily via the concerted action 

of sucrose phosphate synthase (SPS) and sucrose phosphate phosphatase (SPP), which form a 

metabolon in planta [14]; the former produces sucrose 6-phosphate (S6P) from UDP glucose 

(UDPG) and fructose 6-phosphate (F6P), while the latter rapidly dephosphorylates S6P to 

sucrose (see [15] for review). In developing seeds, levels of SPS and SPP are generally low or 

undetectable, as sucrose is supplied by import rather than synthesis. 
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Cleavage of imported 

sucrose is known as sucrolysis and 

occurs via one of two enzymes: 

invertase or SUS (Fig. 1-1). 

Sucrolysis is vital for vascular 

plants, not only for the allocation 

of crucial carbon resources, but 

also for the initiation of hexose-

based sugar signals that alter the 

expression of diverse genes 

[16,17]. Unlike SUS, invertase 

(E.C. 3.2.1.26) cleaves sucrose 

without the need for a co-substrate, 

and does so irreversibly even at 

low sucrose concentrations (with 

KM (sucrose) values as low as 1 mM, but more often ranging from 10-20 mM), utilizing the 

energy from sucrose’s glycosidic bond to hydrolyze it into glucose and fructose. There are two 

main types of plant invertase: acid invertase, which is predominantly extracellular, vacuolar, or 

membrane-bound (often associated with the tonoplast), and neutral (sometimes referred to as 

“alkaline”) invertase, which is primarily cytosolic. Neutral invertase has not been well-studied, 

and its role in seed development remains unknown [18]. Acid invertase activity is often abundant 

during early seed development, sometimes matching that of SUS, but tends to disappear during 

later development (e.g. in developing canola siliques) [19]. However, invertase mutants often 

Fig. 1-1. Metabolic model highlighting the key 
sucrolytic role of SUS in supporting carbon 
metabolism and storage end product biosynthesis 
in developing seeds.  
Reprinted from [192]. 
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have severe phenotypes, including during seed development, and invertase`s role in seed 

development is thus indisputable [20]. 

1.5 Sucrose synthase  

1.5.1 Overview 

Sucrose synthase (E.C. 2.4.1.13) catalyzes the NDP-dependent cleavage of sucrose into 

NDP-glucose and fructose. UDP is the generally accepted co-substrate for plant SUS, resulting 

in UDPG formation. However, it has been argued that SUS from certain starch-storing sink 

tissues (e.g. developing cereal seeds) may instead use ADP in order to directly provide ADP-

glucose (ADPG) as the glucosyl donor for starch synthase [21]. SUS is a marker of sink strength 

in storage tissues such as developing seeds and tubers in which SUS is considered to be 

predominantly involved in supporting polysaccharide (starch and/or cell wall) biosynthesis 

[16,21,22]. However, transcriptomic and proteomic studies, together with enzyme activity assays 

and immunolocalization have indicated that SUS also fulfils an important function in developing 

oil seeds to support the production of carbon skeletons, ATP, and reducing power (via 

glycolysis, the OPPP, and the TCA cycle) required for long chain fatty acid (and hence TAG) 

and storage protein synthesis [6,9,19,23–25].  

1.5.2 Mutant and quantitative trait loci (QTL) studies demonstrate SUS’s importance in developing 

seeds 

There is direct evidence of SUS importance in seeds of several crop plants, in which a 

reduction in SUS activity disrupted seed development by reducing the availability of carbon for 

starch and/or cell wall biosynthesis [1–3]. Conversely, SUS overexpression in: (i) maize seeds 

led to 15% more starch at maturity than in wild-type [4], (ii) cotton reduced seed abortion while 

increasing fibre yield [5,26], and (iii) developing xylem of poplar promoted cellulose 



 

 

 

6 

biosynthesis, resulting in thicker xylem secondary cell walls and consequently improved wood 

density [27]. QTL studies also support a link between SUS and fiber phenotype in cotton [28] 

and seed filling in wheat [29]. 

1.5.3 SUS is encoded by a small, highly-conserved family 

To fulfil its diverse functions, plant SUS belongs to a small multigene family encoding 

approx. 90 kDa polypeptides; e.g., the model plant Arabidopsis thaliana contains six SUS genes 

with distinctive tissue-specific expression profiles [1,6,23,30]. SUS occurs in all plants thus far 

examined, and is also present in many prokaryotes, including cyanobacteria and proteobacteria, 

with bacterial and plant SUS sharing approximately 50% sequence identity [31–33]. In contrast 

with plant SUSs, which generally exhibit a preference for UDP, bacterial SUSs tend to prefer 

ADP as their co-substrate and exhibit enhanced thermal stability [32–35]. 

Evolutionarily, SUS is a member of the GT-4 family of retaining1 glycosyltransferases in 

the broader GT-B glycosyltransferase group, and by function is a Leloir2 glycosyltransferase 

[33,36,37], due to its synthesis or use of a sugar nucleotide. Angiosperm SUSs can be broadly 

divided into three groups based on sequence similarity: the SUS1, SUSA, and SUS2 subgroups 

[38,39]. Each of these groups has eudicot and monocot branches, suggesting that the last 

common ancestor of monocots and eudicots likely had a single SUS gene in each group [23,39]. 

SUSAs and monocot SUS1s can also be distinguished from eudicot SUS1s by their possession of 

a characteristic additional intron [23]. Included in the SUS1 group are legume (e.g. soybean) root 

nodule SUS and the non-seed-localized Arabidopsis SUS1 and SUS4 [38]. The major 

Arabidopsis seed SUSs, SUS2 and SUS3, are part of the SUSA subgroup [23] 

                                                      
1 Retaining glycosyltransferases retain the anomeric configuration of the sugar donor, in this case, of UDPG. 
2 Named after the Argentine biochemist Prof. Luis F. Leloir, recipient of the 1970 Nobel Prize in Chemistry for his 
discovery of sugar nucleotides and their pivotal role as glucosyl donors for enzymes of bacterial glycogen and plant 
starch biosynthesis. 
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1.5.4 SUS structure and reaction mechanism 

 Most native SUSs are tetrameric, forming either homo- or heterotetramers, which in the 

latter case may consist of SUS1 and SUS2 subunits [40]. Oligomerization of SUS tetramers may 

depend on sucrose status, or in other cases on SUS phosphorylation (discussed in 1.5.15). In 

maize, SUS appears to be dimeric in the absence of sucrose, and tetrameric in its presence [41]. 

Hexameric and octomeric SUS isoforms have also been reported [42]. 

Crystal structures of two SUSs have 

been published: SUS1 from Arabidopsis and 

SUS from the proteobacterium Nitrosomonas 

europaea [34,43]. Arabidopsis SUS1 (Fig. 1-

2) contains the following domains (with 

residue numbers given): a cellular targeting 

domain (11-127); an ENOD40 peptide 

binding domain (157-276); a GT-B N-

terminal domain (277-526), which contains 

an 10 Å α-helix that is unique to SUS and not 

present in other GT-Bs, named Nα1; and a 

GT-B C-terminal domain (527-754) [43]. 

Phosphorylation of the CTD may be 

transmitted to the active site of an adjacent 

subunit through the concerted action of the EPBD and Nα1 helix [43]. 

While several theories have been proposed, the exact catalytic mechanism of SUS (and 

other GT4 retaining glycosyltransferases) remains unknown. Support is building in favor of a 

Fig. 1-2. The crystal structure of the AtSUS1 
tetramer. 
AtSUS1 was crystallized as a complex with UDP (red) 

and fructose (black) [43]. Each subunit is shown in a 

different colour. Plotted from PDB structure 3S29. 
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front-face single-displacement mechanism, mediated by a short-lived oxocarbenium ion, in 

which both NDP-sugar and fructose (or NDP and sucrose) combine in an enzyme-substrate 

complex before the reaction takes place [33,37,43]. Attempts to modify bacterial SUSs, which 

prefer ADPG, to instead accept UDPG substrate via the targeted modification of their NDP-

binding site have thus far not been successful [44].  

In addition to its importance in plants, SUS is being increasingly employed as a 

biocatalyst for the in vitro production of a wide-range of high-value sucrose analogs and NDP-

sugars and, through coupling with glycosyltransferases, high-value glycosylated compounds, 

including pharmaceuticals (for an excellent review, see [33]). Further understanding of SUS’s 

reaction mechanism may thus have both agricultural and pharmaceutical benefits. 

1.5.5 SUS operates near equilibrium, with net sucrolytic flux in sink tissues 

In many plant tissues, the reaction catalyzed by SUS is at or near equilibrium1 [45,46]. It 

appears, however, that net flux through SUS in sink tissues is sucrolytic. In general, low pH 

promotes flux in the sucrolytic direction while high pH promotes flux in the synthesis direction 

[33,47,48]. 

1.5.6 SUSs are often highly expressed, with distinct expression patterns in vascular plants 

SUS is one of the most abundant proteins in sink tissues, including mature legume root 

nodules [48–50] and developing seeds (discussed below), roots [51,52] and leaves [40,51]. In 

developing maize leaf bases, SUS accounts for 3-8% of total protein, but is rapidly degraded 

during leaf greening [53].  

                                                      
1 The energy content of the glycosidic bond in sucrose, at -29.3 kJ mol-1 is roughly equivalent to that of the activated 
nucleoside sugar UDPG [281] 
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SUS expression is also frequently elevated in phloem [54–57] where SUS is believed to 

assist in phloem loading [57–61]. Even in tissues that are not rapidly growing, SUS is generally 

present at some level. In Arabidopsis, SUS5 and SUS6 appear to be constitutively expressed at 

low levels in nearly all tissues [23]. 

1.5.7 SUS is highly expressed in developing seeds 

SUS expression is elevated in developing seeds, and SUS has been characterized from 

seeds of several species. In Arabidopsis, SUS2 and SUS3 are the primary seed SUSs, with the 

seed-specific SUS2 highly expressed during the early maturation phase of seed development (6-

12 DAF) when transient starch is accumulating, and SUS3 highly expressed during the late 

maturation phase (12-21 DAF) [1,23,24,30,62]. Arabidopsis sus2/sus3 double knock-outs exhibit 

reduced transient starch accumulation and earlier seed maturation, whereas single mutants 

display minor, if any, visible phenotype [1,20].  

In maize, SUS-SH1 and SUS2 are predominantly expressed in developing kernels, with 

SUS1-SH1 expression, which is localized to the endosperm and not the embryo, peaking at 20 

DAP and SUS2 expression peaking between 15-30 DAP, though SUS2 is also expressed in the 

root and in etiolated kernels [40,63,64]. Maize sus-sh1 (“shrunken 1”) mutants exhibit a 

shrunken phenotype, with decreased starch deposition and extensive cell wall degradation, and it 

appears that SUS-SH1 may be responsible for supplying UDPG for cellulose biosynthesis [3,65].  

In legumes, the same SUSs are often expressed at high levels in both developing seeds 

and in hypoxic legume root nodules, such as in the case of SSn from Phaseolus vulgaris [66]. In 

rug4 SUS-knockdown peas, seeds exhibited a shrunken and wrinkled phenotype, with reduced 

starch accumulation, similar to that seen in sus-sh1 maize [67]. Interestingly, rug4 peas also 
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suffer from impaired nodule N2 fixation, and impaired N2 fixation appears to be a general feature 

of legumes with deficient SUS activity [67,68]. 

1.5.8 Some SUSs are induced by stress 

SUS also appears to play a role during stress acclimation, with expression of some SUSs 

dramatically induced by abiotic stresses including oxygen deficiency [23,69–73], cold [23,51], 

and dehydration [1,23,51]. The reason for this induction is likely due to increased glycolytic 

demand and/or the need to conserve ATP (and oxygen), as sucrolysis by SUS (relative to 

invertase) increases the net ATP yield of glycolysis by 25% [1,23,74–76]. This is because the 

conversion of sucrose into a pair of hexose monophosphates does not require ATP when it 

proceeds via the SUS pathway, but requires 2 ATP per sucrose cleaved (for hexokinase) when it 

proceeds via the invertase pathway (Fig. 1-1). Under conditions that limit the production of ATP 

via oxidative phosphorylation, or that otherwise result in ATP depletion, sucrolysis via SUS, and 

other alternative PPi-dependent cytosolic processes1 represent a considerable bioenergetic benefit 

that is believed to extend plant survival time [76,77]. 

SUS expression also appears to be essential for plant acclimation to hypoxia or anoxia 

stress. Arabidopsis sus1/sus4 double knockouts cannot survive when roots suffer from hypoxia 

due to flooding [30], and maize sus1/sus-sh1 double knockouts exhibit a gross reduction in root 

tip survival under anoxia [72]. The need for SUS during oxygen deficiency may in part explain 

the high abundance of SUS in hypoxic legume root nodules. Interestingly, cyanobacteria also 

upregulate SUS under hypoxia stress, so this role may be universal [32]. 

                                                      
1 These also include the use of PPi-dependent phosphofructokinase, and tonoplast H+-pumping pyrophosphatase. 
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Curiously, some SUSs, such as legume nodule SUSs, appear to be down-regulated by 

stresses including drought, salinity, and nitrogen stress [68,78,79]. One may hypothesize that this 

may be due to reduced sucrose supply given that many SUSs are induced by sugar. 

1.5.9 Some SUSs are induced by sugars, others by carbon starvation 

Expression of many SUSs is induced by sugars, and many sugar-inducible SUSs have 

been identified, including Arabidopsis SUS2, which is upregulated by glucose in developing 

seeds [80], maize SUS1 (upregulated by glucose) [81], potato SUS4 (upregulated by sucrose) 

[58], rice RSUS1 and RSUS2/RSs1 (upregulated by sucrose) [82], citrus SUSA (upregulated by 

glucose/fructose, but not sucrose) [38], and various other SUSs [17,73,83]. 

By contrast, some SUSs are induced by carbon starvation as occurs during prolonged 

darkness, such as maize SUS-SH1, Arabidopsis SUS1, and potato SUS1 [17,73,81,84,85]. Other 

SUSs seem to be unaffected by sugar status, as is the case with potato SUS3 [58]. 

1.5.10 SUS is subject to complex transcriptional regulation, particularly during seed development 

Though much work remains to be done, particularly with respect to its induction by 

stress, a picture of complex SUS transcriptional regulation is beginning to emerge. In 

Arabidopsis, four transcription factors are believed to be master regulators of embryo maturation 

during late seed development: LEAFY COTYLEDON 1 (LEC1) and 2 (LEC2), FUSCA 3 

(FUS3), and ABSCISIC ACID INSENSITIVE 3 (ABI3) [86]. Two of these, LEC1 and LEC2, 

plus a closely-related LEC1 homolog, LEC1-like 1 (L1L), have been linked to the direct 

induction of SUS expression during seed development.  

LEC1 and L1L are plant orthologs of yeast HAP3 and mammalian CBF-A/NF-YB, one 

of the subunits of trimeric CCAAT binding factors (CBFs). LEC1 and L1L are predominantly 

expressed during Arabidopsis seed development [87,88]. When co-expressed in isolated 
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protoplasts with NF-YC in the presence of ABA, or with both NF-YC and the seed-specific 

ABA-response element (ABRE) binding factor basic leucine zipper 67 (bZIP67) or 12 (bZIP12) 

in the absence of ABA, LEC1 and L1L activate expression of the seed-specific Arabidopsis 

SUS2 [86]. LEC1 also regulates expression of LEC2, FUSA, and ABI3 [89,90]. 

 ABI3, FUS3, and LEC2 are B3 DNA-binding domain transcription factors, which bind to 

conserved RY/Sph DNA elements known to be involved in seed development [86,91]. LEC2 

expression is required for cotyledon-specific expression of both SUS2 and SUS3 during mid-late 

seed development [80]. LEC2 also appears to promote expression of FUS3 and ABI3, as does 

LEC1 [90]. It remains unknown if FUS3 or ABI3 directly control SUS expression, but FUS3 is 

known to control expression of bZIP67, which in turn acts with LEC1/L1L to promote SUS 

expression [86]. Both FUS3 and ABI promote their own, and each other’s, expression [90].  

Regulation of stress-responsive SUS expression is complex. Arabidopsis SUS1 is 

upregulated by glucose and mannose via a hexokinase-dependent pathway [92] and by okadaic 

acid, suggesting the involvement of an okadaic-acid sensitive protein phosphatase in its 

transcriptional regulation [93]. Potato SUS1 expression is induced via the SNF-1-related protein 

kinase 1 (SnRK1) pathway [94]. Transcriptional initiation of the carbon starvation-inducible 

maize SUS-SH1 appears to solely depend on a 26-bp region immediately surrounding its 

transcription start site, to which the initiator binding proteins IBP1 and IBP2 bind, with 

transcriptional enhancement provided by the presence of the first exon and intron [95–98], and 

specifically by a 35-bp T-rich motif located in the latter [99]. 

Regulation of sugar-responsive SUS expression is also complex. Interestingly, in cotton 

SUS3, which is expressed primarily in elongating cotton fibers, the first intron acts as a negative, 

rather than positive, regulator of gene expression [100]. Expression of the sugar-inducible potato 
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SUS4 appears to depend not only on its first intron, but also on both 5’ and 3’ UTRs 

[58,101,102], while the sucrose-inducible expression of phloem-localized rice RSUS1 depends 

on the binding of a purine-rich DNA-binding protein, OsPurα, to a 39-bp region approximately a 

thousand bp upstream of its transcription start site, named A-3-2 [103]. Sucrose appears to 

promote binding of OsPurα to A-3-2, activating RSUS1 expression, while expression of OsPurα 

is unchanged [103]. 

It is notable that SUS transcript and polypeptide levels are often uncoupled, 

demonstrating that significant control of SUS expression also occurs at the translational and/or 

post-translational level [104,105]. 

1.5.11 SUSs associate with membranes and the cytoskeleton, channeling UDPG to cellulose synthase 

Although typically classified as a soluble cytosolic protein, SUS association with 

membranes or the cytoskeleton has been well-documented [16,40,41,78,106–110]. In particular, 

SUS is an integral component of the plasma membrane-localized cellulose synthase metabolon, 

channeling the glucosyl moiety of UDPG towards cell wall production (Fig. 1-1) [27,111,112]. 

In developing cotton fibers, elevated calcium concentrations promote the synthesis of callose 

versus cellulose, possibly by decreasing SUS association with the cellulose synthase metabolon 

[113]. Unlike cellulose synthase, callose synthase, while also utilizes UDPG as its substrate, does 

not appear to preferentially accept UDPG channeled to it via SUS [113]. SUS membrane 

association, likely due to its association with cellulose synthase, appears to be elevated in tissues 

undergoing rapid cell wall biosynthesis, such as in developing cotton fibers, wherein 35-85 % of 

SUS is membrane-associated [113]. This membrane association is often tight, requiring 

treatment with a high concentration of detergent to solubilize [78,113]. In addition to its 

association with the plasmalemma cellulose synthase complex, SUS also appears to associate 
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with the tonoplast or Golgi membrane [114–116]. Golgi-associated SUS may provide UDPG for 

xyloglucan/hemicellulose biosynthesis [115,116]. 

There is also abundant in vitro and in vivo evidence for direct SUS-cytoskeletal 

association [110,117,118]. Maize SUS1 binds directly onto F-actin in vitro, with a KD
 of 2 µM 

and a stoichiometry at saturation of approximately 0.2 SUS1 monomers/actin subunit [41]. The 

interaction of maize seedling SUS with the cytoskeleton was promoted by sucrose, with maximal 

association occurring at 20-60 mM sucrose in vitro, and reduced cytoskeletal association when 

maize seedlings became carbon starved by keeping in the dark for 36 h [41,107]. Whether SUS-

cytoskeletal co-localization serves only to assist in its localization with the cellulose synthase 

complex, or whether it serves an additional purpose remains unknown. 

1.5.12 SUS is found almost everywhere in plant cells 

In addition to its cytosolic, membrane-associated, and cytoskeletal localization, SUS has 

been reported to occur in many other subcellular locations including the cell wall [112], nucleus 

[119], plastid [24,62,120], mitochondrion [119,120], vacuole [121], and phloem sap1 [122]. 

While its presence in some of these locations may be genuine, others may be artifacts. As one of 

the most abundant extractable plant proteins, SUS is perhaps the most likely contaminant to be 

detected in organellar proteomes, even when less-abundant cytosolic marker proteins appear to 

be absent. 

1.5.13 SUS channels photosynthate into starch biosynthetic pathways 

While the channeling of SUS products into cellulose is now understood to occur via its 

association with the cellulose synthase complex (see 1.5.11), SUS also appears to specifically 

channel its products into starch biosynthesis [21,123–126]. Evidence for such channeling takes 

                                                      
1 Though no SUS activity is detectable in castor phloem sap [45]. 
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the form of reduced transitory starch accumulation in Arabidopsis sus2/sus3 mutant seeds [1], 

reduced starch levels in maize sh1 mutant seeds [127], the strong association of Arabidopsis 

SUS2 with plastids in developing seeds [62], and the possible association of SUS with starch 

biosynthetic enzymes [128]. The exact manner by which this channeling occurs is unclear, but 

several hypotheses have been proposed:  

(i) Channeling occurs via SUS production of ADPG, the glucosyl donor for starch 

synthase and branching enzyme [129]; 

(ii) SUS associates with the plastid, possibly via its interaction with proteins involved in 

starch synthesis [128]; and 

(iii) What appears to be channeling is the result of metabolic competition rather than any 

specific mechanism [130]. 

Additional work is required to determine which of these hypotheses is correct. 

1.5.14 Other protein-protein interactors 

In addition to associating with the cellulose synthase complex, actin, and possibly 

proteins involved in starch synthesis, several other SUS interactors have been discovered. In 

legume root nodules, SUSs binds to two signaling peptides encoded by ENOD40 (Early Nodulin 

40), the cryptically-named 12-aa Peptide A and 24-aa Peptide B (ENOD40A and B, respectively) 

[131]. ENOD40 is expressed during early nodule development, in addition to in non-symbiotic 

tissues [132,133] and orthologs of ENOD40 have been discovered in tobacco, perennial ryegrass, 

and rice [134–139]. ENOD40 RNA interacts with small nodulin acidic RNA-binding proteins 1 

and 2 (SNARP1 and 2), which appear to be secreted, but the function of this interaction is 

unknown [140]. ENOD40A binds SUS via a disulfide bond on a highly-conserved Cys residue 

(Cys-264 on SUS from soybean root nodules, which is also known as nodulin-100) and in doing 
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so causes a minor (20-30%) increase in SUS sucrose cleavage activity, without affecting 

synthesis activity [141]. Röhrig et al. suggested that ENOD40A may simply serve to prevent the 

irreversible oxidation of C264 on soybean root nodule SUS [141]. The function of ENOD40B is 

unknown, as binding does not appear to affect SUS activity. 

SUS has also been identified as a possible target for 14-3-3 binding proteins, as SUS 

from developing barley grains was detected by 14-3-3 affinity chromatography and downstream 

proteomic analysis [142]. While SUS activity of a barley grain extract that had been 

preincubated with 1 mM ATP was reported to be inhibited in the synthetic direction by a 

recombinant 14-3-3 protein, this inhibition only occurred at an absurdly high concentration of 

14-3-3 protein [142], and it is thus remains unknown what role, if any, 14-3-3 binding to SUS 

plays in vivo. Finally, there is circumstantial evidence of an association between SUS and 

reversibly glycosylated polypeptide (RGP), based on the apparent inhibition of the latter by the 

former [143].  

1.5.15 SUS is frequently phosphorylated in vivo 

SUS is phosphorylated in diverse plant tissues by a calcium-dependent protein kinase 

(CDPK) at a conserved seryl residue located near its N-terminus, nested within a conserved 

hydrophobic-x-basic-x-x-pSer-hydrophobic-basic-acidic-basic motif [16,33,41,78,106–109,144–

147]. The role of this SUS phosphorylation remains somewhat enigmatic as it has been 

suggested to either activate SUS’s cleavage reaction and/or mediate changes in its partitioning 

between soluble and microsomal membrane fractions, affect cytoskeletal association, or promote 

the stabilization of active SUS tetramers [41,78,106,108,144–146,148]. 

 Phosphorylation on a second site corresponding to Ser170 may target maize SUS1 for 

proteasomal degradation [149]. Phosphorylation at Ser170 does not affect SUS1 activity [149], 
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and is inhibited by ENOD40A and ENOD40B, thus possibly protecting maize SUS1 from 

proteolysis in vivo; this provides a plausible rationale as to why Ser170 phosphorylation 

stoichiometry is relatively low in vivo while Ser170 can be readily phosphorylated in vitro [149]. 

1.5.16 N-terminal seryl phosphorylation may activate sucrolysis by certain SUS isozymes 

There remains considerable debate about the role of N-terminal seryl phosphorylation in 

influencing SUS kinetic properties. In some cases, N-terminal seryl phosphorylation appears to 

activate SUS’s sucrolytic activity, but generally to a small extent [109,144,150]. SUS from 

Vigna radiata  (mung bean) seeds was reported to exhibit a significantly increased affinity for 

sucrose when phosphorylated, with its KM(sucrose) value decreasing from 161 to 61 mM [145]. 

V. radiata SUS S11E and S11D phosphomimetic mutants exhibited an even greater decrease in 

KM (sucrose) [145]. By contrast, N-terminal phosphorylation of soybean root nodule SUS did not 

alter its activity, and there was no difference in the kinetic properties of its phosphomimetic 

(S11D) versus phosphoablative (S11A) mutants [108]. 

1.5.17 N-terminal phosphorylation and SUS membrane association 

The effect of N-terminal seryl phosphorylation on SUS membrane association also 

remains debatable [109]. Not only does N-terminal phosphorylation not always influence SUS 

membrane association, but when it does, it appears to either increase or decrease it 

[16,71,106,107]. In some cases, this may be due to the use of exogenous kinases to manipulate 

phosphorylation status which may phosphorylate residues other than the target seryl site located 

near SUS’s N-terminus [78]1. Perhaps unsurprisingly, N-terminal phosphorylation of soybean 

root nodule SUS does not influence its kinetic properties nor its partitioning between cytosolic 

                                                      
1 Note that Winter et al. 1997’s evidence may be erroneous because mammalian protein kinase A does not 
phosphorylate SUS at the target Ser residue [78]. 
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and microsomal fractions, despite microsomal soybean root nodule SUS having only 

approximately 30% the phosphorylation level of the cytosolic enzyme [78]. In vitro 

phosphorylation of soybean root nodule SUS by a nodule CDPK, or dephosphorylation by λ-

phosphatase, also did not affect its membrane association [78]1.  Adding further uncertainty to 

the story, phosphorylation of maize SUS1 at Ser15 may decrease its association with F-actin [41]. 

1.5.18 SUSs are phosphorylated primarily by calcium-dependent protein kinases (CDPKs), 

sometimes by SNF1-related protein kinases (SnRKs) 

 Many SUSs are phosphorylated by CDPKs at their conserved N-terminal phosphorylation 

site [145,149,151,152]. CDPKs are Ca2+-dependent plant-specific members of the CDPK-SnRK 

superfamily of protein kinases that likely evolved following fusion of ancestral protein kinase 

and calmodulin-like genes [153,154]. While SUS CDPK activity has been frequently reported, 

the only probable SUS CDPK that has thus far been identified at the sequence level is rice SPK, 

which is expressed exclusively in rice endosperm during the mid-development and 

phosphorylates Rsus2 (formerly Rss1) [152]. In spk knockouts, rice grain development is 

delayed, with reduced starch and storage protein accumulation, and elevated sucrose, leaving 

seeds shrunken and sterile [152]. Calcium-independent SUS kinase activity has also been 

detected, including by SnRKs in Arabidopsis and maize seedlings, but in the latter case SnRK 

phosphorylation of SUS at its N-terminal site was considerably slower than that by CDPKs 

[149,155]. 

1.5.19 Sink tissues can accumulate sucrose in the presence of high SUS activity 

 Somewhat counterintuitively, given that SUS is believed to act in the sucrolytic direction 

in the vast majority of heterotrophic plant tissues, high levels of SUS activity can be 
                                                      
1 Rather, studies of soybean root nodule SUS phosphorylation, indicate that this PTM may protect the enzyme from 
proteolytic turnover in vivo [108]. 
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accompanied by elevated sucrose levels in certain heterotrophic sinks. Indeed, it has been known 

for some time that in actively growing tissues, while acid invertase may be absent, “SUS and 

sucrose phosphate synthase, together with sucrose phosphate phosphatase, are always present, 

regardless of whether the state of the tissue corresponds to development or germination” [156]. 

In spite of the universal presence of SUS, sucrose concentrations in some heterotrophic sinks 

appear to be predominantly regulated not by SUS, but by acid invertase activity, with a 

contribution, in some cases, by sucrose synthesis via SPS and SPP [157–159].  

 In developing fruits (and roots) with high sucrose content at maturity, such as satsuma 

mandarin (Citrus unshiu), peach, strawberry, kiwi, sweet pepper, carrots, wild tomato (Solanum 

hirsutum and muricatum) and sweet melon and cucumber, SUS activity increases or stays 

unchanged over the course of development, while insoluble acid invertase activity decreases 

dramatically concomitantly with sucrose accumulation [38,157,159–165]. Interestingly, sucrose 

accumulation during mid-development of sweet pepper is followed by hexose accumulation 

during later development, apparently due to the reactivation of acid invertase [164]. In satsuma 

mandarins, SUS activity is moderate during early development, drops during mid-development, 

and then increases dramatically during late development (when sucrose is above 100 mM), 

apparently due to the sucrose-induced expression of SUSA [38]. 

 An inverse relationship between acid invertase (but not SUS) activity and sucrose 

concentration occurs between cultivars of the same species; e.g. grape [166], muskmelon [167], 

and sugarcane [168]. In many of these cases, a significant positive correlation was observed 

between SUS activity and sucrose concentration [157,168], possibly due to sucrose-induced SUS 

expression (see 1.5.9). Furthermore, when a sucrose-accumulating wild tomato (Solanum 

chmielewskii) was crossed with common tomato (Solanum lycopersicon), the only difference in 
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sucrose-metabolizing enzyme activity was in acid invertase [169,170]. And, in a QTL study in 

developing wheat, higher SUS activity was linked to higher sucrose and lower glucose and 

fructose concentrations [29]. 

 SUS mutant studies are conflicting as to the effect of SUS on sucrose levels in sink 

tissues. In seeds of Arabidopsis sus2/sus3 double knockouts, sucrose levels were elevated [1]. 

However, sucrose levels were also elevated in leaves of transgenic tobacco plants overexpressing 

Arabidopsis SUSs, in contrast with the expectations of Nguyen et al. [171], who suggested that a 

novel sucrose signaling pathway may be responsible. By contrast, levels of sucrose were reduced 

and glucose and fructose elevated in transgenic tobacco plants overexpressing the Populus 

simonii x niigra PsnSuSy2 [172]. 

 The collective results raise two unanswered questions: 

(i) First, how can sucrose accumulate in the presence of abundant SUS, including 

when SUS is overexpressed? The equilibrium constant of the SUS reaction is such 

that the accumulation of high concentrations of sucrose in its presence should be 

unfavorable [31] 

(ii) Second, why is SUS present in all non-dormant tissues, even at times of minimal 

sucrolysis? 

The aforementioned questions could perhaps be answered by an as-yet undiscovered post-

translational mechanism that inhibits sucrolytic flux through SUS under certain high-sucrose 

conditions.  

1.6 Research objectives 

 The overarching hypothesis of this thesis is that SUS plays a pivotal role during oil seed 

development to mediate the partitioning of imported photosynthate towards storage end-product 
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biosynthetic pathways. In order to advance our understanding of oil seed SUS the specific 

objectives of this PhD thesis research were to: 

A. Purify, identify, and characterize the molecular and biochemical properties of the dominant 

SUS isozyme(s) from developing COS. If successful this would represent the first detailed 

study of native SUS from any developing oil seed.  

B. Determine if SUS is phosphorylated in vivo during COS development, and if so to 

investigate the role of SUS phosphorylation, as well as to characterize and identify the 

protein kinase(s) responsible for its phosphorylation. 

C. Identify protein(s) that may physically interact with SUS in developing COS via a co-

immunopurification approach using anti-(COS SUS) antibodies coupled with downstream 

proteomic analysis.  
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Chapter 2 

Biochemical and molecular characterization of RcSUS1, a cytosolic sucrose synthase 

phosphorylated in vivo at serine 11 in developing castor oil seeds 

Eric T. Fedosejevs, Sheng Ying, Joonho Park, Erin M. Anderson, Robert T. Mullen, Yi-

Min She, and William C. Plaxton (2014) J. Biol. Chem. 289: 33412–33424 

2.1 Abstract 

Sucrose synthase (SUS) catalyzes the UDP-dependent cleavage of sucrose into UDP-

glucose and fructose and has become an important target for improving seed crops via metabolic 

engineering. A UDP-specific SUS homotetramer composed of 93-kDa subunits was purified to 

homogeneity from the triacylglyceride-rich endosperm of developing castor oil seeds (COS) and 

identified as RcSUS1 by mass spectrometry. RcSUS1 transcripts peaked during early 

development, whereas levels of SUS activity and immunoreactive 93-kDa SUS polypeptides 

maximized during mid-development, becoming undetectable in fully mature COS. The cytosolic 

location of the enzyme was established following transient expression of RcSUS1-enhanced YFP 

in tobacco suspension cells and fluorescence microscopy. Immunological studies using anti-

phosphosite-specific antibodies revealed dynamic and high stoichiometric in vivo 

phosphorylation of RcSUS1 at its conserved Ser11 residue during COS development. 

Incorporation of 32Pi from [γ-32P]ATP into a RcSUS1 peptide substrate, alongside a 

phosphosite-specific ELISA assay, established the presence of calcium-dependent RcSUS1 

(Ser11) kinase activity. Approximately 10% of RcSUS1 was associated with COS microsomal 

membranes and was hypophosphorylated relative to the remainder of RcSUS1 that partitioned 

into the soluble, cytosolic fraction. Elimination of sucrose supply caused by excision of intact 

pods of developing COS abolished RcSUS1 transcription while triggering the progressive 
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dephosphorylation of RcSUS1 in planta. This did not influence the proportion of RcSUS1 

associated with microsomal membranes but instead correlated with a subsequent marked decline 

in SUS activity and immunoreactive RcSUS1 polypeptides. Phosphorylation at Ser11 appears to 

protect RcSUS1 from proteolysis, rather than influence its kinetic properties or partitioning 

between the soluble cytosol and microsomal membranes. 

2.2 Introduction 

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

lipid, and storage protein biosynthesis is of considerable agronomic interest because seeds are the 

major source of plant-derived nutrients for worldwide food and feed industries. Seed 

development requires a large influx of carbon and energy in the form of sucrose, the major type 

of photosynthetically assimilated carbon translocated from source leaves to sinks via the phloem. 

Imported sucrose must be enzymatically cleaved into hexoses as an initial step in the 

biosynthesis of seed storage end products, namely starch, protein, and triacylglycerides (oil). 

Sucrose cleavage is vital for vascular plants, not only for the allocation of crucial carbon 

resources, but also for the initiation of hexose-based sugar signals that alter the expression of 

diverse genes [16,17]. Sucrose synthase (SUS; E.C. 2.4.1.13) is a key player in this process, 

catalyzing the UDP-dependent cleavage of sucrose into UDP-glucose and fructose (Fig. 2-1). 

SUS is a marker of sink strength in storage tissues such as developing seeds or tubers in which 

SUS has been considered to be predominantly involved in supporting polysaccharide (starch 

and/or cell wall) biosynthesis [16,21]. However, transcriptomic and proteomic studies, together 

with enzyme activity assays and immunolocalization indicate that SUS also fulfills an important 

function in developing oil seeds to support the production of carbon skeletons and reducing 

power (via glycolysis) required for triacylglyceride and storage protein synthesis [6,9,19,23–25]. 
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There is direct evidence of SUS importance in seeds of several crop plants, in which a reduction 

in SUS activity disrupted seed development by reducing the availability of carbon for starch 

and/or cell wall biosynthesis [1–3]. Conversely, maize seeds overexpressing a potato SUS 

isozyme accumulated up to 15% more starch at maturity than wild-type seeds [4]. Similarly, SUS 

overexpression in: (i) cotton reduced seed abortion while increasing fiber yield [5], and (ii) 

developing xylem of poplar promoted cellulose biosynthesis, resulting in thicker xylem 

secondary cell walls and consequently improved wood density [27]. 

To fulfill its diverse functions, plant SUS is encoded by a small multigene family; e.g. the 

model plant Arabidopsis thaliana contains six SUS genes having distinctive tissue-specific 

expression profiles [1,6,23,30]. Although typically classified as a soluble cytosolic protein, SUS 

association with membranes or the cytoskeleton has been well documented [16,40,41,78,106–

110]. In particular, SUS is an integral component of the plasma membrane-localized cellulose 

synthase complex, channeling the glucosyl moiety of UDP-glucose toward cell wall production 

[27,111,112]. In diverse plant tissues, SUS is also phosphorylated by a calcium-dependent 

protein kinase (CDPK) at a conserved seryl residue located near its N terminus [16,41,78,106–

109,144–147]. However, the impact of this phosphorylation event remains somewhat enigmatic 

because it either activates the cleavage reaction and/or possibly mediates changes in SUS 

partitioning between soluble and microsomal membrane fractions [78,106,108,144–146,148]. 

Despite extensive evidence for the central role of SUS in the metabolism of imported 

photosynthate by developing seeds, the genetic origin, biochemical properties, and in vivo 

phosphorylation status of native oil seed SUS isozymes are poorly understood [6]. Herein, we 

describe the molecular and biochemical properties of SUS from castor (Ricinus communis) oil 

seeds (COS). COS is a model heterotrophic (non-green) oil seed that contains up to 60% (by 
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weight) storage triacylglycerides at maturity, as compared with ~20 and 40% in the 

photoautotrophic oil seeds soybean (Glycine max) and rapeseed (Brassica napus), respectively 

[9]. Production of phosphorylation state- and site-specific antibodies against the conserved N-

terminal seryl phosphorylation site of the enzyme allowed us to study in detail changes in SUS 

phosphorylation status as a function of seed development and photosynthate supply. 

2.3 Experimental procedures 

2.3.1 Plant material 

Castor bean plants (R. communis; cv. Baker 296) were cultivated in a greenhouse at 24 °C and 

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

developing COS at heart-shaped embryo (stage III), mid-cotyledon (stage V), full cotyledon 

(stage VII), and maturation (stage IX) stages of development [173] were harvested at midday 

unless otherwise indicated, and endosperm and cotyledon tissues were rapidly dissected. For 

depodding treatments, stems containing intact pods of developing COS were excised and placed 

in water in the dark at 24 °C. Germinated COS was obtained as previously described [174]. All 

tissues were frozen in liquid N2 and stored at - 80 °C until used. Tobacco (Nicotiana tabacum L.) 

Bright Yellow-2 suspension cultured cells were maintained and prepared for biolistic 

bombardment as described previously [175]. 

2.3.2 Bioinformatics, RT-PCR, and qPCR 

Castor SUS (RcSUS) genes were identified with BLASTP using known Arabidopsis SUSs as 

queries, whereas amino acid sequence alignments were performed using ClustalX (version 1.81). 

Total RNA was extracted and purified as described previously [174]. RNA samples were 

evaluated for purity via their A260/A280 ratio and integrity by resolving 1 µg of RNA on a 1% 

(w/v) denaturing agarose gel. RNA (5 µg) was reverse transcribed with Superscript III 
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(Invitrogen), and semiquantitative RT-PCR or qPCR accomplished using gene specific primers 

(Table 2.1) that were designed using Primer3Plus or DNAMAN software (version 5.0). All PCR 

products were verified by sequencing. RcACTIN (AY360221) was used as an internal control for 

normalization. Conditions were optimized for all RT-PCRs to ensure linearity of response for 

comparison between samples. Primer pairs yielded fragments of the expected size. Control RT-

PCRs lacking reverse transcriptase did not show any bands. 

An Applied Biosystems 7500 real time PCR system and iTaqTM Universal SYBR Green 

Supermix (Bio-Rad) were used for qPCR. The reaction conditions were as follows: 95 °C for 30 

s, followed by 40 cycles of 95 °C for 15 s, and 60 °C for 60 s. The data were analyzed with 

Applied Biosystems 7500 software (version 2.0.1). RcSUS1 expression was measured by using 

the absolute quantification method [176]. All qPCR experiments were repeated at least three 

times using cDNAs prepared from two samples. 

2.3.3 Isolation of RcSUS1 cDNA, construction of plasmids, transient expression, and imaging of 

tobacco suspension cells 

A full-length RcSUS1 clone (GenBankTM accession number KJ789950) was isolated from 

a cDNA library prepared from stage V developing COS (33) and inserted into pET28b. RcSUS1 

from pET28b-RcSUS1 was inserted into pSAT6-EYFP-C1 using XhoI and XmaI to yield 

RcSUS1-enhanced YFP (EYFP). Transient transformation of tobacco cells with RcSUS1-EYFP 

and mCherry-RcPPC3 (encoding cytosolic targeted plant-type phosphoenolpyruvate (PEP) 

carboxylase from developing COS) [175] was performed with 5µg of each plasmid DNA using a 

Bio-Rad Biolistic particle delivery system. Bombarded cells were incubated for 8 h to allow for 

gene expression and protein sorting, fixed in 4% (w/v) formaldehyde, and imaged using 

epifluorescence microscopy as previously described [175].  
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2.3.4 SUS activity assays, kinetic studies, and determination of soluble protein concentration 

SUS was assayed at 24 °C by following the reduction of NAD+ or oxidation of NADH at 

340 nm using a Spectromax Plus 340 microplate spectrophotometer (Molecular Devices) and the 

following assay conditions. The standard reaction mix for the forward, sucrose-cleaving 

direction contained 50 mM HEPES-KOH (pH 7.0), 100 mM sucrose, 1 mM UDP, 0.5 mM ATP, 

0.5 mM NAD+, 2 units/ml yeast hexokinase, 1.5 units/ml rabbit muscle phosphoglucose 

isomerase, and 1 unit/ml Leuconostoc glucose-6-phosphate dehydrogenase (corrected for any 

contaminating invertase activity by omitting UDP from the reaction mix), and that for the 

reverse, sucrose-synthesizing, direction contained 50 mM HEPES-KOH (pH 7.0), 0.15 mM 

NADH, 10 mM fructose, 2 mM UDP-glucose, 1 mM PEP, 4 units/ml rabbit muscle pyruvate 

kinase, and 8 units/ml rabbit muscle lactate dehydrogenase. Coupling enzymes were desalted 

before use, and assays were initiated by the addition of UDP (cleavage) or UDP-glucose 

(synthesis). One unit of activity is defined as the amount of SUS resulting in the production of 1 

µmol of product/min. All assays were linear with respect to time and concentration of enzyme 

assayed. Apparent Vmax and KM values were calculated using a computer enzyme kinetics 

program as previously described [177]. All kinetic parameters are the means of a minimum of 

three independent experiments and are reproducible within 10% of the mean value. Metabolite 

stock solutions were adjusted to pH 7.0. Protein concentrations were determined using a 

Coomassie Blue G-250 colorimetric method and bovine γ-globulin as the protein standard as 

previously described [177]. 

2.3.5 Preparation of clarified extracts used in time course studies 

Quick frozen tissues were ground to a powder in liquid N2 and homogenized (1:2, w/v) 

using a Brinkmann PT-3100 Polytron (Mississauga, Canada) in ice-cold buffer A, which 
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contained 50 mM KPi (pH 7.0), 1 mM EGTA, 1 mM EDTA, 0.1% (v/v) Triton X-100, 20% (v/v) 

glycerol, 4% (w/v) PEG 8,000, 0.2 mM Na3VO4, 0.2 mM Na2MoO4, 1 mM NaPPi, and 1% (w/v) 

poly(vinyl polypyrrolidone). Homogenates were centrifuged at 4 °C and 15,000 x g for 10 min, 

and resulting clarified extracts were rapidly assayed for SUS activity and total protein or 

prepared for SDS-PAGE and immunoblotting. 

2.3.6 Buffers used during SUS purification 

All buffers were degassed and contained protein-phosphatase inhibitors (0.2 mM 

Na3VO4, 0.2 mM Na2MoO4, and 1 mM NaPPi). Buffer B contained 600 mM KPi (pH 7.5). 

Buffer C contained 25 mM KPi (pH 7.5) and 10% (v/v) ethylene glycol. Buffer D contained 25 

mM HEPES-KOH (pH 8.0), 10% (v/v) ethylene glycol, and 20% (v/v) glycerol. Buffer E 

contained 25 mM HEPES-KOH (pH 8.0) and 15% (v/v) glycerol. 

2.3.7 SUS purification from developing COS and native molecular mass determination 

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

Healthcare). Quick frozen endosperm (75 g) from stage V–VII developing COS was 

homogenized in 150 ml of ice-cold buffer A as described above and centrifuged. PEG 8000 

(50% (w/v) in 50 mM HEPES-KOH, pH 7.5) was added to a final concentration of 20% (w/v), 

and the solution was stirred for 20 min at 4 °C and centrifuged. PEG pellets were resuspended in 

210 ml of buffer B to a final protein concentration of 15 mg/ml. Following centrifugation, the 

supernatant was loaded at 3 ml/min onto a column (2.2 x 10 cm) of butyl Sepharose 4 Fast Flow 

(GE Healthcare) equilibrated with buffer B. The column was washed until A280 approached 

baseline, and SUS eluted with 190 ml of a linear gradient of a simultaneously decreasing 

concentration of buffer B (100–0%) and an increasing concentration of buffer C (0–100%). 

Pooled peak fractions were concentrated to 2 ml using an Amicon Ultra-15 centrifugal filter unit 
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(30-kDa cutoff) and applied at 0.3 ml/min onto a Superdex 200 HiLoad 16/60 column (GE 

Healthcare) equilibrated with buffer D. Pooled peak fractions were loaded at 0.5 ml/min onto a 

Mono Q 5/50 GL column (GE Healthcare) pre-equilibrated in buffer E. The column was washed 

until A280 approached baseline, and SUS eluted with a linear 0–300 mM KCl gradient (20 ml in 

buffer E). Peak activity fractions were pooled, concentrated as above to 0.5 ml, divided into 25 

µl aliquots, frozen in liquid N2, and stored at - 80 °C. Purified SUS was stable for at least 6 

months when stored frozen. 

Native Mr estimation was performed by FPLC of the final preparation on a calibrated 

Superdex 200 10/300 GL column, and determined from a plot of Kav (partition coefficient) 

against log Mr of the following protein standards: thyroglobulin (669 kDa), ferritin (440 kDa), 

catalase (232 kDa), β-amylase (200 kDa), aldolase (158 kDa), alcohol dehydrogenase (150 kDa), 

albumin (66 kDa), carbonic anhydrase (29 kDa), chymotrypsinogen A (24 kDa), and cytochrome 

c (12.4 kDa). 

2.3.8 Preparation of native RcSUS1 antibodies and phosphosite-specific antibodies against pSer11 of 

RcSUS1 

Homogeneous RcSUS1 (500 µg) was dialyzed against PBS, filter-sterilized, emulsified 

with Titermax Gold (CytRx Corp.), and injected subcutaneously into a rabbit followed by a 

booster injection (250 µg) administered 28 days later. Antiserum against the Ser11 

phosphorylation domain of RcSUS1 (anti-pSer11) was generated using a synthetic 

phosphopeptide corresponding to residues 4–18 of RcSUS1 (see below) plus an additional Cys 

residue at the N-terminus. The 16-residue peptide was synthesized and HPLC-purified in two 

forms, with or without a Pi group at Ser11 (Lifetein). Purified phosphopeptide (1 mg) was 

coupled to maleimide-activated keyhole limpet hemocyanin (Pierce) according to the 
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manufacturer’s protocols. The conjugate was dialyzed against PBS, filter-sterilized, and 

emulsified with Titermax Gold. Following collection of preimmune serum, 1 mg of 

phosphopeptide conjugate was injected subcutaneously into a rabbit, with a 500-µg booster 

administered 28 days later. Two weeks after the final injections, blood was collected into 

Vacutainer tubes (Becton Dickinson) by cardiac puncture, and the anti-RcSUS1 and anti-pSer11 

immune sera were frozen in liquid N2 and stored at -80 °C. 

2.3.9 SDS-PAGE and immunoblotting 

SDS-PAGE using a Bio-Rad Protean III mini gel system was conducted as previously 

described [177]. For immunoblotting, mini gels were electroblotted onto PVDF membranes and 

probed using the antibodies described in the relevant figure legends. Immunoreactive 

polypeptides were routinely visualized using an alkaline phosphatase-conjugated secondary 

antibody and chromogenic detection [177]. For anti-pSer11 immunoblots, 10 µg/ml of the 

corresponding dephosphopeptide was used to block any nonspecific antibodies raised against 

nonphosphorylated portions of the sequence. Quantification of immunoreactive band intensities 

was performed by densitometry using ImageJ; derived values were linear with respect to the 

amount of immunoblotted extract. All immunoblot results were replicated a minimum of three 

times, with representative results shown in the various figures. 

2.3.10 In vitro dephosphorylation of RcSUS1 and determination of RcSUS1 phosphorylation 

stoichiometry 

Clarified COS extracts or purified RcSUS1were desalted into the standard 

dephosphorylation buffer (50 mM Tris-HCl, pH 7.5, containing 5 mM MgCl2, 1 mM DTT, and 

20% (v/v) glycerol) using Micro Spin-OUT GT-1200 desalting columns (Geno Technology). 

Incubation with λ-phosphatase (New England Biolabs) was performed as described previously 
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[177] in 50-µl reactions containing 150 µg of protein. RcSUS1 phosphorylation stoichiometry 

was estimated by incubating a clarified stage III–V endosperm extract or purified RcSUS1 (that 

had each been preincubated with and without λ-phosphatase as described above) containing 4 

milliunits of SUS activity with 25 mM HEPES-KOH (pH 7.4), 10% (v/v) glycerol, 5% (w/v) 

PEG 8000, 20 µg/ml dephosphopeptide, and 20 µl of anti-pSer11 immune serum in a total 

volume of 0.1 ml. The mixture was incubated for 1 h at 30 °C and then overnight on ice. A 10% 

(w/v) suspension of Staphylococcus aureus cell walls (Sigma-Aldrich) in PBS (25 µl/tube) was 

added. Following a 30-min incubation at 30 °C and centrifugation at 14,000 x g for 5 min, SUS 

cleavage activity in the supernatant was measured. 

2.3.11 RcSUS1 kinase assays 

The radiometric RcSUS1 kinase assay mix contained 50 mM HEPES-KOH (pH 7.4), 50 

nM microcystin-LR, 1 mM DTT, 0.02% (v/v) Brij-35, butyl Sepharose-enriched stage V–VII 

COS endosperm extract as kinase source, 0.4 mM dephosphopeptide, 0.2 mM [γ-32P]ATP (1250 

cpm/pmol), 1 mM MgCl2, and 0.1mM CaCl2. Reactions were incubated for 30 min at 30 °C, 

after which they were adsorbed onto 1-cm2 squares of P81 filter paper. The papers were washed 

in 1% (v/v) H3PO4 for 1 h, and 32P incorporation was quantified using an LS 6500 multipurpose 

scintillation counter (Beckman Coulter). 

Phospho-site-specific ELISA-based RcSUS1 kinase assays were performed using anti-

pSer11 and medium-binding 96-well ELISA plates. Incubations took place for 30 min at 30 °C 

and included phosphatase inhibitors (1 mM NaPPi, 0.2 mM Na2MoO4, and 0.2 mM Na3VO4). 

Plates were incubated with 50 µl/well of 2 µg/ml dephospho-RcSUS1 diluted in PBS and then 

washed twice with PBS, prior to blocking overnight at 4 °C with 5% (w/v) skim milk powder 

dissolved in PBS. Plates were washed four times with PBS and incubated with 100 µl/well of 
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kinase reaction mix containing 50 mM HEPES-KOH (pH 7.4), 1 mM ATP, 1 mM DTT, 0.1 mM 

CaCl2, phosphatase inhibitors, and the kinase source being tested. Reactions were terminated by 

washing wells four times with PBS. Plates were then incubated with 100 µl/well of anti-pSer11 

diluted 5,000-fold in PBS containing phosphatase inhibitors, washed four times with PBS, 

incubated with 100 µl/well of a goat anti-rabbit IgG alkaline phosphatase-conjugated secondary 

antibody diluted 10,000-fold in PBS containing phosphatase inhibitors, and washed four times 

with PBS. Wells were washed with 100 mM Tris-HCl (pH 9.5) containing 100 mM NaCl and 5 

mM MgCl2 prior to adding 100 µl/well of 1 mg/ml para-nitrophenyl phosphate dissolved in the 

same buffer. The rate of para-nitrophenyl production was determined by continuously 

monitoring the increase in A405 using a Spectromax Plus 340 Microplate Spectrophotometer 

(Molecular Devices). 

2.3.12 Mass spectrometry 

Proteins were reduced with 10 mM DTT, alkylated with 55 mM iodoacetamide, and 

dialyzed against 10 mM ammonium bicarbonate. Following digestion with sequencing grade 

trypsin, chymotrypsin, or endoproteinase Asp-N (Roche Diagnostics), the respective peptides 

were dissolved in 0.2% (v/v) formic acid for analysis on a Nano-Acquity ultraperformance liquid 

chromatography system (Waters) coupled to a 7-tesla hybrid linear ion trap Fourier transform ion 

cyclotron resonance mass spectrometer (LTQ-FT MS/MS; Thermo Fischer Scientific, Inc.) as 

previously described [178]. Phosphopeptide identification was performed using an in-house 

Mascot Server (version 2.3.0; Matrix Science), and the data were interrogated using the NCBI 

database for viridiplantae. Phosphorylation sites were validated by manual inspection of MS/MS 

spectra with predicted fragments. 
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2.3.13 14-3-3 protein expression, purification, and assays 

DH5α E. coli cells expressing His-tagged BMH2 (14-3-3 protein) from baker’s yeast 

(Saccharomyces cerevisiae) [179] were cultured at 37 °C in 4 L of LB medium containing 50 

µg/ml ampicillin until they reached an A600 of 1.5. BMH2 expression was induced for 3 h with 

0.5 mM isopropyl β-D-1-thiogalactopyranoside. Cultures were centrifuged at 10,000 x g for 10 

min, and pellets (containing 7 g fresh weight of cells) were resuspended in 70 ml of 50 mM 

NaH2PO4 (pH 8.0) containing 300mM NaCl. DNase-I (54 units/g fresh weight) was added, and 

cells were lysed by passage through a French press at 20,000 psi. After centrifugation the 

supernatant was loaded at 1 ml/min onto a column (1 x 4 cm) of PrepEaseTM His-tagged high 

yield purification resin (U.S. Biochemical Corp.). The column was washed with extraction buffer 

and eluted with 150 mM imidazole-HCl (pH 8.0). Pooled peak fractions were concentrated to 10 

mg/ml using an Amicon Ultra-15 centrifugal filter unit (10-kDa cutoff), aliquoted, and stored at - 

80 °C. SUS activity in cleavage and synthesis directions was determined following incubation of 

purified RcSUS1 in the presence and absence of equimolar or a 10-fold molar excess of BMH2 

for 20 min at 24 °C. 

2.3.14 Microsomal isolation 

Microsomes were isolated from stage V–VII COS endosperms using an extraction buffer 

containing 25 mM HEPES-KOH (pH 7.0), 50 mM sucrose, 1 mM EDTA, 1 mM DTT, 10 µl/ml 

ProteCEASE-100 (G-Biosciences), 1 mM NaPPi, 0.2 mM Na2MoO4, 0.2 mM Na3VO4, and 1% 

(w/v) poly(vinylpolypyrrolidone). Microsomal isolation was achieved via ultracentrifugation as 

described previously [180]. 
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2.3.15 Statistical analysis 

Statistical analysis was conducted using the Student’s t test. The data are presented as 

means ± S.E. The results were considered to be statistically significant at p ≤ 0.05. 

2.4 Results 

2.4.1 RcSUS1 is the dominant SUS isozyme expressed in developing castor oil seeds 

Interrogation of the castor genome identified five SUS genes (RcSUS1–RcSUS5) 

predicted to encode 92–97-kDa polypeptides sharing high (>55%) amino acid sequence identities 

(Table 2.2). Expression of the RcSUS1–5 gene family in developing COS has been previously 

documented in a pair of transcriptome sequencing studies [181,182]. Both reports clearly 

established RcSUS1 as the dominant SUS isozyme expressed in the endosperm of developing 

COS and that its expression is maximal during the early stages of COS development (Fig. 2-2, A 

and B). This was corroborated by our semiquantitative RT-PCR and qPCR analyses, which 

confirmed that RcSUS1 transcripts peaked during early COS development and then progressively 

declined to undetectable levels in fully mature (dry) COS (Fig. 2-2, C and D). By contrast, 

RcSUS3 appears to be the main SUS isozyme expressed in the endosperm of germinating COS 

(Fig. 2-2, B and C). 

To assess the effect that photosynthate supply to developing COS has on RcSUS1 

expression, stems containing intact pods of castor fruits were excised (depodded), placed in 

water, and incubated in the dark at 24 °C for 48 h. This led to a pronounced down-regulation of 

RcSUS1 transcripts in endosperm and cotyledon of developing COS (Fig. 2-2D). 

2.4.2 SUS activity, subunit composition, and polypeptide abundance in developing COS 

SUS is the dominant sucrolytic enzyme of developing COS as indicated by the UDP-

dependent sucrose cleavage activity of clarified endosperm extracts (Fig. 2-3A). SUS activity 
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was maximal during mid-development (stages V–VII) and then decreased to undetectable levels 

in fully mature COS. To visualize SUS polypeptide(s), an immunoblot of endosperm extracts 

from different stages of development was probed with anti-soybean root nodule SUS immune 

serum (Fig. 2-3B). The immunoblots uniformly cross-reacted with a single 93-kDa polypeptide 

(p93) whose relative abundance paralleled the corresponding SUS activity profiles. No 

immunoreactive SUS polypeptides were apparent on immunoblots of extracts from fully mature 

COS (Fig. 2-3B). Levels of SUS activity and immunoreactive p93 were considerably more 

abundant in developing versus germinating COS (Fig. 2-3, A and B). 

The SUS of developing COS is remarkably stable in vitro, because negligible degradation 

of its p93 subunits or reduction in cleavage activity occurred when a clarified endosperm extract 

was incubated at 24 °C for up to 24 h in the absence of protease inhibitors (Fig. 2-3C). By 

contrast, other key glycolytic enzymes extracted from developing COS, such as PEP carboxylase 

and plastidic pyruvate kinase, are extremely prone to partial degradation by endogenous thiol 

protease activity [174,183]. 

2.4.3 SUS purification from developing COS and its identification as RcSUS1 

To assess the influence of COS development on SUS more thoroughly, 3.6 mg of SUS 

was purified 170-fold from 75 g of stage V–VII developing COS, with an overall recovery of 

18% (Table 2.3). A single peak of SUS activity was resolved during all chromatography steps. 

The final specific activity of 3.5 units/mg compares favorably with values reported for 

homogeneous SUS from a range of plant sources [30,40,108]. When the final preparation was 

denatured and subjected to SDS-PAGE, major 93-kDa and minor 180-kDa protein-staining 

polypeptides (p93 and p180, respectively) were obtained that cross-reacted with anti-soybean 

root nodule SUS immune serum (Fig. 2-4, A and B). Sequencing of endoproteinase Asp-N, 
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trypsin, and chymotrypsin peptide digests via LTQ-FT MS/MS identified p93 as RcSUS1 (99% 

sequence coverage) (Fig. 2-5). The minor p180 present in the final preparation (Fig. 2-4, A and 

B) was also identified as RcSUS1 by mass spectrometry (results not shown). p180 appears to 

consist of crosslinked p93 homodimers that formed during RcSUS1 purification. When an 

aliquot of purified RcSUS1 was boiled in SDS sample buffer lacking thiol-reducing reagents 

prior to SDS PAGE, p93 and p180 appeared to become further cross-linked into higher Mr 

species (Fig. 2-4C). 

A native Mr of 403 ± 6 kDa was estimated by gel filtration FPLC of the final preparation 

on a calibrated Superdex 200 column. Thus, similar to most other plant SUSs [16], native 

RcSUS1 from developing COS appears to exist as a homotetramer composed of identical p93 

subunits.  

2.4.4 Cloning and subcellular location of RcSUS1 

A full-length RcSUS1 clone was isolated from a cDNA library prepared from stage V 

developing COS. The corresponding deduced 92.4-kDa polypeptide (Table 2-2) contains a 

putative seryl phosphorylation site near its N terminus, which encompasses a basophilic kinase 

motif for plant CDPKs (hydrophobic-Xaa-basic-Xaa-Xaa-(Ser/Thr)) (Fig. 2-5, A and B). This 

motif is present in most plant SUS sequences reported to date (Fig. 2-5B), and the Ser11 residue 

of RcSUS1 corresponds to the well documented in vivo seryl phosphorylation site of several non-

seed SUS orthologs [16,41,78,106,108,144–146]. 

To determine the subcellular location of RcSUS1, its coding region was fused with the 3’ 

end of an EYFP reporter gene and transiently expressed via biolistic bombardment in tobacco 

suspension cells under the control of the cauliflower mosaic virus 35S promoter. Epifluorescence 

microscopy demonstrated that RcSUS1-EYFP was targeted exclusively to the cytosol (Fig. 2-6), 
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as evidenced by its co-localization with co-expressed, fluorescent protein-tagged plant-type PEP 

carboxylase from developing COS (mCherry-RcPPC3), a well characterized cytosolic marker 

fusion protein [175]. This result is consistent with bioinformatics analyses of the RcSUS1 

sequence, which failed to predict the presence of any membrane-spanning domains or 

mitochondrial or plastid targeting peptides in its N terminus. 

2.4.5 In vivo phosphorylation of RcSUS1 at Ser11 by a calcium-dependent protein kinase 

A pSer11 specific antibody was raised against a synthetic phosphopeptide corresponding 

to residues 4–18 of RcSUS1 (Fig. 2-7A). When incubated in the presence of 10 µg/ml of the 

corresponding dephosphopeptide, anti-PSer11 detected as little as 25 ng of the phosphopeptide on 

dot blots but did not cross-react with 200 ng of the dephosphopeptide (Fig. 2-7B). The cross-

reaction with the phosphopeptide was largely quenched when a parallel dot blot was incubated 

with anti-pSer11 containing 10 µg/ml of the blocking phosphopeptide. The use of these blocking 

peptides alongside the inclusion of λ-phosphatase-treated RcSUS1 control lanes served to 

establish anti-pSer11 specificity in subsequent immunoblots. Our use of anti-pSer11 was 

complemented with an antibody raised against the purified RcSUS1 (anti-RcSUS1). This 

antibody cross-reacted with SUS polypeptides irrespective of their phospho-status, thus allowing 

for standardization of total RcSUS1 on immunoblots. The results presented in Fig. 2-7C revealed 

that the p93 subunit of RcSUS1 was phosphorylated at Ser11. This was verified during LTQ-FT 

MS/MS analysis of purified RcSUS1, which detected a single phosphorylation site 

corresponding to Ser11 (results not shown). Both anti-RcSUS1 and anti-pSer11 were monospecific 

for the RcSUS1 p93 subunit on immunoblots of clarified COS extracts (results not shown). The 

immunoblots also revealed the presence of phosphatase activity in COS extracts that effectively 

dephosphorylated RcSUS1 in vitro, as reflected by the marked reduction in Ser11 
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phosphorylation when a clarified extract was incubated in the absence of phosphatase inhibitors 

and λ-phosphatase (Fig. 2-7C). 

The stoichiometry of phosphorylation at Ser11 was estimated by quantifying the recovery 

of SUS activity after anti-pSer11 was used to immunoprecipitate phospho-RcSUS1. Anti-pSer11 

immunoprecipitated 100 and 70% of the total SUS activity present in a stage III–V COS extract 

or purified RcSUS1 preparation, respectively. By contrast, no SUS activity was 

immunoprecipitated by preimmune serum or when the clarified extract or purified RcSUS1 was 

preincubated with λ-phosphatase for 30 min, prior to the addition of the anti-pSer11. These results 

indicate that RcSUS1 was stoichiometrically phosphorylated at Ser11 in stage III–V COS in vivo, 

whereas RcSUS1 purified from stage V–VII COS had a phosphorylation stoichiometry of ~0.7 

mol/mol of p93 subunits. This was corroborated by anti-pSer11 immunoblotting, which 

demonstrated that relative Ser11 phosphorylation of p93 was maximal during the early stages of 

COS development but progressively declined as the seed matured (Fig. 2-7D). 

A radiometric SUS kinase assay was developed that employed the synthetic RcSUS1 

dephosphopeptide and [γ-32P]ATP as substrates and a butyl Sepharose-enriched extract from 

stage V–VII developing COS endosperm as the kinase source. SUS kinase activity was detected 

that catalyzed Ca2+-dependent phosphorylation of the dephosphopeptide at Ser11 (Fig. 2-7E). 

Similarly, a pSer11-specific ELISA demonstrated Ca2+-dependent rephosphorylation of purified 

RcSUS1 that had been in vitro dephosphorylated with λ-phosphatase (Fig. 2-7F). 

2.4.6 RcSUS1 activity, protein expression, and Ser11 phosphorylation appear to be modulated by 

sucrose recently translocated from source leaves 

To assess the effect that photosynthate supply to developing COS has on RcSUS1 

activity, protein expression, and Ser11 phosphorylation, stems containing intact pods of castor 
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fruits were excised and incubated in the dark for up to 72 h. SUS activity and RcSUS1 (p93) 

protein abundance of stage VII COS both remained relatively constant for the first 48 h but then 

showed a significant decrease by 72 h (Fig. 2-7,G and H), which parallels the corresponding 

elimination of RcSUS1 transcripts (Fig. 2-2D). However, phosphorylation of p93 at Ser11 steadily 

decreased over the depodding time course such that it was largely abolished by 72 h (Fig. 2-7I). 

2.4.7 Microsome-associated RcSUS1 is hypophosphorylated relative to soluble RcSUS1 

To determine whether any SUS is associated with endomembranes, microsomes were 

isolated from freshly collected stage V–VII developing COS. Although the majority of SUS 

activity and immunoreactive p93 polypeptides remained in the soluble fraction, 12 ± 1% of total 

SUS activity and 11 ± 1% (means ± S.E. of n = 3 biological replicates) of immunoreactive 

RcSUS1 (p93) were located in the microsomal fraction. Anti-pSer11 immunoblotting established 

that the relative phosphorylation stoichiometry of microsomal associated RcSUS1 was 45 ± 8% 

(mean ± S.E. of n = 3 biological replicates) that of soluble RcSUS1. 

2.4.8 Depodding triggers RcSUS1 dephosphorylation but does not alter its partitioning between the 

soluble and microsomal membrane fractions 

The relationship between photosynthate supply and partitioning of RcSUS1 between 

soluble and microsomal membrane fractions was assessed by incubating excised pods of stage 

V–VII developing COS for 48 h in the dark. In agreement with the results of Fig. 2-7I, 

depodding triggered an approximate 50% decline in the relative phosphorylation of RcSUS1 at 

Ser11 in both the soluble and microsomal membrane fractions (Fig. 2-8A). However, the 

proportion of RcSUS1 associated with microsomal membranes was unchanged following this 

treatment (Fig. 2-8B). 
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2.4.9 RcSUS1 kinetic properties 

Similar to SUS from other plant sources, the activity of RcSUS1 in the cleavage direction 

exhibited: (i) a broad pH/activity profile with a maximum between pH 6.5 and 7.0, whereas its 

pH optimum in the direction of sucrose synthesis was >9.0 (Fig. 2-9A); (ii) hyperbolic sucrose 

and UDP saturation kinetics [KM (sucrose) = 32 ± 2 mM; KM (UDP) = 84 ± 5 µM] (Fig. 2-9); (iii) 

no dependence for a metal cation co-factor, including Mg2+ or Mn2+; and (iv) potent inhibition by 

Cu2+ and Zn2+, with 1 mM CuSO4 or ZnCl2 exerting 93 and 99% inhibition, respectively. 

RcSUS1 activity at physiological pH is clearly poised in the direction of sucrose cleavage 

(forward:reverse activity ratio = 1.9 ± 0.03 and 10.2 ± 0.4 at pH 7.1 and 6.6, respectively). In 

vitro dephosphorylation of the purified enzyme with λ-phosphatase did not significantly alter its: 

(i) pH activity profile in the cleavage (assayed with either saturating or subsaturating sucrose) or 

synthesis directions (Fig. 2-9A) or (ii) sucrose or UDP saturation kinetics in the sucrose-cleaving 

direction (Fig. 2-9, B and C). RcSUS1 appears to exclusively utilize UDP as its nucleoside 

diphosphate co-substrate, because no cleavage activity was detected when UDP was substituted 

with ADP, GDP, or CDP. 

There is clear evidence for 14-3-3 protein involvement in the post-translational control of 

several key enzymes of primary plant metabolism, particularly sucrose-phosphate synthase and 

nitrate reductase [16,179]. Proteomic surveys of 14-3-3 client proteins from developing 

Arabidopsis and barley seeds identified SUS as a potential 14-3-3 target [142,184]. Furthermore, 

preincubation with a recombinant 14-3-3 inhibited the sucrose synthesis activity of SUS from a 

barley endosperm extract [142]. We therefore tested the influence of a 14-3-3 protein (BMH2) 

on the activity of purified RcSUS1. However, preincubation of either phospho- or dephospho-
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RcSUS1 with BMH2 for up to 20 min had no detectable impact on SUS activity in either 

direction. 

Various compounds were screened as potential effectors of RcSUS1 sucrose cleavage 

activity at pH 7.0 with subsaturating concentrations of sucrose (20 mM) and UDP (0.1 mM). The 

following compounds had no effect on phospho- or dephospho-RcSUS1 activity (±25% control 

velocity): coenzyme A, acetyl-CoA, malonyl-CoA, AMP (1 mM each); acetate, NaPPi, KNO3, 

oxalate, and CaCl2 (2 mM each); 6-phosphogluconate, ribose-5-phosphate, glucose-1-phosphate, 

fructose-1,6-bisphosphate, dihydroxyacetone-phosphate, glycerol-3-phosphate, glycerol, 3-

phosphoglycerate, 2-phosphoglycerate, 2-phosphoglycolate, PEP, pyruvate, α-ketoglutarate, 

citrate, fumarate, isocitrate, malate, succinate, oxaloacetate, alanine, arginine, asparagine, 

aspartate, cysteine, glutamate, glutamine, glycine, histidine, isoleucine, leucine, methionine, 

phenylalanine, ATP, and NaPi (5 mM each). However, 10% (v/v) glycerol reduced Vmax by 

>50% in the sucrose cleavage direction by functioning as a mixed competitive inhibitor with 

respect to sucrose (Fig. 2-9C). 

2.5 Discussion 

The castor SUS family comprises five genes that exhibited distinctive expression profiles 

with RcSUS1 being the dominant isozyme of developing COS (Fig. 2-2, A–C) [181,182]. 

RcSUS1 belongs to the dicot SUS1 group and has high sequence identity with soybean root 

nodule (GmSUS1) and Arabidopsis anoxia-inducible (AtSUS1 and AtSUS4) orthologs (Table 2-

2) [23,108]. LTQ-FT MS/MS analysis of the purified SUS established RcSUS1 as the foremost 

SUS isozyme of developing COS (Fig. 2-5A). This corroborates a proteomic study that detected 

a single SUS isozyme corresponding to RcSUS1 during COS maturation [9]. The high activity of 

SUS relative to invertase in COS (Fig. 2-3) likely reflects the fact that sucrose conversion to 
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hexose phosphates via SUS requires less ATP than conversion via invertase (Fig. 2-1). SUS has 

been frequently proposed as the favored route of sucrolysis in metabolically active, bulky organs 

such as COS, where ATP synthesis via oxidative phosphorylation is likely restricted because of 

hypoxic conditions [11]. 

Although typically classified as a soluble cytosolic enzyme, SUS has been localized to 

various extra- and intracellular compartments including the cell wall, plasma membrane, Golgi, 

mitochondrial matrix, nucleus, tonoplast, plastids, and cytoskeleton [41,62,110–

112,114,119,185,186]. However, imaging of transiently expressed fluorescent fusions in tobacco 

suspension cells, a well-established model for heterologous plant cell biology studies [187], 

demonstrated the cytosolic location of RcSUS1 (Fig. 2-6). A noteworthy kinetic feature of 

RcSUS1 was that its sucrose cleavage activity was unable to employ ADP, GDP, or CDP as an 

alternative nucleoside diphosphate substrate to UDP. This may be a unique property of oil seed 

SUS, because SUS isozymes of starch-storing tissues readily employ ADP as a co-substrate 

[4,21]. This has led to the controversial hypothesis that SUS provides a metabolic bypass to 

ADP-glucose pyrophosphorylase for generating the ADP-glucose needed as a glucosyl donor for 

starch synthase and branching enzyme in starch-accumulating sink organs [4,21,130].We 

propose that the cytosolic location of RcSUS1 and strict UDP dependence reflect its key function 

to funnel hexose phosphate derived from imported sucrose into the glycolytic pathway to 

generate carbon skeletons and reducing power needed for extensive storage oil and protein 

biosynthesis that dominate COS metabolism [173,188]. 

Developmental patterns of SUS activity and immunoreactive RcSUS1 (p93) polypeptides 

during COS maturation (Fig. 2-3) were similar to those reported for seed SUS orthologs from 

other species. Maximal SUS activity and/or protein expression typically occurs during mid- to 
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late development when the greatest rates of seed storage end product deposition occur [1–

3,19,23–25,30,40]. By contrast, relative phosphorylation of RcSUS1 p93 subunits at Ser11 

peaked during the early stages of COS development and then progressively decreased as the seed 

matured (Fig. 2-7D). This contrasts with phosphorylation of the plant-type PEP carboxylase 

RcPPC3 at Ser11, which was greatest in stage VII COS and then significantly declined by stage 

IX [177,189]. Stages V–VII represent the major phase of storage oil and protein accumulation in 

COS endosperm [188]. At stage IX, where minimal phosphorylation of RcSUS1 was observed 

(Fig. 2-7D), the seed is almost mature, has lost vascular connection with the parent plant, and has 

initiated the desiccation phase [173]. Similarly, a steady decline in relative Ser11 

phosphorylation, followed by a decrease in RcSUS1 protein abundance and activity, was caused 

by a depodding-induced elimination of photosynthate delivery to COS fruit clusters (Fig. 2-7, G–

I). The results: (i) implicate a direct inverse relationship between RcSUS1 expression and Ser11 

phosphorylation and the supply of sucrose from source leaves to the non-photosynthetic COS (ii) 

are reminiscent of the depodding-induced dephosphorylation of COS plant-type PEP carboxylase 

(RcPPC3) [177,189], but (iii) contrast with the depodding-enhanced multisite in vivo 

phosphorylation of bacterial-type PEP carboxylase (RcPPC4) at Ser425 and Ser451 [178,190]. The 

ability of plant cells to sense sugars plays a crucial role in C-partitioning and allocation between 

source and sink tissues. These processes are modulated as a consequence of the plant’s sugar 

status, and sugar signals function both at the transcriptional, translational, and post-translational 

levels in tight coordination with light and other environmental stimuli [16,17]. A key area for 

future studies will be to establish signaling pathways that link sucrose supply with the 

differential expression and in vivo phosphorylation of key metabolic enzymes such as SUS and 
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PEP carboxylase that are involved in the control of photosynthate partitioning in heterotrophic 

sink tissues, including developing seeds and legume root nodules. 

Previous evidence for in vivo phosphorylation of seed SUS was provided by: (i) Haigler 

et al. [147], who demonstrated the covalent incorporation of 32P into unspecified site(s) of SUS 

following incubation of developing cotton embryos with 32Pi, and Duncan et al. [40], who 

employed immunoblotting using a phospho-site specific antibody to demonstrate 

phosphorylation of the SUS isozyme SUS-SH1 at Ser-10 during maize kernel maturation. 

However, no information on the developmental profile, stoichiometry, or impact of 

phosphorylation on SUS functional properties during seed filling is currently available. The 

overall pattern of in vivo seryl-phosphorylation of RcSUS1 in COS, as well as the 

phosphorylation motif flanking its Ser11 residue (Fig. 2-5A), are distinct from those of COS 

plant- and bacterial-type PEP carboxylases [177,178,180,190]. These differences implicate novel 

kinase-phosphatase pairings in controlling the phosphorylation status of RcSUS1, and plant- and 

bacterial-type PEP carboxylases in developing COS. In particular, the Ca2+-dependent RcSUS1 

kinase activity (Fig. 2-7, E and F) contrasts with the Ca2+-independent protein kinase that in vivo 

phosphorylates plant type PEP carboxylase (RcPPC3) at Ser11 in developing COS [189] but is 

analogous to CDPKs that phosphorylate SUS orthologs from several other plant species 

[106,108,144,152]. It is notable that the CDPK, which phosphorylates COS bacterial-type PEP 

carboxylase at Ser451 in vivo, was unable to phosphorylate RcSUS1 or its corresponding 

synthetic dephosphopeptide [180]. Future studies are needed to identify genes encoding castor 

CDPK isozymes that phosphorylate RcSUS1 in vivo at Ser11 versus bacterial-type PEP 

carboxylase at Ser451 in developing COS. 
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Studies of SUS isozymes from expanding maize leaves, pear and tomato fruits, and mung 

bean seedlings indicated that phosphorylation at their conserved N-terminal seryl residue 

activates the enzyme by increasing its affinity for sucrose and UDP [106,144–146,148]. 

However, the activity of soybean nodule SUS (to which RcSUS1 is most closely related; Table 

2.2) was unaffected by phosphorylation or by phosphomimetic mutagenesis of its target 

phospho-site (S11D) [108]. Similarly, we were unable to detect any obvious impact of 

(de)phosphorylation on the kinetic properties of RcSUS1 (Fig. 2-9). Eukaryotic regulatory 

proteins known as 14-3-3s bind to phosphorylated serine and threonine residues of intracellular 

target proteins to control target protein function [142,179,184,191]. There is clear evidence for 

14-3-3 protein involvement in the control of several key enzymes of primary plant metabolism, 

particularly sucrose-phosphate synthase and nitrate reductase [16,179]. Proteomic surveys of 14-

3-3 client proteins from developing Arabidopsis and barley seeds identified SUS as a putative 

14-3-3 target, even though SUS lacks a canonical 14-3-3 binding motif ((R/K)XX(pS/pT)XP or 

(R/K)XXX(pS/pT)P) [142,184]. Moreover, preincubation with an excess of a recombinant 14-3-3 

protein was reported to cause an approximate 50% inhibition of the sucrose synthesis activity of 

SUS from developing barley endosperm clarified extracts that had been preincubated with ATP 

[182]. However, incubation of RcSUS1 with a yeast 14-3-3 protein (BMH2) had no detectable 

influence on SUS activity in either direction. BMH2 has been used to identify and characterize 

several plant 14-3-3 binding phosphoproteins, including nitrate reductase [179,191]. 

The lack of an effect of Ser11 phosphorylation or 14-3-3 proteins on RcSUS1 activity 

indicates that phosphorylation has an alternative role. For example, Ser11 phosphorylation of 

soybean SUS reduced its hydrophobicity and may promote redistribution of the enzyme from 

microsomal membranes into the soluble fraction of root nodules [78,108]. Analogous results 



 

 

 

46 

were obtained with SUS orthologs from the elongating zone of maize leaves [40,106,107]. 

Similarly, we demonstrated that ~10% of total SUS protein and activity was associated with the 

COS microsomal fraction and that microsome-associated SUS was hypophosphorylated relative 

to soluble SUS. However, in vivo dephosphorylation of RcSUS1 caused by a depodding-induced 

elimination of photosynthate supply to developing COS had no impact on its partitioning 

between soluble and microsomal membrane fractions (Fig. 2-8). Thus, hypophosphorylation of 

RcSUS1 appears to be a consequence rather than a cause of its microsomal membrane 

association. Furthermore: (i) relative Ser11 phosphorylation of RcSUS1 decreased over the course 

of COS development (Fig. 2-7D), followed by elimination of RcSUS polypeptides and activity in 

fully mature COS (Fig. 2-3); (ii) depodding of castor fruits also prompted a steady decline in 

Ser11 phosphorylation, which was followed by a pronounced reduction in levels of RcSUS1 

protein and activity (Fig. 2-7, G–I); (iii) Ser11 phosphorylation of soybean root nodule SUS was 

hypothesized to mitigate its proteolytic turnover in vivo [78]; and (iv) seeds of a spk rice mutant 

lacking a CDPK isozyme that phosphorylates SUS in vitro exhibited reduced SUS activity and 

polypeptide levels while accumulating sucrose at the expense of starch [152]. Thus, it seems 

plausible that in vivo dephosphorylation by an as yet unspecified protein phosphatase enhances 

the proteolytic susceptibility of RcSUS1. If so, high stoichiometric phosphorylation at Ser11 

would be critical to maintaining the abundant levels of RcSUS1 protein and activity that 

characterize intact stage III–VII developing COS. 

2.5.1 Conclusions 

In conclusion, respiration, storage end product biosynthesis, and carbon-nitrogen 

interactions in developing seeds are entirely dependent upon the translocation of photosynthate 

from photosynthetic tissues. SUS plays a key role in this process by cleaving sucrose to conserve 
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ATP while supplying hexose phosphates and sugar nucleotides for downstream metabolic and 

biosynthetic pathways. RcSUS1, the dominant sucrolytic enzyme of developing COS, strictly 

uses UDP for sucrose cleavage, which may be a unique feature of sucrose metabolism in a non-

starch accumulating oil seed. Although RcSUS1 is subject to high stoichiometric and dynamic 

Ser11 phosphorylation in vivo, phosphorylation did not affect its activity or kinetic properties or 

partitioning between the soluble cytosol and microsomal membranes. RcSUS1 phosphorylation 

appears to closely correlate with its resistance to proteolytic turnover. It will therefore be of 

considerable interest to directly establish the impact of Ser11 phosphorylation on RcSUS1 

susceptibility to intracellular proteases. 
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2.6 Figures 

 

Fig. 2-1. Model highlighting metabolic functions of SUS in developing seeds.  
SUS is the dominant sucrolytic enzyme in developing seeds. Its products are channeled into 
starch, cellulose, or fatty acid biosynthetic pathways or the Krebs’ cycle either for ATP 
production via oxidative phosphorylation or for the anaplerotic replenishment of intermediates 
withdrawn for biosynthesis. P, phosphate. 
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Fig. 2-2. RcSUS1 is the predominant SUS isozyme expressed in developing castor oil seeds.  
A and B, relative RcSUS1–5 transcript levels were derived from transcriptome sequencing data of 
Troncoso-Ponce et al. (41) (A) and Brown et al. (40) (B). C, semiquantitative RT-PCR analysis 
of RcSUS1–5 expression in endosperm of developing, mature/dry, and germinating COS. D, 
qPCR analysis of RcSUS1 expression in endosperm and cotyledon of developing COS. All of 
the values in D represent the mean± S.E. of n = 3 independent experiments performed with two 
biological replicates. Where invisible, the error bars are too small to be seen. Stages III, V, VII, 
and IX correspond to the heart-shaped embryo, mid-cotyledon, full cotyledon, and maturation 
stages of COS development, respectively (32). C, cotyledon; dE and dC, endosperm and 
cotyledon, respectively, from stage V developing COS that had been depodded for 48 h; D, dry 
(mature) COS; G, germinating COS endosperm harvested at 5 days postimbibition. 
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Fig. 2-3. Developmental profiles for SUS activity and polypeptides in COS endosperm, and 
the remarkable insensitivity of SUS to in vitro proteolysis by endogenous COS proteases.  
A, SUS and invertase sucrolytic activities represent the means ± S.E. of duplicate determinations 
on n = 3 clarified extracts. B, immunoblot analysis of clarified COS endosperm extracts was 
performed using anti-soybean root nodule SUS immune serum (21). Lanes were loaded on an 
equivalent fresh weight basis (10 µg of tissue/lane). Abbreviations are as described in the legend 
to Fig. 2-2. C, a clarified extract from stage VII developing COS was incubated for up to 24 h at 
24 °C in the absence of protease inhibitors. Aliquots were removed at the specified times and 
subjected to immunoblotting as in B (1µg of protein/lane). O, origin; TD, tracking dye front.
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Fig. 2-4. SDS-PAGE and immunoblotting of various fractions obtained during SUS 
purification from stage V–VII developing COS.  
A, SDS-PAGE was followed by protein staining with Coomassie Brilliant Blue R-250. The lanes 
were loaded on an equal SUS activity basis (3.5 milliunits/lane). B, immunoblot of the final SUS 
preparation probed with anti-soybean root nodule SUS immune serum. M, Mr standards; O, 
origin; TD, tracking dye front. C and D, samples of purified RcSUS1 were boiled for 3 min in 
the presence or absence of the indicated concentrations of DTT or β-mercaptoethanol (β-ME) 
and subjected to SDS-PAGE followed by staining with Coomassie Brilliant Blue R-250 (CBB-
R250) (2 µg/lane) or immunoblotting using anti-(soybean root nodule SUS) immune serum (anti-
soybean SUS) (50 ng/lane). 
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Fig. 2-5. cDNA-deduced amino acid sequence of RcSUS1 and comparison of RcSUS1 N-
terminal sequence with SUS orthologs from other plants.  
A, peptides derived following digestions of the 93-kDa subunit (p93) of purified RcSUS1 with 
trypsin, chymotrypsin, and endoproteinase Asp-N were sequenced via UPLC LTQ-FTMS/MS 
and are underlined. The Ser11 phosphorylation site of RcSUS1 is also highlighted. B, alignment 
of the Ser11 phosphorylation domain of RcSUS1 with SUS orthologs from other plants. Identical 
and conserved residues are highlighted with black and gray shading, respectively. 
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Fig. 2-6. EYFP-RcSUS1 co-localizes with PEP carboxylase (mCherry-RcPPC3) in the 
cytosol of tobacco suspension cells.  
Heterotrophic tobacco suspension cells were transiently co-transformed via biolistic 
bombardment with RcSUS1-EYFP and mCherry-RcPPC3. Following bombardment, cells were 
incubated for 8 h to allow for gene expression and protein sorting, then fixed in formaldehyde, 
and viewed using epifluorescence microscopy. Note that the fluorescence patterns attributable to 
co-expressed RcSUS1-EYFP (A) and mCherry-RcPPC3 (B) both co-localized throughout the 
cytosol, as evidenced by the yellow color in the merged image (C). The results shown are 
representative of at least 25 cells from two independent biolistic bombardments. Scale bar, 10 
µm. 
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Fig. 2-7. Phosphorylation of RcSUS1 at Ser11 in developing COS.  
A, sequence of synthetic P-peptide that was covalently coupled to KLH and used for rabbit 
immunization. The peptide was synthesized with an extra N-terminal Cys residue to facilitate its 
conjugation to KLH. The Ser11 phosphorylation site is indicated. B, dot blots of varying amounts 
of the P-peptide and corresponding deP-peptide were probed with anti-pSer11 in the presence of 
10 µg/ml of P- or corresponding deP-peptide. C, purified RcSUS1 and a clarified homogenate 
from stage V–VII COS were incubated at 30 °C for 30 min with (+) and without (-) λ-
phosphatase (λ-P’tase) in the presence and absence of a phosphatase inhibitor mixture (0.2 mM 
Na3VO4, 0.2 mM Na2MoO4, 1 mM NaPPi, and 50 nM microcystin-LR). Samples were subjected 
to immunoblotting with anti-RcSUS1 or with anti-pSer11 in the presence of 10 µg/ml of deP- or 
P-peptide (purified RcSUS1 and clarified extract = 50 ng and 7 µg of protein/lane, respectively). 
D, profile of RcSUS1 phosphorylation at Ser11 during COS development. Clarified extracts were 



 

 

 

55 

subjected to immunoblotting as indicated. Samples were loaded on the basis of equal amounts of 
immunoreactive p93. The plot of relative phosphorylation was obtained by normalizing the 
intensity of anti-pSer11 versus corresponding anti-RcSUS1 immunoreactive bands via 
densitometry. All values represent the mean ± S.E. of n=3 independent experiments; asterisks 
denote values significantly lower than those obtained with stage III extracts (p 0.05). E and F, 
Ca2+-dependent RcSUS1 (Ser11) kinase activity of stage V–VII developing COS was determined 
using radiometric ([γ-32P]ATP) (E) and anti-pSer11 specific ELISA (F) assays. Assays were 
initiated by the addition of 0.2 mM of [γ-32P]-ATP (E) or unlabeled ATP (F) and incubated at 
30 °C for 30 min unless otherwise indicated. Assays lacking Ca2+ contained 1 mM EGTA, and a 
butyl Sepharose-enriched stage V–VII developing COS extract was desalted and used as the 
kinase source. Linearity of the radiometric assay with respect to time (E) and linearity of the 
ELISA-based assay with respect to amount of COS extract (F) were determined in the presence 
of 0.1 mM Ca2+; all values represent the mean of n=2 independent experiments and are within 
±15% of the mean value. G–I, stems containing pods of developing COS were excised and 
placed in water in the dark at 24 °C for up to 72 h. At various times post-depodding, endosperm 
was rapidly dissected from stage V–VII COS and assayed for SUS cleavage activity (G), relative 
amounts of immunoreactive p93 subunits (as determined by immunoblotting with anti-RcSUS1 
and densitometry) (H), and relative phosphorylation of p93 at Ser11 (I) as described for D. All 
values in G–I represent means ± S.E. of n = 4 biological replicates. Asterisks denote values that 
are significantly lower (p  0.05) than those obtained at t = 0 h. deP-peptide, dephosphopeptide; 
P-peptide, phosphopeptide. 
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Fig. 2-8. Influence of COS pod excision on relative phosphorylation, activity, and amount 
of RcSUS1 partitioned into soluble versus microsomal membrane fractions of developing 
COS.  
Stems containing pods of developing COS were excised and placed in water in the dark for 48 h 
at 24 °C. Soluble and microsomal membrane fractions were rapidly prepared from nondepodded 
and depodded stage V–VII developing COS endosperm and assayed for relative Ser11 
phosphorylation (as described in the legend for Fig. 2-7D) (A), SUS cleavage activity, and 
relative amount of immunoreactive p93 subunits (as determined by immunoblotting with anti-
RcSUS1 and densitometry) (B). All values in A and B represent means ±S.E. of n=3 biological 
replicates. Asterisks in A denote microsomal membrane values that are significantly lower 
(p<0.05) than those obtained with the soluble fraction, whereas the # signs in A denote depodded 
values that are significantly lower (p<0.05) than those obtained with the corresponding 
nondepodded sample. 
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Fig. 2-9. Influence of assay pH and substrate concentration on activity of phosphorylated 
versus dephosphorylated RcSUS1.  
Dephosphorylated RcSUS1 was prepared by incubating the purified enzyme with λ-phosphatase. 
A, activities of phosphorylated and dephosphorylated RcSUS1 (P and deP, respectively) were 
determined in both directions using the standard assay mixtures except that the pH was varied 
and a mixture of 25 mM MES and 25 mM bis-Tris-propane was used as the assay buffer. 
Sucrose (suc) cleavage activity was determined with saturating and subsaturating sucrose (100 
and 20 mM, respectively). All of the values represent the means ± S.E. of n = 3 independent 
determinations. B and C, sucrose (B) and UDP (C) saturation kinetics of phospho- and 
dephospho-RcSUS1. The inhibition of phospho-RcSUS1 by 10% (v/v) glycerol is also shown.
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Table 2-1. Primers and probes used for cloning, semiquantitative RT-PCR, and 
qPCR analysis 
Experiment
al procedure 

Gene Primer 
designation 

Sequence (5’→3’) 

RT-PCR RcSUS1 RcSUS1-F TGAGGAGCTGCGTGTTGCCG 
  RcSUS1-R TGCAGGGGTCTGGTGCCTCA 
 RcSUS2 RcSUS2-F CGGCCAACCCGGTCGTCATC 
  RcSUS2-R GCGGGATCGGGTGCCTGAAG 
 RcSUS3 RcSUS3-F TGGCAAGGCTGGATCGGGTG 
  RcSUS3-R AGGCTCCCTTCGTGTCGGCT 
 RcSUS4  RcSUS4-F TCCCCAGTGGGTCTCCCGTT 
  RcSUS4-R ACGCCTGAAACAACCCGGCA 
 RcSUS5 RcSUS5-F CCTTTCTGGGCTTGCCGGGG 
  RcSUS5-R  ACCCACTGGCGGAGCACTCT 
 RcActin  RcActin-F  TTGCAGACCGTATGAGCAAG 
  RcActin-R  GTCATACTCGCCCTTGGAAA 
qPCR RcSUS1  RcSUS1-qPCR-F  AACCGTCACCTTTCCGCTA 
  RcSUS1-qPCR-R CAATGTAACGAGATACTCCTC

TGC 
 RcActin  RcActin-qPCR-F  TCACTGCTCTTGCTCCCAGC 
  RcActin-qPCR-R  ACTCATCATACTCACCCTTGG

AAATC 
Amplifying 
RcSUS1 

pSAT6-
EYFP-
RcSUS1 

Inf-RcSUS1-
EYFP-F 

CGAACGATAGCCATGGCTGA
ACGTGTTATCACT 

 Inf-RcSUS1-
EYFP-R 

GTCGACTGCAGAATTCTTCAA
CAGTCAGAGGAAC 
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Table 2-2. Predicted properties of deduced castor SUS isozymes and comparison of 
amino acid sequence identity of RcSUS1 with other members of the castor SUS 
family, as well as with SUS orthologs from other vascular plants 

Name 

NCBI protein 
accession 
number 

Identity to 
RcSUS1a Length 

Predicted 
sizeb 

Predicted 
pIb 

% residues kDa pH 
RcSUS1 XP_002516210 100 805 92.4 5.98 
RcSUS2 XP_002516963 68 805 92.1 5.72 
RcSUS3 XP_002523115 70 807 92.2 6.2 
RcSUS4 XP_002526290 56 867 97.5 8.33 
RcSUS5 XP_002532791 55 831 94.3 6.52 

GmSUS1c NP_001237525 88 805 92.2 6.04 
AtSUS1d NP_001031915 84 808 93 5.83 
AtSUS2d NP_199730 70 807 92 5.7 
AtSUS3d NP_192137 68 809 92 5.85 
AtSUS4d NP_566865 85 808 93 6.12 
AtSUS5d NP_198534 53 836 94.9 6.23 

a Determined via ClustalX (version 1.81) sequence alignment. 
b As computed by ExPASy prediction programs. 
c Soybean (G. max) root nodule SUS (nodulin 100). 
d A. thaliana SUS isozymes. 
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Table 2-3. Purification of RcSUS1 from 75 g of endosperm harvested from stage V–
VII developing COS 

Step Activity Protein Specific 
activity 

Purification Yield 

 units mg units/mg -fold % 
Clarified extract 71 3393 0.02 1 100 
PEG fractionation 81 1734 0.05 2.2 113 
Butyl Sepharose 59 134 0.44 21 83 
Superdex-200 43 24 1.8 84 60 
Mono Q 13 3.6 3.5 170 18 
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Chapter 3 

The calcium-dependent protein kinase RcCDPK2 phosphorylates RcSUS1 (Ricinus 

communis sucrose synthase-1) at Ser11 in developing castor oil seeds 

Eric T. Fedosejevs, Yi-Min She, Sheng Ying, Erin M. Anderson, Robert T. Mullen, 

and William C. Plaxton (2016) In prep for Biochemical Journal 

3.1 Abstract 

Our previous research indicated that a member of the castor CDPK (Ca2+-

dependent protein kinase) family phosphorylates RcSUS1 (Ricinus communis sucrose 

synthase-1) at Ser11 in developing COS (castor oil seeds), and that this PTM may protect 

RcSUS1 from proteolytic turnover in vivo. Native COS RcSUS-K (-kinase) was highly 

purified and identified as RcCDPK2 by mass spectrometry. Purified RcSUS-K and 

heterologously-expressed RcCDPK2: (i) catalyzed Ca2+-dependent phosphorylation of 

RcSUS1 and its corresponding dephosphopeptide at Ser11, while (ii) exhibiting a high 

affinity for free Ca2+ ions [K0.5(Ca2+) < 0.5 µM]. RcCDPK2 expression, RcSUS1-K 

activity, and in vivo RcSUS1 phosphorylation at Ser11 were maximal during the early 

stages of COS development and then declined in parallel as the seed matured. 

Elimination of sucrose import via fruit excision triggered RcSUS1 dephosphorylation but 

did not alter extractable RcSUS1-K activity, suggesting a potential link between sucrose 

signaling and post-translational RcCDPK2 control. When co-transiently expressed in 

tobacco suspension cell cultures both RcCDPK2-mCherry and RcSUS1-enhanced yellow 

fluorescent protein co-localized throughout the cytosol, whereas RcCDPK2-mCherry was 

also targeted to the nucleus. Subcellular fractionation indicated that about 20% of 

RcSUS1-K activity associates with microsomal membranes in developing COS, as does 
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RcSUS1. In contrast with RcCDPK1, which specifically catalyzes inhibitory 

phosphorylation of bacterial-type PEP carboxylase at Ser451 in developing COS, 

RcCDPK2 exhibited broad substrate specificity, a wide pH-activity profile centered at pH 

8.5, and insensitivity to metabolite effectors or thiol redox status. Our combined results 

indicate a possible connection between cytosolic Ca2+-signaling and the control of 

photosynthate partitioning during COS development. 

3.2 Summary statement 

RcCDPK2 is the Ca2+-dependent protein kinase isozyme that phosphorylates 

cytosolic sucrose synthase 1 (RcSUS1) at Ser11 in the triacylglyceride-rich endosperm of 

developing castor beans. RcSUS1 phosphorylation by RcCDPK2 appears to maintain the 

high levels of sucrose synthase needed to metabolize large quantities of imported 

photosynthate for downstream fatty acid synthesis during castor bean development. 

3.3 Introduction 

A pivotal initial step in the biosynthesis of storage end-products by developing 

seeds is the UDP-dependent conversion of imported photosynthate (i.e. sucrose) into 

UDP-glucose and fructose, catalyzed by SUS (sucrose synthase; E.C. 2.4.1.13). SUS has 

been linked to the channeling of sucrose into starch and cellulose biosynthesis 

[21,111,147], with SUS overexpression enhancing starch and fibre accumulation in maize 

(Zea mays) and cotton (Gossypium hirsutum) seeds, respectively [4,5]. Transcriptomic 

and proteomic studies together with SUS activity assays and immunolocalization indicate 

that SUS also supports the production of carbon skeletons and reducing power (via 

glycolysis and oxidative pentose-phosphate pathway) required for storage oil and protein 

synthesis in developing oil seeds [6,9,19,23–25]. However, comparatively little is known 
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about the biochemical properties and control of oil seed SUS. Thus, we recently purified, 

identified, and characterized RcSUS1, the dominant SUS isozyme expressed in the 

endosperm of developing COS (castor oil seeds) (Ricinus communis). RcSUS1 is one of 

five predicted SUS isozymes encoded by the castor genome and accounts for as much as 

5% of the total soluble protein content of developing COS [192]. COS is a model non-

green oil seed that accumulates up to 60% (by weight) oil at maturity, far more than the 

20-40% oil levels of agronomically important oil seeds such as rapeseed (Brassica napus) 

and soybean (Glycine max).  

SUS from diverse plant tissues is phosphorylated by a CDPK (Ca2+-dependent 

protein kinase) at a conserved seryl residue located near its N-terminus 

[40,41,78,106,108,144–146,150–152,192,193]. This has been suggested to activate 

SUS’s sucrolytic reaction, mediate changes in SUS partitioning between soluble and 

microsomal membrane or cytoskeletal fractions, promote oligomerization of active SUS 

tetramers, or reduce the enzyme’s susceptibility to proteolytic turnover 

[41,78,106,108,144–146,148,192] . CDPKs are Ser/Thr protein kinases unique to plants 

and some protists that contain a central protein kinase domain, four C-terminal Ca2+-

binding EF hand motifs, and an NTVD (N-terminal variable domain) thought to 

contribute to substrate selectivity [194]. CDPKs likely evolved when a protein kinase 

gene fused with a calmodulin gene. This was followed by CDPK diversification into a 

relatively large multigene family in vascular plants, thus facilitating temporal and 

spatially-specific decoding of different Ca2+ signals. Although many plant developmental 

programs and stress responses appear to be controlled by specific CDPK isozymes, a 
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major deficiency in our understanding of plant CDPK biology and Ca2+-signaling in 

general is that relatively few in vivo CDPK targets have been identified to date [194]. 

RcSUS1 of developing COS is also subject to dynamic and stoichiometric in vivo 

phosphorylation at Ser11 by an apparent CDPK [192]. However, Ser11 phosphorylation 

does not influence RcSUS1’s kinetic properties nor its association with microsomal 

membranes [192]. Instead, it appears to protect the enzyme from proteolytic turnover 

since RcSUS1 dephosphorylation that occurs in vivo during COS maturation, or 

following elimination of sucrose supply to the developing endosperm caused by excision 

of intact clusters of developing COS (i.e., ‘depodding’), preceded a marked reduction in 

RcSUS1 activity and polypeptide levels [192]. This is consistent with: (i) studies of SUS 

phosphorylation in soybean root nodules [41], as well as (ii) reduced SUS and starch 

levels and elevated sucrose levels in seeds of OsSpk transformants in which OsSPK, a 

CDPK isozyme that likely phosphorylates SUS in developing rice grains, was 

downregulated using antisense technology [152]. 

The aim of the present study was to identify and characterize the putative CDPK 

that phosphorylates RcSUS1 at Ser11 in developing COS [192]. The native RcSUS1-K 

(RcSUS1- kinase) was highly purified and identified via high resolution mass 

spectrometry as RcCDPK2, one of twenty predicted castor CDPK isozymes [180]. 

RcCDPK2 was cloned and properties of the heterologously expressed enzyme were 

compared with those of the native RcSUS1-K, as well as with RcCDPK1, which 

phosphorylates RcBTPC (castor bacterial-type phosphoenolpyruvate carboxylase) at 

Ser451 in developing COS [180,195]. 
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3.4 Experimental 

3.4.1 Plant material 

Castor bean plants (Ricinus communis; cv Baker 296) were cultivated in a 

greenhouse at 24 °C and 70% humidity under natural light supplemented with 16 h of 

artificial light. Pods containing developing COS at heart-shaped embryo (stage III), mid-

cotyledon (stage V), full cotyledon (stage VII), and maturation (stage IX) stages of 

development [173] were harvested at midday and endosperm was rapidly dissected, 

frozen in liquid N2, and stored at -80 °C. For depodding treatments, stems containing 

intact pods of developing COS were excised and placed in water in the dark at 24 °C. 

Tobacco (Nicotiana tabacum) BY-2 (Bright Yellow-2) suspension-cultured cells were 

maintained and prepared for biolistic bombardment as described previously [192]. 

3.4.2 Preparation of clarified extracts and microsomal membrane isolation 

Quick-frozen tissues were ground to a powder in liquid N2 and homogenized (1:2; 

w/v) using a Brinkmann PT-3100 Polytron (Mississauga, Canada) in ice-cold buffer A 

which contained 50 mM HEPES/KOH (pH 7.0), 1 mM EGTA, 1mM EDTA, 10 mM 

MgCl2,
 20% (v/v) glycerol, 4% (w/v) PEG (polyethylene glycol) 8000, 0.1% (v/v) Triton 

X-100, 5 mM NaPPi, 1 mM Na3VO4, 1 mM Na2MoO4, 1% (w/v) poly(vinyl 

polypyrrolidone), 5 mM thiourea, 1 mM dipyridyldisulfide, 1 mM phenylmethylsulfonyl 

fluoride, and 5 µl/ml ProteCEASE-100 (G-Biosciences). Homogenates were centrifuged 

at 4 °C and 15,000 g for 10 min. Microsomes were isolated from stage V-VII COS 

endosperm via ultracentrifugation as in [192]. 
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3.4.3 Protein electrophoresis and immunoblotting 

SDS/PAGE, immunoblotting, and production of rabbit anti-RcSUS1 and anti-

pSer11 [anti-(RcSUS1 pSer11 site-specific)-IgG] antibodies were carried out as previously 

described [192]. All immunoblots were replicated at least three times with representative 

results shown in the figures. 

3.4.4 RcSUS1-K assay and kinetic studies 

RcSUS1-K activity was assayed by monitoring P incorporation from non-

radioactive ATP or [γ-32P]ATP into the p93 (93-kDa polypeptide) subunits of purified 

native and in vitro dephosphorylated RcSUS1, or a synthetic dephosphopeptide 

corresponding to amino acid residues 4-18 of RcSUS1 [192]. The standard RcSUS1-K 

assay mix contained 50 mM HEPES/KOH, pH 7.3, 10 mM MgCl2, 1 mM DTT, 0.1 mM 

Na3VO4, 0.1 mM Na2MoO4, 0.1 mM CaCl2, and 1 mM ATP or 0.1 mM [γ-32P]ATP, in 

addition to dephospho-RcSUS1 or dephosphopeptide as described below. Assays were 

validated by showing that the amount of phosphorylated product being formed was 

proportional to assay time and amount of RcSUS1-K being assayed. 

Semi-quantitative ‘dot-blot’ assays using RcSUS1 dephosphopeptide as substrate 

[192] were used to track RcSUS1-K activity during its purification from developing 

COS. Samples were incubated for 20 min at 30 °C in the standard RcSUS1-K assay 

mixture containing 0.2 mg/ml of dephosphopeptide in a final volume of 10 µl. Aliquots 

(1 µl) were pipetted onto a nitrocellulose membrane and probed using anti-pSer11. 

Immunoblot-based RcSUS1-K assays employed 2 mg/ml of dephospho-RcSUS1 [192] as 

substrate; this was followed by SDS/PAGE and immunoblotting using anti-pSer11 and 

anti-RcSUS1. 
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The developmental profile for Ca2+-dependent RsSUS1-K activity in COS was 

determined via quantitative ELISA assays using dephospho-RcSUS1, anti-pSer11, 

medium-binding 96-well ELISA plates, and a Spectromax Plus 340 Microplate 

Spectrophotometer (Molecular Devices) as previously described [192], but with the 

following modifications: (i) dephospho-RcSUS1 was diluted in 200 mM 

carbonate/bicarbonate buffer (pH 9.4) instead of Pi-buffered saline, and (ii) all washing 

steps employed Pi-buffered saline containing 0.1% (v/v) Triton X-100.  

For kinetic studies of purified native RcSUS1-K or heterologously-expressed 

RcCDPK2 (see below), radiometric assays were performed by quantifying 32P 

incorporation from [γ-32P]ATP into dephospho-RcSUS1 as in [192]. The standard 

RcSUS1-K assay mixture contained 2 mg/ml of dephospho-RcSUS1 in a final volume of 

10 µl. Reactions were routinely initiated by the addition of 0.1 mM [γ-32P]ATP (2,000 

c.p.m./pmol) and incubated at 30 °C for 5 min. 32P-incorporation was quantified by 

trichloroacetic acid precipitation of protein and Cerenkov counting as previously 

described [180]. Substrate specificity studies were executed with 2 mg/ml of an alternate 

protein substrate, followed by SDS/PAGE and phosphorimaging also as described in 

[180]; casein and histone III-S were purchased from Sigma-Aldrich, whereas the other 

proteins were purified in our laboratory. Free Ca2+ was controlled by modifying the 

standard assay mixture to contain 2 mM EGTA and varying amounts of CaCl2; free Ca2+ 

concentrations were calculated using MAXCHELATOR 

(http://maxchelator.stanford.edu/downloads.htm). A pH-activity profile was created by 

substituting 50 mM Bis-Tris-Propane for 50 mM HEPES in the RcSUS1-K assay mix-

ture. Kinetic parameters were calculated using enzyme kinetics software [196] and were 
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reproducible to within 15% of the mean value of at least two independent experiments. 

Metabolite stock solutions were adjusted to pH 7.3 and made equimolar with MgCl2.  

3.4.5 RcSUS1-K purification buffers 

All buffers contained a phosphatase inhibitor cocktail (0.2 mM Na3VO4, 0.2 mM 

Na2MoO4, and 1 mM NaPPi). Buffer B contained 20 mM HEPES/KOH (pH 7.3) and 1 

mM CaCl2. Buffer C contained 20 mM HEPES/KOH  (pH 8.0) and 5 mM EGTA. Buffer 

D contained 25 mM HEPES/KOH (pH 7.0), 5 mM MgCl2, and 1 mM CaCl2. Buffer E 

contained 25 mM HEPES/KOH (pH 7.0), 5 mM EGTA, 5 mM EDTA, and 300 mM 

NaCl. Buffer F contained 25 mM TRIS/HCl (pH 7.2), 1 mM EGTA, and 1 mM EDTA. 

3.4.6 Purification of RcSUS1 and RcSUS1-K from developing COS 

All chromatography steps were carried out at 24 °C using an ÄKTA Purifier 

FPLC system (GE Healthcare). Centrifugation steps were at 20,000 g for 20 min at 4 °C. 

Concentration and buffer-exchange was performed using Amicon Ultra-15 centrifugal 

filter units (30-kDa cutoff). Native RcSUS1 was purified from stage V–VII COS 

endosperm and dephosphorylated with λ-phosphatase as in [192]. For RcSUS1-K 

purification, quick-frozen endosperm (150 g) from stage V–VII developing COS was 

homogenized in 300 ml of ice-cold buffer A and centrifuged. PEG (polyethylene glycol) 

8000 [50% (w/v) in 50 mM HEPES/KOH, pH 7.5] was added to the supernatant fluid to a 

final concentration of 16% (w/v), and the solution stirred for 20 min at 4 °C and 

centrifuged. PEG pellets were resuspended in 250 ml of buffer B to a protein 

concentration of about 5 mg/ml. Following centrifugation, the supernatant fluid was 

loaded at 2.0 ml/min onto a column (1 x 10 cm) of phenyl-Sepharose 4 Fast Flow (GE 

Healthcare) equilibrated with buffer B. The column was washed with several bed 
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volumes of buffer B, and then with buffer C until A280 approached baseline; RcSUS1-K 

activity was then eluted using ultrapure H2O. Active fractions were pooled, concentrated, 

buffer-exchanged into buffer D, and loaded at 0.75 ml/min onto a Cibacron Blue-

Sepharose 6 Fast Flow column (1 x 1.6 cm; GE Healthcare) equilibrated in buffer D. The 

column was washed until A280 approached baseline and RcSUS1-K eluted with buffer E; 

this eluate was concentrated to about 1 ml and buffer exchanged into buffer F, and then 

loaded at 0.75 ml/min onto a Mono-Q 5/50 GL column (GE Healthcare) pre-equilibrated 

in buffer F. The column was washed with buffer F until A280 approached baseline, and 

RcSUS1-K eluted using a linear gradient (25 ml) of 0-600 mM NaCl in buffer F. Active 

fractions were pooled, buffer exchanged into 50 mM HEPES/KOH (pH 7.3), 

concentrated to 800 µl, and divided into 50 µl aliquots which were frozen in liquid N2 

and stored at -80 °C. RcSUS1-K activity was stable for at least 6 months when stored at -

80 °C. 

3.4.7 LC MS/MS analysis and RcCDPK2 identification 

Proteins present in the final RcSUS1-K preparation were reduced with 10 mM 

DTT, alkylated with 55 mM iodoacetamide, and dialyzed against 10 mM ammonium 

bicarbonate. Following digestion with sequencing grade trypsin, chymotrypsin, or 

endoproteinase Asp-N (Roche Diagnostics) the respective peptides were dissolved in 

0.2% (v/v) formic acid for analysis on a Nano-Acquity Ultraperformance LC system 

(Waters) coupled to a 7-tesla hybrid linear ion trap Fourier transform ion cyclotron 

resonance mass spectrometer (LTQ-FT MS/MS; Thermo Fischer Scientific, Inc.) as 

previously described [178]. MS/MS data were searched against R. communis protein 

sequences in the NCBI database using Mascot Server (version 2.5.1, Matrix Science). 
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3.4.8 Phylogenetic analysis 

Castor CDPKs were obtained from [180] with minor reclassification (Appendix A 

Table A-1), Arabidopsis CDPKs were obtained from [197], and additional CDPK 

sequences were obtained from NCBI and the literature. Amino acid sequences were 

aligned in MUSCLE (version 3.8.31) using the default parameters, and the CDPK’s core 

Ser/Thr kinase catalytic domain was used to construct maximum likelihood trees in 

PhyML (version 3.1) with the SPR option. Bootstrap analysis was performed (20 reps) 

using the same parameters. Trees were plotted in FigTree (version 1.4.2) and formatted in 

Adobe Illustrator. 

3.4.9 RcCDPK2 cloning and heterologous expression 

 All constructs were confirmed by DNA sequencing. A full-length RcCDPK2 

clone (GenBank accession number KT456203) was isolated from stage V developing 

COS endosperm cDNA via PCR (F-primer: 

GAGGTGAGCTCTAATGGGCAACACATG, R-primer: 

ATTATGCGGCCGCTTATTGAGCACCTGGT) and inserted into pET44a using SacI 

and NotI to yield pET44a-His-Nus-His-RcCDPK2 (Nus-RcCDPK2). The construct was 

transformed into E. coli (BL21(DE3)) (NEB), and cultured at 30 °C for 30 h in 4 L of 

ZYM-5052 autoinduction medium [198] containing 100 µg/ml kanamycin. Cells (~11 

gFW) were harvested by centrifugation and resuspended in 60 ml of buffer G which 

contained 50 mM NaH2PO4 (pH 8.0) and 300 mM NaCl. DNase-I (5 units/ml) was added 

and cells lysed by two passes through a French Pressure cell at 20,000 p.s.i. After 

centrifugation the supernatant was loaded at 1 ml/min onto a column (1 x 12 cm) of 

PrepEase® His-tagged High Yield Ni2+-affinity resin (Affymetrix) equilibrated in buffer 
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G. The column was washed with buffer G and Nus-RcCDPK2 eluted with 250 mM 

imidazole-HCl (pH 8.0); peak A280 absorbing fractions were pooled. As the purified Nus-

RcCDPK2 irreversibly precipitated when frozen at -80 °C, the final preparation was 

stored in 40% (v/v) glycerol at -20 °C; Nus-RcCDPK2 activity remained stable for at 

least two months under these conditions. 

3.4.10 Transient transformation and imaging of tobacco suspension cells 

RcCDPK2 from Nus-RcCDPK2 was amplified via PCR (F-primer: 

TTAATACCCGGGATGGGCAACACATGCCGCGGATCT, R-primer: 

TTAATAGCTAGCAAATTGAGCACCTGGTGCATCTC) and subcloned into pRTL2-

mCherry using XmaI and NheI to yield RcCDPK2-mCherry. A pSAT6 plasmid containing 

RcSUS1-EYFP (enhanced yellow fluorescent protein) was obtained as previously 

described [192]. Transient co-transformation of tobacco (Nicotiana tabacum) BY-2 cells 

was performed with 5 µg of each plasmid using a biolistic particle delivery system as 

described previously [192]. Bombarded cells were incubated for 8 h to allow for gene 

expression and protein sorting, fixed in 4% (w/v) formaldehyde, and imaged using 

confocal laser scanning microscopy. All micrographs shown are representative images 

obtained from at least three independent experiments. 

3.4.11 Statistics 

All values are presented as means ±S.E.M. Data were analyzed using the 

Student’s t test and deemed significant if P < 0.05. 
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3.5 Results and discussion 

3.5.1 Developmental profile of COS RcSUS1-K activity 

Ca2+-dependent RcSUS1-K activity showed a steady decrease during COS 

development (Fig. 3-1A).This parallels a similar decline in relative in vivo 

phosphorylation of COS RcSUS1 at Ser11, as well as the progressive reduction in SUS-K 

activity that occurs during maturation of other heterotrophic sink tissues such as ripening 

tomato fruits [192,199]. In contrast, when sucrose supply was eliminated via fruit 

removal (i.e. depodding), no significant decrease in RcSUS1-K activity occurred after 48 

h (Fig. 3-1B), despite the significant (50%) reduction in relative RcSUS1 Ser11 

phosphorylation stoichiometry that accompanies this treatment [192]. Further studies are 

required to determine whether this latter result arises via some form of sucrose signaling 

that leads to post-translational RcSUS1-K control and/or upregulation of the 

corresponding protein phosphatase. A similar phenomenon was reported for soybean root 

nodules, where Ca2+-dependent SUS-K activity was also unaffected after photosynthate 

import was eliminated via stem girdling [151]. By contrast, the activity of: (i) PPCK, the 

dedicated Ca2+-insensitive kinase that catalyzes regulatory phosphorylation of PTPC 

[plant-type phosphoenolpyruvate (PEP) carboxylase] at Ser11 in developing COS and 

soybean root nodules, rapidly disappeared within 48 h of COS depodding or soybean 

stem girdling; in both tissues this was accompanied by complete PTPC 

dephosphorylation in vivo (and its subsequent monoubiquitination in the case of COS 

depodding) [177,189,200], and (ii) RcCDPK1, the CDPK that phosphorylates RcBTPC 

(castor bacterial-type PEP carboxylase) at Ser451, significantly increases during COS 
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development or 48 h post-depodding; in both instances this was accompanied by 

enhanced in vivo phosphorylation of BTPC at Ser451 [178,180,195]. 

3.5.2 RcSUS1-K partially associates with microsomal membranes 

Examples of CDPK interactions with membranes such as the endoplasmic 

reticulum or plasma membrane are abundant in the plant literature [151,199,201–207]. 

Ultracentrifugation was therefore used to recover soluble and microsomal fractions from 

clarified extracts of stage V-VII developing COS. Similar to RcSUS1 [192], 

approximately 17% of RcSUS1-K activity was associated with microsomes (Fig. 3-1C). 

By contrast, RcBTPC’s Ser451 kinase (i.e., RcCDPK1) activity was strictly soluble 

following COS fractionation with no detectable microsomal association [180]. 

Microsomal RcSUS1-K activity decreased after 48 h of depodding, as did relative Ser11 

phosphorylation of microsomal RcSUS1 [192]. However, in agreement with the results of 

Fig. 3-1B, depodding did not trigger a reduction in soluble RcSUS1-K activity (Fig. 3-

1C).  

3.5.3 Partial purification and native molecular mass estimation of RcSUS1-K 

RcSUS1-K was highly purified from developing COS using a combination of 

PEG fractionation, and phenyl-Sepharose, Mono-Q, and Cibacron Blue-Sepharose FPLC 

(Appendix A Table A-2). It is unlikely that other major RcSUS1-Ks were lost during 

purification, as RcSUS1-K activity bound completely onto each chromatography resin, 

and all eluted activity was pooled. Calcium-binding to EF-hand-containing proteins such 

as calmodulin and CDPKs triggers conformational changes that typically result in 

exposure of hydrophobic domains believed to be critical to target recognition and 

interaction [208]. These conformational changes have been exploited for efficient 
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purification of EF-hand proteins via Ca2+-dependent hydrophobic interaction 

chromatography. Thus, RcSUS1-K activity in the solubilized PEG pellets was absorbed 

onto phenyl-Sepharose in the presence of 1 mM CaCl2. However, it could not be 

desorbed from this resin when 1 mM CaCl2 was replaced by 5 mM EGTA in the elution 

buffer, but was eluted and significantly enriched (Appendix A Table A-2) when the 

column was subsequently washed with ultrapure H2O. Although RcSUS1-K was purified 

at least 1,500-fold (Appendix A Table A-2), SDS/PAGE of the final preparation followed 

by Sypro Ruby staining yielded numerous protein-staining bands (Fig. 3-2A). Activity 

assays confirmed that the final RcSUS1-K preparation readily catalyzed Ca2+-dependent 

phosphorylation of RcSUS1 and its corresponding dephosphopeptide at Ser11 (Fig. 3-3A 

and 3-3B). RcSUS1-K’s native molecular mass was estimated to be 61.1-kDa following 

FPLC of the final preparation on a calibrated Superdex 200 column (Appendix A Fig. A-

1). 

3.5.4 Identification of RcSUS1-K as RcCDPK2 

Peptides derived from the final RcSUS1-K preparation were sequenced via 

nanoHPLC MS/MS using an Orbitrap Fusion Tribrid mass spectrometer. Database 

searches identified numerous proteins, including RcCDPK2 which was detected as the 

11th hit by MASCOT score (88% sequence coverage) (Appendix A Table A-3). Other 

proteins of interest included RcSUS1 (hit 9), calmodulin (hit 13), and RcCDPK1 (hit 24), 

which catalyzes inhibitory RcBTPC phosphorylation at Ser451 in developing COS 

[180,195]. Unlike RcCDPK2 (see below), however, native or heterologously expressed 

RcCDPK1 exhibits very limited substrate selectivity for phosphorylating RcBTPC at 

Ser451, and cannot phosphorylate RcSUS1, RcPTPC, or function as a peptide kinase in 
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vitro [180,195]. Thus, the partially-purified RcSUS1-K will be referred to as ‘native 

RcCDPK2’. 

3.5.5 Bioinformatic analysis of RcCDPK2 

RcCDPK2 encodes a 561 amino-acid polypeptide with a predicted size of 62.9-

kDa, a value very similar to the molecular mass of 61.1-kDa estimated for native 

RcCDPK2 (Appendix A Fig. A-1). The deduced RcCDPK2 polypeptide exhibits all five 

modular domains characteristic of CDPKs: namely an NTVD, a protein kinase catalytic 

domain, an auto-inhibitory junction, a calmodulin-like domain containing four EF-hand 

motifs implicated in Ca2+ binding, and a C-terminal variable domain (Fig. 3-4A).  

Phylogenetic analysis demonstrated that RcCDPK2 belongs to the CDPK-Ia subgroup 

[197] and that it is the closest castor CDPK ortholog to OsSPK (Fig. 3-4B), a rice CDPK 

that has 70% sequence identity with RcCDPK2. OsSPK is specifically expressed in the 

endosperm of developing rice grains, and studies of antisense OsSPK plants provided 

compelling evidence that OsSPK is the SUS-K of rice endosperm [152]. Three 

Arabidopsis CDPKs, AtCPK5 [203], -6, and -26 are also group-Ia CDPKs, in addition to 

CDPKs from rapeseed (BnaCPK5, [205]), potato (Solanum tuberosum) (StCPK5  

[209,210]), and squash (Curcurbita max) (CmCPK1, [204]). Interestingly, rice has five 

group-Ia CDPK members, all of which are more closely related to RcCDPK2 than to any 

other castor CDPK (Fig. 3-4B). However, the respective NTVDs of the group-1a CDPKs 

are poorly conserved, showing considerable variability in sequence and length (Fig. 3-

4C). The closest paralog of RcCDPK2 is RcCDPK1, which catalyzes inhibitory 

phosphorylation of RcBTPC at Ser451 in developing COS [180,195]. 
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 Most CDPKs, including RcCDPK2 (but not RcCDPK1 [180,195]), contain an N-

terminal myristoylation motif [180,211]. This has been shown to be important for the 

membrane-association of several CDPKs, including the RcCDPK2 ortholog AtCPK5 

(Fig. 3-4B) that partitioned between soluble and microsomal fractions when 

overexpressed in Arabidopsis [203]. However, squash CmCPK1 is another RcCDPK2 

ortholog that exists in vivo as an N-terminally processed protein, with the post-

translational cleavage of its myristoylation site hypothesized to reduce CmCPK1’s 

membrane association [204]. Furthermore, rapeseed BnCPK5, another group-Ia CDPK 

(Fig. 3-4B), displayed a dramatic association with the plasma membrane and nuclear 

envelope despite absence of a myristoylation motif at its N-terminus [205]. In summary, 

the control of CDPK-membrane associations appears to be complex, and it is not 

unprecedented for certain CDPKs to be partially associated with microsomal membranes 

and partially soluble, as is the case with RcCDPK2 (Fig. 3-1C), with varying proportions 

of membrane association occurring over the course of development and across tissues 

[199]. 

3.5.6 RcCDPK2 expression profile matches that of RcSUS1-K activity in developing COS 

Analysis of castor RNA-seq data indicated that RcCDPK2 expression peaks 

during the early stages of COS development then steadily decreases, disappearing during 

final stages of seed maturation (Fig. 3-5) [181,182], This expression profile matches 

patterns for RcSUS1-K activity (Fig. 3-1A) as well as RcSUS1’s in vivo phosphorylation 

at Ser11 in developing COS [192]. Expression of the apparent SUS-K OsSPK was also 

elevated in endosperm of developing rice grains [152]. However, unlike OsSPK [212], 

RcCDPK2 is also expressed in leaves and flowers (Fig. 3-5), tissues in which RcSUS1 
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transcript levels are considerably lower than in developing COS [192]. The 

comparatively broad expression pattern of RcCDPK2 relative to OsSPK may reflect its 

status as the sole group-Ia CDPK member in castor (whereas rice has five) (Fig. 3-4B). 

3.5.7 Heterologous expression of RcCDPK2 

A full-length RcCDPK2 clone was isolated by PCR of cDNA prepared from 

endosperm of stage V (mid-cotyledon) developing COS, and initially subcloned into a 

pET30a plasmid with an N-terminal His6-tag, and transformed into E. coli BL21. 

However, His-RcCDPK2 could only be expressed using a prolonged low-temperature 

induction and was largely insoluble (results not shown). We therefore expressed 

RcCDPK2 using a 55-kDa Nus-solubility tag (encoded by E. coli’s nusA) in pET44a, 

which resulted in relatively high yields of purified (Fig. 3-2B), soluble, and active Nus-

RcCDPK2 (i.e., >10 mg/l of culture). As with native RcCDPK2, Nus-RcCDPK2 readily 

catalyzed Ca2+-dependent Ser11 phosphorylation of purified dephospho-RcSUS1 in 

addition to its synthetic N-terminal dephosphopeptide (Fig. 3-3). 

3.5.8 RcCDPK2-mCherry localizes to the cytosol and nucleus of tobacco BY-2 cells 

RcCDPK2 cannot function as the in vivo RcSUS1-K unless it is targeted to the 

same subcellular location as RcSUS1. Our previous study demonstrated that RcSUS1-

EYFP is widely distributed throughout the cytosol when expressed in tobacco BY-2 

suspension cells [192], a well-established model system for plant protein localization 

studies [213]. To determine the subcellular location of RcCDPK2, its coding region was 

attached to an mCherry reporter gene and transiently expressed in the presence and 

absence of RcSUS1-EYFP via biolistic bombardment of BY-2 tobacco cells. Confocal 

laser scanning microscopy revealed that as occurs with the RcCDPK2 ortholog AtCPK6 
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(Fig. 3-4B) [214], RcCDPK2-mCherry was targeted to the cytosol and nucleus of the 

tobacco cells (Fig. 3-6A). Its partial nuclear targeting is curious given the absence of any 

identifiable nuclear localization signal in the deduced RcCDPK2 sequence, and suggests 

that another nuclear-targeted protein that interacts with RcCDPK2 might be responsible 

for RcCDPK2-mCherry’s partial relocalization to the nucleus. RcCDPK2-mCherry and 

RcSUS1-EYFP both showed similar and broad cytosolic dispersion when co-transiently 

expressed (Fig. 3-6B and 3-6C). However, consistent with our earlier report [192], 

RcSUS1-EYFP appeared to be strictly cytosolic and was never detected in the nucleus 

(Fig. 3-6). 

3.5.9 RcCDPK2 kinetic properties 

Kinetic properties of native RcCDPK2 were routinely determined using 

quantitative radiometric assays with [γ-32P] ATP and dephospho-RcSUS1 as substrates. 

Stop-timed assays of 5 min were employed as this was within the approximate linear 

range, whereas longer intervals did not yield a proportional relationship between amount 

of 32P-labelled RcSUS1 being formed and assay time (Appendix A Fig. A-2A). Attempts 

to prolong the linear phase of the reaction were unsuccessful and included: (i) the 

addition of 5% (w/v) PEG-8000 or 10 mg/ml BSA, (ii) increasing the amount of 

dephospho-RcSUS1, or (iii) adding a creatine kinase/phosphocreatine ADP-scavenging 

system (results not shown). These assays were further validated by demonstrating that the 

amount of 32P-incorporated into RcSUS1 was proportional to the amount of RcCDPK2 

added to the assay mixture (Appendix A Fig. A-2B and C). 

Native RcCDPK2 activity was almost entirely dependent on the presence of Ca2+ 

and Mg2+, with only 3.1±0.6% and 5.7±0.6% activity remaining in their absence, 
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respectively (Fig. 3-7A). Some 32P-incorporation remained in the absence of exogenous 

RcSUS1 substrate, likely due to phosphorylation of RcSUS1 that co-purified with native 

RcCDPK2 (Fig. 3-2) (Appendix A Table A-3). In contrast with most characterized 

CDPKS, including RcCDPK1, which has a near-neutral pH optima [180,215], but similar 

to PPCKs [189], RcCDPK2 exhibited a broad-pH activity profile with an optimum at 

approximately pH 8.5 (Fig. 3-7B). We are only aware of one other CDPK (from peanut) 

with such an alkaline pH-activity optimum [216]. The functional significance of this is 

unknown, as cytosolic pH is believed to be near-neutral [217]. Assays of RcCDPK2 were 

routinely conducted at pH 7.3, at which RcCDPK2 activity was approximately 75% of 

maximum (Fig. 3-7B), to better reflect cytosolic pH. As with many CDPKs [199], 

RcCDPK2 exhibited a clear preference for Mg2+ versus Mn2+ as its divalent metal cation 

cofactor, with maximal activity in the presence of 5-10 mM Mg2+ and only 65% activity 

attained in the presence of saturating Mn2+ (Fig. 3-7C). The enzyme’s KM value for 

RcSUS1 was at least 50 µM (Fig. 3-7D), whereas its KM value for the corresponding 

dephosphopeptide was about 60 µM (Fig. 3-7E). By contrast, the KM value of COS 

RcCDPK1 for its RcBTPC substrate was estimated to be about 1 µM [180]. However, 

similar to developing maize leaf bases, in which SUS constitutes 3-8% of extractable 

protein [53], RcSUS1 comprises up to 5% of total soluble protein from developing COS 

endosperm [192], reflecting an estimated in vivo RcSUS1 concentration of at least 25 μM 

in the entire cell; RcSUS1’s actual concentration within COS cytosol may be somewhat 

greater. RcCDPK2 displayed a high affinity for ATP as reflected by its KM (ATP) value 

of about 4 µM (Fig. 3-7F), which is similar to many other protein kinases including 

RcCDPK1 whose KM (ATP) value was estimated to be about 6 µM [180]. Both native-
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RcCDPK2 and Nus-RcCDPK2 exhibited positive cooperativity (i.e., Hill coefficient 

values ˃2.0) and a high affinity with respect to Ca2+ binding with respective K0.5(Ca2+) 

values of  371 and 181 nM (Fig. 3-7G). The RcCDPK2 ortholog AtCPK5 (Fig. 3-4B) 

also displayed a similarly low K0.5(Ca2+) value of 210 nM, representing the most Ca2+-

sensitive Arabidopsis CDPK isozyme reported to date [207]. Thus, RcCDPK2 might 

remain active, and RcSUS1 phosphorylated, even under conditions of low cytosolic Ca2+ 

when the activity of other CDPKs such as RcCDPK1 (whose K0.5 value for Ca2+ is about 

4 µM [180,195]) may be reduced. 

 A broad array of metabolites were screened as potential RcCDPK2 effectors, but 

none significantly influenced its activity (Appendix A Table A-5). These included 

dihydroxyacetone-P, glucose-6-P, and fructose-1,6-P2, which inhibit the CDPK that 

phosphorylates nitrate reductase in spinach leaves [218], and PEP and 3-P-glycerate, 

which are potent inhibitors of RcCDPK1, the kinase that phosphorylates RcBTPC at 

Ser451 in developing COS [180,195]. We hypothesize that RcCDPK2’s insensitivity to 

metabolite effectors goes hand in hand with its relatively non-specific substrate 

specificity (Fig. 3-8), which implies that RcCDPK2 may have in vivo targets other than 

RcSUS1. RcCDPK2 activity was also unaffected following its preincubation with thiol 

oxidizing or reducing reagents (Appendix A Table A-5), unlike RcCDPK1 which was 

reversibly inhibited by up to 80% following treatment with oxidized glutathione [180]. 

The addition of 10% (v/v) glycerol or 10 mg/ml BSA did not affect RcCDPK2 activity, 

although 5% (w/v) PEG 8,000 increased its activity by about 70%. 

Substrate specificity was examined by conducting radiometric kinase assays using 

purified native RcCDPK2 and Nus-RcCDPK2 followed by SDS/PAGE and 
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phosphorimaging (Fig. 3-8). RcCDPK2 is a relatively promiscuous kinase as it readily 

phosphorylated RcSUS1 in addition to RcPTPC, RcBTPC, casein, and histone III-S. By 

contrast, RcCDPK1 displays a comparatively narrow substrate selectivity for 

phosphorylating COS BTPC at Ser451, as it cannot phosphorylate S451D BTPC mutants, 

RcSUS1, RcPTPC, casein, nor various synthetic dephosphopeptides matching the 

sequence flanking RcBTPC’s Ser451 phosphorylation site [180,195]. As phosphorylation 

of S451D BTPC mutant subunits by Nus-RcCDPK2 was greatly reduced but not totally 

eliminated (Fig. 3-8), this implies that in contrast to RcCDPK1 [180,195] RcCDPK2 also 

phosphorylates RcBTPC at residues other than Ser451. Similarly, the CDPK that 

phosphorylates SUS in soybean root nodules readily phosphorylated the corresponding 

nodule PTPC, but nodule PPCK could not phosphorylate nodule SUS [151].  

The NTVD of a tobacco CDPK (NtCDPK1) was suggested to be important for 

mediating its target specificity [219]. It is notable that RcCDPK2 has a much longer 

NTVD than RcCDPK1 (i.e. 84 versus 29 residues, respectively) despite the latter 

exhibiting far more selective substrate specificity [180,195]. The NTVD displays a high 

degree of sequence divergence even within the closely-related CDPK-1a subgroup (Fig. 

3-4C), despite the apparent conserved ability of multiple members of this subgroup to 

phosphorylate SUS (i.e. RcCDPK2 and OsSPK) [152]. This indicates that RcSUS1 

phosphorylation might occur independent of targeting by RcCDPK2’s NTVD. Indeed, 

when RcCDPK2 was heterologously expressed with the 55-kDa Nus solubility-tag 

attached to its N-terminus, phosphorylation of RcSUS1 was not seriously compromised, 

while the effect on phosphorylation of other substrates varied (Fig. 3-8). 
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Autophosphorylation activity tests revealed that as with many CDPKs [220] 

native RcCDPK2 and Nus-RcCDPK2 both incorporated 32P from [γ-32P]-ATP, with Nus-

RcCDPK2 autophosphorylation appearing to be partially Ca2+-dependent (Fig. 3-2A and 

3-2B). Interestingly, a ‘gel shift’ reminiscent of a classic Ca2+ sensor protein [208] 

occurred when what appears to be autophosphorylated native RcCDPK2 was subjected to 

SDS/PAGE in the absence of Ca2+ (Fig. 3-2B). Autophosphorylation is important for the 

regulation and/or subcellular localization of numerous protein kinases [221], including at 

least one plant CDPK, NtCDPK2 from tobacco [222]. Both constitutively-phosphorylated 

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

or by upstream protein kinases, were reported [222]. Therefore, an important objective 

for future studies will be to establish RcCDPK2’s in vivo (auto)phosphorylation sites, and 

the impact of site-specific phosphorylation on kinase function. 

3.5.10 RcCDPK2 activity may maintain high levels of RcSUS1 in developing COS 

As shown in our earlier work [192], in vivo RcSUS1 dephosphorylation at Ser11 

preceded a marked reduction in levels of p93 RcSUS1 polypeptides and extractable SUS 

activity, both during normal COS development or when sucrose import was eliminated 

via depodding. We therefore hypothesized that Ser11 phosphorylation may protect 

RcSUS1 from proteolytic turnover in developing COS. An analogous function for Ser11 

phosphorylation was proposed for SUS in soybean root nodules [12]. In rice grains, the 

RcCDPK2 ortholog OsSPK is essential for starch accumulation by the developing 

endosperm, with Osspk knockouts instead accumulating sucrose, resulting in sterility 

[152]. Asano and co-workers [152] showed that heterologously expressed OsSPK 

phosphorylates rice SUS in vitro, and hypothesized that OsSPK may directly activate 
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SUS via phosphorylation. In COS we can discount a role for RcCDPK2 in activating 

RcSUS1 since Ser11 phosphorylation does not influence RcSUS1’s kinetic properties 

[192]. Available evidence suggests that Ser11 phosphorylation of RcSUS1, and by 

extension RcCDPK2 activity, may be important for maintaining the high levels of 

RcSUS1 needed to metabolize large amounts of imported photosynthate during COS 

development [192]. 

3.5.11 Concluding remarks 

CDPKs have attracted considerable attention owing to their diverse functions in 

plant cell biology and the central role that Ca2+ signaling plays in development and stress 

response. However, a major impediment in understanding CDPK biology has been the 

difficulty of pinpointing their in vivo substrates [194]. Previous research indicated that a 

member of the castor CDPK family catalyzes in vivo phosphorylation of RcSUS1 at 

Ser11, and that by mitigating RcSUS1’s proteolytic turnover this PTM may contribute to 

the high levels of SUS activity required during the active phase of triacylglyceride 

accumulation in developing COS [192]. In the present study, nanoHPLC MS/MS analysis 

of purified RcSUS1-K led to its identification as RcCDPK2 (Appendix A Table A-1 and 

A-3). This was corroborated by: (i) similar developmental patterns for RcCDPK2 

transcript levels, RcSUS1-K activity, and in vivo phosphorylation of RcSUS1 at Ser11 in 

developing COS (Figs. 3-1 and 3-5) [192], (ii) the common cytosolic location of 

transiently-expressed, fluorescent protein-tagged RcCDPK2 and RcSUS1 in tobacco 

suspension cells (Fig. 3-6), (iii) RcSUS1-K’s native Mr (62.1 kDa) being virtually 

identical to the size predicted for the deduced RcCDPK2 polypeptide, (iv) phylogenetic 

analysis indicating that RcCDPK2 is the closest castor ortholog to OsSPK, a CDPK that 
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likely phosphorylates SUS in developing rice endosperm [152], and (v) the ability of 

heterologously-expressed Nus-RcCDPK2 to readily catalyze Ca2+-dependent 

phosphorylation of RcSUS1 as well as its corresponding synthetic dephosphopeptide at 

Ser11 (Figs. 3-3 and 3-8) [192]. Purified RcSUS1-K and Nus-RcCDPK2 also exhibited 

similar and atypically low K0.5 (Ca2+) values of <0.5 µM (Fig. 3-7G), and broad substrate 

selectivity (Fig. 3-8). All known SUSs and PTPCs, including RcSUS1 and RcPTPC share 

a classical CDPK recognition motif near their N-terminus (i.e., Ф-5-X-4-Basic-3-X-2-X-1-

Ser-Ф+1, where Ф is a hydrophobic residue, X is any amino acid, and superscripts denote 

positions relative to the seryl phosphosite). Peptide sequencing via MS/MS revealed that 

our final RcSUS-K preparation contained small amounts of contaminating RcCDPK1, the 

nearest castor paralog to RcCDPK2 (Appendix A Tables A-2 and A-3). However, 

RcCDPK1 cannot phosphorylate RcSUS1 [180,195] and exhibits many additional 

differences relative to RcCDPK2 including: (i) a narrow substrate specificity for 

phosphorylating RcBTPC at Ser451 (with its corresponding and highly conserved, but 

novel CDPK recognition motif; i.e., Ф-4-X-3-basic−2-X−1-Ser-X+1-X+2-basic+3-Ф+4) (ii) an 

inability to phosphorylate synthetic peptides corresponding to sequences flanking 

RcBTPC’s Ser451 phosphosite, (ii) significantly higher K0.5 (Ca2+) values in the range of 

3-5 µM, (iii) potent inhibition by physiologically relevant concentrations of 3-P-glycerate 

and PEP, as well as reversible redox control by sulfhydryl oxidizing reagents, and (iv) a 

completely opposite developmental profile in COS (i.e., RcCDPK1 expression, BTPC-K 

activity, and inhibitory BTPC phosphorylation at Ser451 progressively increase in unison 

during COS development) [178,180,195]. Given the central importance of protein 

phosphorylation and the scarcity of in vivo CDPK targets that have been pinpointed to 
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date, our combined RcSUS1-RcCDPK2 and RcBTPC-RcCDPK1 studies represent a 

significant advance that provides a foundation for future research aimed at exploring the 

interplay between Ca2+ signaling and the integration and control of seed C-metabolism 

and photosynthate partitioning. 
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3.6 Tables and figures 

 

 

Fig. 3-1. Profile of RcSUS1-K activity during COS development (A) and following 
seed pod excision (B), along with its distribution between soluble versus microsomal 
membrane fractions of developing COS (C)  
RcSUS1-K activity was measured using quantitative anti-pSer11 ELISA assays [1]. 
RcSUS1-K activity in desalted extracts from various stages of COS development (A) or 
stage V-VII endosperm harvested from intact excised pods that were placed in the dark 
and analyzed at the indicated times (B). (C) Soluble versus microsomal RcSUS1-K 
activity in stage V-VII endosperm before and 48 h after pod excision. All values in panels 
A-C represent the average relative RcSUS-K activity (±S.E.M.) of at least three 
biological replicates. 
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Fig. 3-2. SDS/PAGE and autophosphorylation analysis of purified RcSUS1-K and 
Nus-RcCDPK2 
Autophosphorylation assays were conducted with 0.5 mg/ml RcSUS1-K or Nus-
RcCDPK2 in the presence of 1 mM Ca2+ or 5 mM EGTA. Reactions were incubated at 
30 °C for 30 min. Following SDS/PAGE the gels were stained for proteins as indicated 
(A, C) and then subjected to phosphorimaging (B, D) using a Typhoon 6000 (GE 
Healthcare). RcSUS1-K and Nus-RcCDPK2 autophosphorylation reactions (5 µg protein 
per lane) were electrophoresed to 12% and 7.5% acrylamide gels, respectively. 
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Fig. 3-3. RcSUS1-K and Nus-RcCDPK2 phosphorylate dephospho-RcSUS1 and its 
corresponding synthetic dephosphopeptide substrate at Ser11 
Kinase reactions with 2 mg/ml dephospho-RcSUS1 or 200 µg/ml dephosphopeptide 
(corresponding to residues 4-18 of RcSUS1) were incubated at 30 °C for 30 min. (A) 
anti-pSer11 dot blots of reactions with dephosphopeptide substrate (200 ng peptide per 
dot). (B-C) SDS/PAGE of reactions with RcSUS1 substrate immunoblotted with either 
anti-pSer11 (B; 2.5 µg protein per lane) or anti-RcSUS1 (C; 20 ng protein per lane). 
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Fig. 3-4. RcCDPK2 functional domains and phylogenetic analysis 
(A) Schematic diagram of RcCDPK2 functional domains: NTVD, N-terminal variable 
domain; AIJ, auto-inhibitory junction; ATP, ATP-binding site (residues 104-127, based 
on Prosite signature PS00107); AS, active site (residues  218-230, based on Prosite 
signature PS00107); Ca2+, Ca2+-binding sites (residues 412-424, 448-460, 484-496, and 
518-530, based on Prosite signature PS00018), CTVD, C-terminal variable domain. (B) 
Maximum likelihood tree of all castor and Arabidopsis CDPKs, as well as  any other 
characterized CDPKs orthologous to RcCDPK2. The tree was constructed based upon the 
amino acid sequence of the core Ser/Thr kinase catalytic region (as in [153]) and rooted 
with an outgroup containing an Arabidopsis PEPRK, PPCK, and SnRK1/2/3 (condensed, 
shown with a hollow triangle). Bootstrap support is shown with colored markers at nodes 
(legend at left). CDPK subgroups (colored) were assigned as in [197]. Corresponding 
accession numbers are listed in Supplementary Table S3. (C) Amino acid alignment of 
the NTVD of group-Ia CDPKs.  
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Fig. 3-5. RcCDPK2 is highly expressed during early stages of COS development 
(A) Relative RcCDPK2 transcript levels were derived from RNA-seq data of Troncoso-
Ponce et al. [182] and Brown et al. [181]. Endo, endosperm. Germ, germinating. n.d., not 
detected.  
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Fig. 3-6. RcCDPK2-mCherry and RcSUS1-EYFP co-localize to the cytosol when 
transiently (co)expressed in tobacco BY-2 cells   
(A-D) Representative CLSM micrographs of individual tobacco BY-2 cells 
(co)expressing the following: (A) RcCDPK2-mCherry, (B-D) RcCDPK2-mCherry and 
RcSUS1-EYF, with the corresponding differential interference contrast (DIC) image as 
indicated. Scale bar = 10 μm. 
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Fig. 3-7. RcCDPK2 kinetic properties 
Dephospho-RcSUS1 (2 mg/ml) was incubated at 30 °C for 5 min with purified native 
RcCDPK2 (or Nus-RcCDPK2 as indicated) in the standard phosphorylation assay with 
0.1 mM [γ-32P]ATP under various conditions. (A) Ca2+, Mg2+ and RcSUS1 dependence 
of RcSUS1-K. Assays without Ca2+ contained 5 mM EGTA. (B) pH-activity profile; (C) 
Mg2+ and Mn2+ dependence; (E and F) substrate saturation curves with dephospho-
RcSUS1 and the corresponding dephosphopeptide as indicated; (F) ATP saturation curve; 
(G) Ca2+ saturation curve for native RcSUS1-K and recombinant Nus-RcCDPK2 as 
indicated. Reactions were terminated by the addition of 20% TCA and 0.2% sodium 
pyrophosphate. The radiolabeled proteins were precipitated with TCA and incorporation 
of 32P into RcSUS1’s p93 subunits determined via Cerenkov counting as described 
previously [180].  All results represent the average of at least two independent 
experiments and were reproducible to within 15% of the mean value.  
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Fig. 3-8. RcCDPK2 displays broad substrate specificity 
Radiometric kinase reactions with 2 mg/ml of various substrates were incubated at 30 °C 
for 30 min and subjected to SDS/PAGE on either 7.5% (D-E, H) or 12% (A-C, F-G) 
gels, with 20 µg of protein loaded per lane. Reactions were initiated with either native 
RcCDPK2 (A-B) or Nus-RcCDPK2 (C-E) as kinase source. (A-E) Phosphorimaging of 
32P incorporation. While run on the same gel as casein, exposure time in the 
phosphorimaging cassette was reduced 10-fold for histone III-S relative to the other 
substrates (C, G). (F-H) The same gels shown in panels A-E were subjected to protein 
staining using Coomassie blue G-250. Results are representative of three independent 
experiments.  
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Chapter 4 

Sucrose synthase interacts with a reversibly glycosylated polypeptide in developing 

castor oil seeds 

Eric T. Fedosejevs, Yi-Min She, Megan Abergel, Michael W. Shane, and William C. 

Plaxton 

(In preparation as a short communication pending additional experiments) 

4.1 Abstract 

The aim of this study was to assess the sucrose synthase (SUS) interactome of 

developing castor oil seeds (COS) via coimmunopurification (co-IP) using anti-RcSUS1-

IgG, followed by proteomic analysis. A 41-kDa polypeptide (p41) consistently co-IP’d 

with RcSUS1 from endosperm extracts of developing COS. Sequencing of tryptic, Asp-

N, and chymotryptic peptides by LC MS/MS coupled with database searches identified 

the p41 as reversibly glycosylated polypeptide 1 (RcRGP1) (99.7% sequence coverage). 

LC MS/MS also demonstrated that in vivo phosphorylation of RcRGP1 occurred at Tyr40, 

Thr165, and Thr338, indicating that RcRGP1 may be subject to multifaceted post-

translational control in developing COS. The apparent tight interaction between SUS and 

RGP may not be unique to developing COS, as parallel co-IP experiments using extracts 

from other developing seeds, as well as cluster (proteoid) roots of phosphate-deprived 

white lupin and harsh hakea, consistently recovered a p41 as a putative SUS-interactor. 

Although preliminary, these results are notable since RGP requires UDP-glucose as a 

substrate, and UDP-glucose is produced by SUS.  This discovery has led to the 

hypothesis that RcSUS1 forms a metabolon with RcRGP1 to channel UDP-glucose 
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derived from imported sucrose directly into hemicellulose and/or glycoprotein/glycolipid 

biosynthesis. 

4.2 Introduction 

The sugar nucleotide UDP-glucose (UDPG) is essential for many metabolic 

processes in plants, including the biosynthesis of cell walls (it is the substrate for both 

cellulose and callose synthase), protein and lipid glycosylation, and the production of the 

signal metabolite trehalose 6-phosphate  [223]. In heterotrophic plant tissues, sucrose 

synthase (SUS; E.C. 2.4.1.13), which catalyzes the reversible conversion of sucrose and 

UDP into fructose and UDPG, provides the primary route for the production of UDPG 

from imported photosynthate. SUS has been demonstrated to directly channel UDPG into 

cellulose biosynthesis via its association with the UDPG-dependent cellulose synthase 

complex [111,186], and SUS overexpression has been shown to enhance fibre and wood 

production in cotton [5] and poplar [27], respectively. SUS association with the Golgi 

membrane has also been demonstrated, and it was hypothesized that Golgi-associated 

SUS provides UDPG for xyloglucan (hemicellulose) biosynthesis [115,116]. We recently 

purified, identified, and characterized RcSUS1, the dominant SUS isozyme expressed in 

the triacylglyceride-rich endosperm of developing castor oil seeds (COS) (Ricinus 

communis) [192]. The aim of this study was to assess the RcSUS1 interactome of 

developing COS via coimmunopurification (co-IP) using anti-RcSUS1-IgG, followed by 

proteomic analysis. A phosphorylated 41-kDa polypeptide (p41) that repeatedly co-IP’d 

with RcSUS1 from endosperm extracts of developing COS was identified as reversibly 

glycosylated polypeptide 1 (RcRGP1) by LC MS/MS . 
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4.3 Materials and methods 

4.3.1 Plant material and preparation of clarified extracts 

Castor oil seed (Ricinus communis; cv Baker 296), white lupin (Lupinus albus), 

and harsh hakea (Hakea prostrata) plants were cultivated in a greenhouse as previously 

described [192,224,225]. Endosperm from stage V developing COS [173], and white 

lupin and harsh hakea cluster (proteoid) roots were rapidly collected, frozen in liquid N2, 

and stored at -80 °C. 

4.3.2 Preparation of clarified extracts 

Quick-frozen tissues were ground to a powder in liquid N2 and homogenized (1:2; 

w/v) using a Brinkmann PT-3100 Polytron (Mississauga, Canada) in ice-cold extraction 

buffer, containing 100 mM HEPES (pH 7.0), 50 mM sucrose, 1 mM EDTA, 1 mM 

EGTA, 5 mM MgCl2, 10% (v/v) glycerol, 5% (w/v) polyethylene glycol-8000, 0.1% 

(v/v) Triton X-100, 25 mM NaF, 5 mM NaPPi, 1 mM Na2MoO4, 1 mM Na3VO4, 50 nM 

microcystin-LR, 10 µl/ml ProteCEASE-100 (G-Biosciences), 10 mM thiourea, 1 mM 

dipyridyldisulfide, 1 mM phenylmethylsulfonyl fluoride, 1% (w/v) PVPP, and 1% (w/v) 

PVP. Homogenates were centrifuged at 4 °C and 15,000 x g for 10 min. 

4.3.3 SDS-PAGE and immunoblotting 

SDS-PAGE, immunoblotting, and production of rabbit anti-RcSUS1 were carried 

out as previously described [192]. 

4.3.4 Purification of IgG and AminoLink co-IP column preparation 

Immunoglobulin-G (IgG) was purified from anti-RcSUS1 immune serum (3 ml) 

and pre-immune serum (6 ml) using a Protein A Sepharose 4 Fast Flow column (Pierce) 

(1 x 2 cm) according to the manufacturer’s instructions, yielding 18.0 and 2.0 mg of 
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purified IgG, respectively. The purified pre-immune IgG and anti-RcSUS1 IgG were 

respectively coupled to 2 ml of AminoLink Plus Co-IP resin (Thermo Fisher) according 

to the manufacturer’s instructions. The coupling buffer contained 0.1 M sodium 

citrate/0.05 M sodium carbonate (pH 10) and either 1 mg/ml of pre-immune IgGs, or 4 

mg/ml of anti-RcSUS1 IgGs. The prepared resins were packed in 1 cm (i.d.) 

chromatography columns. 

4.3.5 AminoLink co-IPs 

AminoLink co-IP chromatography was conducted at 0.5 ml/min. Prior to loading, 

co-IP columns were first rinsed with elution buffer and then pre-equilibrated in extraction 

buffer (without PVPP and PVP). The columns were then attached in series, with the pre-

immune IgG column upstream of the anti-RcSUS1 co-IP column. Clarified extract (from 

5 g of stage V developing castor endosperm) was loaded onto the pre-immune column, 

from there flowing onto the anti-RcSUS1 column, and the columns were washed with 

PBST until no more protein eluted, as determined via Bradford assays. The pre-immune 

column and anti-RcSUS1 column were then disconnected and each eluted with several 

bed volumes of 50 mM glycine (pH 2.0). Eluates were separately pooled, neutralized 

immediately with unbuffered 4 M TRIS and, when necessary, concentrated using Amicon 

Ultra spin concentrators (10-kDa MWCO). Co-IP columns were rapidly regenerated by 

washing in a buffer containing 50 mM Na2CO3/NaHCO3 (pH 10.7), 3.6 M KCl, and 0.5% 

(v/v) Triton X-100, and stored in 2 M NaCl containing 0.02% (w/v) NaN3. 

4.3.6 Spin Co-IPs 

Centrifugal (“spin”) co-IP experiments were conducted using a modification of 

the anti-RcSUS1 IP protocol from [192]. Clarified protein extract (25 µl) from stage V 
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developing COS was combined with an equal volume of anti-RcSUS1-IgG (4.0 mg/ml) 

and 50 µl of extraction buffer and incubated overnight at 4 °C in microcentrifuge tubes 

with inversion, and then centrifuged at 4 °C and 14,000 x g for 10 min. The pellet was 

thoroughly and repeatedly resuspended in 100 µl of PBS and recentrifuged, until no more 

protein was measurable in the supernatant (generally three washes). The final pellet was 

then dissolved in Laemmli sample buffer for SDS-PAGE. 

4.3.7 LC MS/MS analysis and RcRGP1 identification 

Coomassie blue-stained polypeptides were excised from SDS gels, in-gel reduced 

with 10 mM DTT, alkylated with 55 mM iodoacetamide, and digested with sequencing 

grade trypsin, chymotrypsin, or endoproteinase Asp-N (Roche Diagnostics). Digested 

peptides were extracted using acetonitrile/0.1% trifluoroacetic acid (TFA) (v/v, 60:40), 

dried, and reconstituted in 0.2% (v/v) formic acid (FA) for analysis on a Nano-Acquity 

Ultraperformance LC system (Waters) coupled to a 7-tesla hybrid linear ion trap Fourier 

transform ion cyclotron resonance mass spectrometer (LTQ-FT MS/MS; Thermo Fischer 

Scientific, Inc.) as previously described [178]. MS/MS data were searched against R. 

communis protein sequences in the NCBI database using Mascot Server (version 2.5.1, 

Matrix Science). 

4.4 Results and discussion 

4.4.1 RcRGP1 co-immunopurifies with RcSUS1 from developing COS 

Using both AminoLink Plus and centrifugal (“spin”) anti-RcSUS1 co-IP 

strategies, significant amounts of a 41-kDa Coomassie Blue G-250 staining polypeptide 

(p41) were repeatedly recovered along with the RcSUS1 antigen (Fig. 4-1, Appendix B 

Fig. B-1). The p41 was identified as UDPG-dependent Reversibly Glycosylated 
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Polypeptide via Orbitrap Fusion MS/MS (99.7% sequence coverage; Fig. 4-2), and we 

have named it RcRGP1. The p41 does not cross-react with the anti-RcSUS1 used for co-

IP experiments, and was not present in the eluate from the AminoLink pre-immune 

column (Appendix B Fig. B-1). LC MS/MS also indicated that RcRGP1 was 

phosphorylated at Tyr40, Ser168 and Thr338 (Fig. 4-3).  

Reversibly glycosylated polypeptides (RGPs; E.C. 2.4.1.112) belong to a small 

family (with five members in Arabidopsis and castor oil plant) of highly conserved 

plant/bacterial NDP-glucose-dependent self-glycosylating proteins implicated in the 

initiation of polysaccharide biosynthesis [226,227]. RGPs are assumed to act as both 

scaffolds and catalysts for the de novo initiation and assembly of glycosyl chains, which 

are then transferred to downstream acceptors that are incapable of de novo glycosyl chain 

initiation. There are two classes of RGPs in plants, which may be responsible for 

synthesizing different polysaccharides [227–229]. Like SUSs, RGPs also associate with 

the Golgi membrane and have been implicated in xyloglucan (hemicellulose) 

biosynthesis [230,231]. SUS has previously been implicated as a possible inhibitor of 

maize RGP [143]. 

4.4.2 RcRGP1 is the dominant RGP isoform expressed in developing COS endosperm 

Five RGPs were identified from the castor genome (Table 1). Published RNA-seq 

data indicate that RcRGP1 is the dominant RGP expressed in developing and germinating 

castor endosperm, as well as in leaves (Fig. 4-4). RcRGP1 expression is maximal in 

young seeds, decreasing linearly with development, a pattern closely matching that of 

RcSUS1 [192]. 
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4.4.3 N- and C-terminal peptide antibodies are unable to detect native RcRGP1 

Attempts to create rabbit polyclonal antibodies against KLH-conjugated synthetic 

peptides corresponding to RcRGP1’s N- (CADFAAISPTPLLKDELDIV) and C- 

(CSKQVRAKLGKIDEYFVK) terminus were unsuccessful, as the resulting immune 

sera, while effectively cross-reacting with their respective peptides on dot blots (Fig. B-

2), did not cross react with p41 on immunoblots of the anti-RcSUS co-IP eluates (results 

not shown). Boiling and autoclaving immunoblots, which has been shown to increase the 

detection sensitivity of peptide antibodies against native substrates [232], also did not 

help (data not shown). Given the 41 kDa size of the RcRGP1 band, and the extent of its 

N- and C-terminal MS coverage (data not shown), it is unlikely that the lack of detection 

is due to N- or C-terminal truncation of RcRGP1, and we can only suppose that for some 

reason these peptide sequences are inaccessible in native RcRGP1, even after SDS-PAGE 

and heat treatments. 

We therefore embarked on recombinant expression of RcRGP1, with the eventual 

goal of producing a whole-protein antibody. Given the difficulty reported in expressing 

RGPs in E. coli [233–235], we decided to express RcRGP1 with a 55-kDa Nus-solubility 

tag (encoded by E. coli’s nusA) in pET44a. Nus-RcRGP1 was soluble and was expressed 

at high levels (i.e., >10 mg/l of culture). Furthermore, a 41 kDa polypeptide remained 

soluble after cleavage of Nus-RcRGP1 with enterokinase (Appendix B Fig. B-2). Work is 

in progress to generate a monospecific rabbit polyclonal antibody against the purified 

recombinant RcRGP1 protein.  
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4.4.4 Anti-RcSUS1 co-IPs recovered p41 polypeptides from heterotrophic sink tissues of 

other species  

Co-IP experiments performed with clarified extracts from white lupin 

(AminoLink method) and harsh hakea cluster roots (spin method) also recovered 

prominent p41 protein-staining polypeptides, in addition to anti-RcSUS1 immunoreactive 

SUS polypeptides at approximately 90 kDa (Appendix B Fig. B-3A-C). The p41 from 

white lupin and harsh hakea cluster root co-IPs were more much more abundant than 

castor RcRGP1, relative to immunoreactive SUS in their respective co-IP samples. We 

also detected 41 kDa bands of varying prominence from co-IPs with clarified extracts 

from developing sunflower, pine, and sweet corn seeds (Appendix B Fig. B-3D). These 

bands will be subjected to LC MS/MS analysis in the near future. It will also be 

interesting to determine if they cross-react with anti-RcRGP1 antibodies that are 

currently in progress.  

4.4.5 Does SUS channel UDP-glucose into xyloglucan and/or glycoprotein biosynthesis via 

RGP? 

From a functional stand-point, the apparent interaction between RcSUS1 and 

RcRGP1 is not surprising. The glycosyl donor preferred by most RGPs is UDPG [231], 

one of the products of sucrose cleavage by SUS. Both SUS and RGP have been reported 

to be associated with the Golgi membrane, and both have been implicated in xyloglucan 

biosynthesis [115,116,230,231]. A small pool of RcSUS1 is microsomally-associated 

[192], and it is possible that at least a portion of this membrane-associated RcSUS1 is 

localized at the Golgi membrane. Furthermore, SUS has been implicated as a possible 

inhibitor of maize RGP [143], and while the physiological relevance of this inhibition 

remains to be determined, it does provide indirect support for their interaction. Finally, 
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the presence of p41 SUS-interacting proteins in co-IPs from heterotrophic sink tissues of 

other species indicates that the interaction between SUS and RGP may be widespread 

throughout the plant kingdom. To further corroborate our results it will be interesting to 

attempt reciprocal co-IPs using anti-RcRGP1, as well as to verify that the p41 proteins 

that co-IP’d with SUS from the other heterotrophic sinks that we examined are in fact 

RGPs. Longer-term work to characterize the apparent interaction between SUS and RGP 

in vascular plants includes the use of additional protein:protein interaction tools 

including: (i) far western immunoblotting, (ii) biophysical techniques such as isothermal 

calorimetry, surface plasmon resonance (Biacore), and/or analytic ultracentrifugation, 

(iii) yeast 2-hybrid analysis, as well as (iv) cell biology studies such as bifluorescence 

complementation (BiFC) to assess and localize potential in vivo interactions of 

fluorescent protein tagged RcSUS1 and RcRGP1.  Finally, it will also be of interest for 

future studies to verify and explore functions of apparent multisite in vivo 

phosphorylation of RcRGP1 in developing COS.  
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4.5 Tables and figures 

 

 

Fig. 4-1. Co-IP of RcSUS1 interactors in developing castor endosperm 
Anti-RcSUS1 co-IPs were performed with an AminoLink Plus column (A) or via 
centrifugation (“spin”; B), as described in the Methods. AminoLink co-IP eluate (A; 3.4 
µg) or dissolved spin co-IP pellet (B; 500 µg) were subject to SDS-PAGE (12%), with 
the latter run on a large format 16 x 20 cm gel for better resolution. Gels were stained 
with Coomassie Blue G-250 and the 41 kDa polypeptides excised and identified as 
RcRGP1 via LC MS/MS. See Appendix B Fig. B-1 for full gels and immunoblots. 
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Fig. 4-2. RcRGP1 amino acid sequence 
Phosphorylation sites determined by LC MS/MS are highlighted in yellow and the 
sequences of peptides used for their identification are in bold. The sequences of synthetic 
peptides used for antibody production are underlined. The conserved Arg residue 
homologous to the glycosylation site on the rice RGP OsUAM1 [234] is bolded and 
highlighted in red. 
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Fig. 4-3. RcRGP1 is phosphorylated at Tyr-40, Ser-168, and Thr-338 in developing 
COS 
Collision-induced dissociation analysis of peptides obtained from the 41 kDa RcRGP1 
band (obtained via the spin co-IP method). (A) Peptide ion of m/z 3384.6043. (B) Peptide 
ion of m/z 3394.6962. (C) Peptide ion of m/z 3222.4216. C- and N-terminal fragment 
ions are denoted by y and b, respectively. Fragments matching the phosphorylated 
peptide but not the dephosphorylated peptide are shown in blue, while fragments 
matching the dephosphorylated but not phosphorylated peptide are shown in red. 
Superscript indicates neutral loss of either water (0) or ammonia (*). Boxes indicate 
ambiguous fragments.  
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Fig. 4-4. RcRGP1 is highly expressed in developing castor endosperm 
(A) Relative transcript levels of the five castor RGPs were derived from RNA-seq data of 
Troncoso-Ponce et al. [182] and Brown et al. [181]. Endo, endosperm. Germ, 
germinating. 
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Table 4-1. Predicted properties of castor plant RGP isoforms 

Name 
Accession 

number 

Identity to 
RcRGP1 

(%) 
Length 

(residues) Size (kDa) pI 
RcRGP1 XP_002514626 100 361 41.0 6.06 
RcRGP2 XP_002512057 88 363 41.5 5.76 
RcRGP3 XP_002511153 82 362 41.2 6.40 
RcRGP4 XP_002525910 62* 260 29.5 6.12 
RcRGP5 XP_002512611 47 351 39.1 5.50 
* 89% excluding the N-terminal region missing from RcRGP4 
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Chapter 5 

Trehalose 6-phosphate allosterically inhibits sucrose cleavage by sucrose synthase-1 

from developing castor oil seeds 

Eric T. Fedosejevs and William C. Plaxton (2016) 

In preparation for submission to Nature Plants as a brief communication 

5.1 Abstract 

In plants, trehalose 6-phosphate (T6P) is a key signaling metabolite that acts as 

both a signal and negative feedback regulator of sucrose levels. The molecular 

mechanism through which T6P senses sucrose remains unknown. Here we demonstrate 

that the sucrolytic activity of RcSUS1, a sucrose synthase isozyme highly expressed in 

developing castor oil seeds, is subject to potent allosteric inhibition by T6P. Feedback 

inhibition of SUS by T6P is hypothesized to regulate sink strength in heterotrophic 

tissues, and may play a role in maintaining T6P homeostasis and establishing the T6P ‘set 

point’ in a given tissue. 

5.2 Body 

Trehalose 6-phosphate (T6P) is an important signal metabolite that links plant 

development with carbon metabolism. This is believed to be mediated, in part, through its 

inhibition of SNF1-related protein kinase 1 (SnRK1) [236]. Studies of transgenic plants 

with modified T6P levels have indicated that T6P is part of a regulatory network that 

controls the use of imported sucrose by sink organs such as developing seeds. In recent 

years, successful stress-resistance traits have been developed that have been linked to 

T6P and sucrose metabolism. T6P phosphatase (TPP) overexpression, which increases 
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sucrose levels, improved the survival of submerged rice seedlings [237] and reduced 

kernel abortion in drought-stressed maize [238]. The molecular mechanisms that 

maintain the link between sucrose and T6P are not fully understood, and their elucidation 

may accelerate the further development of crops with enhanced traits.  

Sucrose synthase (SUS), one of the two major sucrose-cleaving enzymes present 

in plant sink tissues (such as developing fruits, seeds, and tubers) is a key determinant of 

yield and traits in major crop species, including in cotton, maize, and poplar, among 

others [4,5,27]. SUS catalyzes the reversible UDP-dependent cleavage of the glucose-

fructose disaccharide sucrose into fructose and UDP-glucose (UDPG), with net flux in 

the sucrolytic direction in most sink tissues [46]. We recently characterized RcSUS1, the 

major SUS isozyme that appears to maintain high levels of sucrolytic flux in developing 

castor oil seeds, and reported that its sucrolytic activity was insensitive to a wide range of 

potential metabolite effectors [192]. 

In this study, we investigated the effect of T6P on the activity of RcSUS1. After 

optimizing our coupled enzyme assay (see Methods), we determined that T6P inhibits 

RcSUS1’s sucrose cleavage activity, with an I50 of 201±7 µM (Fig. 5-1a). The degree of 

RcSUS1 inhibition was not influenced when the concentration of coupling enzymes in 

the reaction mix was doubled (data not shown).  To corroborate the results, we also 

determined the effect of T6P on RcSUS1’s sucrolytic activity by directly quantifying the 

production of reducing sugars via the Nelson-Somogyi method [239] and obtained an I50 

(T6P) value of 151±48 µM (Fig. 5-1b). While the T6P concentration of developing castor 

oil seeds has not been determined, 200 µM is near the upper end of the range measured in 

developing wheat seeds (119 nmol g-1 FW) [240], and we note that the KM (T6P) values 
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of rice OsTPP2 and OsTPP7 are nearly identical to that of RcSUS1, at 186 [241] and 200 

µM [237], respectively, while the I50 (T6P) value of SnRK1 from developing maize 

kernels is approximately 50 µM [238]. 

The specificity of RcSUS1’s inhibition by T6P was tested by comparing the 

effects of 1 mM T6P, glucose 6-phosphate (G6P), or glucose 1-phosphate (G1P) on 

RcSUS1 sucrolytic activity (Fig. 5-1c). As G1P and G6P interfere with both coupled 

enzyme and reducing sugar assays of sucrolytic activity, we devised a strategy to 

eliminate both hexose monophosphate anions post-reaction using Q Sepharose Fast Flow 

anion exchange resin, followed by end-point quantification of fructose production via 

coupled enzyme assays (see Methods). This eliminated all detectable G6P and G1P, with 

minimal (<10 %) loss of fructose. With this assay, G1P exerted little effect, whereas G6P 

decreased SUS activity less than 20% (p = 0.233). T6P (1 mM) had a far greater 

inhibitory effect, reducing RcSUS1 activity by more than 90% (p = 0.004), indicating 

that it is a bona fide inhibitor of RcSUS1 sucrolytic activity, independent of G6P. 

We next tested whether RcSUS1’s phosphorylation status influences its inhibition by 

T6P. Plant SUS is frequently in vivo phosphorylated at a conserved seryl residue located 

near its N-terminus, and in some instances this PTM appears to modify their activity (e.g. 

Hardin et al., 2004). However, while RcSUS1 is highly-phosphorylated at Ser11 by the 

calcium-dependent protein kinase RcCDPK2 during castor seed development, there was 

no effect of phosphorylation on RcSUS1’s kinetic properties [192,242]. Similarly, 

phosphorylated and dephosphorylated forms of RcSUS1 showed no significant difference 

in the extent of their inhibition by 200 µM T6P (Fig. 5-1d). Rather, phosphorylation at 
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Ser11 appears to protect RcSUS1 from proteolytic turnover during COS development 

[192].  

 We next assessed the impact of T6P on RcSUS1’s sucrose and UDP saturation 

kinetics. As shown in Fig. 5-1e and f, I50 levels of T6P (i.e. 200 µM) caused a marked 

(40%) reduction in RcSUS1’s Vmax, without a significant effect on its KM values for 

sucrose and UDP (p = 0.210 and 0.669, respectively). These results are consistent with a 

non-competitive pattern of inhibition in which T6P binds to an allosteric inhibitor site 

independent of RcSUS1’s substrates binding site. 

We also examined the effect of 200 µM G6P, G1P, or T6P on SUS activity in the 

sucrose-synthesizing direction. While G1P exerted no significant effect on SUS activity 

(p = 0.142), both T6P (p = 0.002) and G6P (p = 0.001) caused significant SUS 

activation, of 25±3 % and 42±5 %, respectively (Fig. 5-1g). While the relevance of such 

activation in heterotrophic plant tissues is unknown, given that SUS is believed to act in 

the sucrose cleavage direction [46], such reciprocal control might play a role in 

photosynthetic source tissues. G6P is also believed to promote sucrose synthesis by 

activating sucrose-phosphate synthase [243]. 

The inhibition of SUS sucrolytic activity in sink tissues by T6P is compatible with 

studies of transgenic plants containing modified T6P metabolism, and we have created a 

model integrating our findings with the known effects of T6P in both source and sink 

tissues (Fig. 5-2). In this model, lowered T6P levels increase the availability of sucrose 

for translocation from source tissues, while also increasing sink strength and growth in 

sink tissues [237,238]. Increased sink strength in sink tissues appears to be at least 

partially independent of increased sucrose mobilization from source tissues, occurring, 
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for example, when TPP was specifically overexpressed in developing maize kernels 

[238]. Increased SUS sucrolytic activity, as a result of relieved T6P inhibition and 

SnRK1 enhancement of SUS transcription [244], can explain these findings, as SUS 

activity has been shown to be correlated with sink strength in many species (e.g., in 

poplar [27]). Inhibition of SUS sucrolysis by T6P may also explain how sucrose is able to 

accumulate to high levels in tissues such as some ripening fruits, wherein acid invertase 

activity is absent but significant SUS activity remains (e.g., citrus [38]). The equilibrium 

constant of the reaction catalyzed by SUS is such that the accumulation of  sucrose in its 

presence should be unfavorable [31], but it could be explained by its inhibition by T6P. 

Given that SUS is the major enzyme responsible for the production of UDPG in 

many tissues, and UDPG often appears to be the limiting substrate for T6P biosynthesis 

by T6P synthase (e.g., UDPG is 20-fold less abundant than G6P in developing maize 

kernels [238]), we hypothesize that through its feedback inhibition by T6P, SUS also 

plays an important role in the maintenance of T6P homeostasis in accordance with the 

T6P nexus model [236]. If SUS is involved in T6P homeostasis, this may in part explain: 

(i) how the sucrose/T6P set point is established across tissues and developmental stages; 

(ii) how T6P is maintained at a relatively constant level during drought (and other) stress, 

when the sucrose/T6P ratio changes [238]; and (iii) why T6P levels do not change as 

much as one might expect in some tpp mutants [237]. Furthermore, if such homeostasis 

does exist, changes in the expression of different SUS isozymes (in addition to changes in 

the roster of invertases and other enzymes) might modify the sucrose/T6P set point. This 

could explain the unique stress- and development-specific expression profiles of 

seemingly redundant SUS isozymes [23], and may explain the sometimes anomalous 
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results seen when SUSs are heterologously overexpressed (e.g., the overexpression of 

Arabidopsis SUSs in tobacco resulted in increased, rather than decreased, leaf sucrose 

levels [171]). 

In conclusion, RcSUS1 from developing castor oil seeds is allosterically inhibited 

by T6P in the sucrolytic direction. Inhibition of SUS by T6P provides a post-translational 

control mechanism that may explain why lowered T6P levels increase sink strength in 

heterotrophic tissues, as well as how sucrose can sometimes accumulate in spite of 

elevated SUS levels. Feedback inhibition of SUS by T6P may play a role in maintaining 

T6P homeostasis, with expression of specific SUS isozymes perhaps contributing to the 

variations observed in T6P set point across tissue types and during development [245]. 

Much work remains to be done in elucidating the interplay between SUS, sucrose, and 

T6P signaling. This includes assessing in vivo T6P and dynamics in developing oil seeds, 

and surveying the extent to which various SUS isozymes expressed in source versus sink 

tissues are allosterically controlled by T6P. What has become apparent, however, is that 

SUS may be a major player in establishing a mechanistic link between sucrose, T6P, and 

sink strength in heterotrophic tissues. 
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5.4 Methods 

5.4.1 Plant material, and RcSUS1 purification 

Castor bean plants (Ricinus communis cv. Baker 296) were cultivated in a 

greenhouse at 24 °C and 70% humidity under natural light supplemented with 16 h of 

artificial light. Endosperm was collected at midday from castor pods at the mid- to full-

cotyledon stage of development (stage V-VII based on [173])), frozen in liquid N2, and 

stored at -80 °C. Phosphorylated RcSUS1 was purified from endosperm via FPLC and a 

portion dephosphorylated with lambda phosphatase as in [192].  

5.4.2 SUS activity assays 

Assays in the sucrolytic direction were conducted by coupling fructose production 

to the reduction of NAD+ via hexokinase and G6P dehydrogenase, or by measuring 

production of reducing sugars (G6P and UDPG) with the Nelson-Somogyi method [239]. 

The assay mixture (Mix A) contained 50 mM HEPES-NaOH (pH 7.0), 30 mM sucrose, 1 

mM UDP, and 1 mM MgCl2. All enzyme assays were conducted at 25 °C and contained 

approximately 1 mU of RcSUS1 (cleavage direction) in a 200 µl reaction volume. 

Absorbance measurements were made using a Spectromax Plus 340 microplate 

spectrophotometer (Molecular Devices). Metabolite stock solutions were adjusted to pH 

7.0  and made equimolar with MgCl2. Vmax, KM, and I50 values (concentration of inhibitor 

producing 50% inhibition of SUS activity) were calculated using enzyme kinetics 

software as previously described [192]. All SUS assays were validated by showing that 

the amount products being produced was proportional to time and amount of RcSUS1. 

The continuous, coupled RcSUS1 assays were conducted as in Fedosejevs et al. 

(2014) (but with additional hexokinase to compensate for its inhibition by T6P) by 
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following the reduction of NAD+ to NADH at 340 nm. The assay mix contained Mix A 

supplemented with 0.5 mM NAD+, 0.5 mM ATP, 25 U/ml hexokinase, 3 U/ml 

phosphoglucose isomerase, and 2 U/ml Leuconostoc glucose 6-phosphate dehydrogenase. 

For end-point coupled enzyme assays with phosphosaccharide removal, reactions 

were allowed to proceed for 30 min in Mix A and then stopped by boiling for 5 min 

(which was verified to inactivate RcSUS1). The reaction mix (200 µl) was loaded onto 

0.5 ml Zebra Spin desalting columns (Thermo Fisher) in which the resin was replaced 

with 400 µl of Q-Sepharose Fast Flow (GE) that was pre-equilibrated in 25 mM HEPES-

NaOH (pH 7.0), washed with ddH2O, and prepared as for desalting. After sample 

loading, columns were allowed to sit for 1 min, eluted by centrifugation (3,000 x g for 1 

min), and then re-eluted after adding an additional 200 µl of ddH2O in order to maximize 

fructose recovery. Fructose in the combined eluates was measured with the same assay 

mixture as used for continuous coupled RcSUS1 assays, minus sucrose and UDP. NADH 

production was allowed to proceed to completion and was measured after 1 h by 

measuring the A340. 

SUS reactions assayed with the Nelson-Somogyi proceeded for 30 min in Mix A 

and were then stopped by the addition of an equal volume (200 µl) of fresh Somogyi 

reagent (alkaline copper tartrate) [239]. The mixture was immediately vortexed and 

boiled for 10 min. Once cooled, 200 µl of the Nelson reagent (arsenomolybdate) was 

added, tubes were vortexed, allowed to sit for 10 min, and A500 measured and compared 

with a 0-0.5 mM (0-0.1 µmol) fructose standard curve. 
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SUS activity assays in the sucrose synthetic direction were conducted as in [192] 

by coupling the production of UDP to the oxidation of NADH via rabbit muscle pyruvate 

kinase and lactate dehydrogenase. 

5.4.3 Statistics 

All values are presented as means ±S.E.M. Data were analyzed using the 

Student’s t test and deemed significant if P < 0.05. 
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5.5 Figures 

 

 

Fig. 5-1. T6P inhibits RcSUS1 in the sucrose cleavage direction  
a,b, T6P inhibition curves, with RcSUS1’s sucrolytic activity measured via coupled 
enzyme assay (a) or via the production of reducing sugars by the Nelson Somogyi 
method (b). c, The effect of 1 mM G1P, G6P, or T6P on RcSUS1 sucrolytic activity, as 
determined by quantifying the amount of fructose after phosphosaccharide removal by 
anion exchange chromatography. d, Comparison of inhibition of phosphorylated RcSUS1 
(P-SUS1) and dephosphorylated RcSUS1 (deP-SUS) by 200 µM T6P. e,f, Sucrose (e) 
and UDP (f) saturation curves for RcSUS1 sucrolysis in the absence and presence of  200 
µM T6P. g, RcSUS1 sucrose synthetic activity in the presence of 200 µM of various 
phosphosaccharides. All assays were conducted at pH 7.0; subsaturating (30 mM) 
sucrose was used for experiments reported in panels a-d, whereas UDP saturation 
kinetics (f) were carried out with 100 mM sucrose. Asterisks denote significant 
differences from the control in c,d,g. All values represent the mean ± S.E.M of n = 3 
independent determinations. 
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Fig. 5-2.  A conceptual model of putative metabolic effects of T6P in plant source 
and sink tissues 
a-c, Source tissues are shown on the left and sink tissues on the right. Hexose/hexose-Ps 
and UDPG are grouped together (hex(p)/UDPG) and many enzymatic steps are 
condensed for clarity. Activation is shown by blue dashed lines with triangular 
arrowheads, and repression by red dashed lines with solid bars. Inv, invertase. AAs, 
amino acids, OAs, organic acids. b, Elevated T6P levels promote a general shift towards 
carbon storage in source tissues and thereby decrease the amount of sucrose available for 
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translocation to sink tissues by, among other things, promoting nitrate assimilation and 
the production of organic and amino acids, increasing starch synthesis and reducing 
starch breakdown, and decreasing the synthesis of sucrose via SPS and SPP [246,247]. 
Elevated T6P levels decrease sink strength and growth in sink tissues, possibly through 
direct SUS inhibition and by decreasing SUS transcriptional activation by SnRK1 [244]. 
c, Decreased T6P levels increase starch breakdown and sucrose synthesis in source 
tissues, and consequently increase the amount of sucrose available for translocation 
[237]. In sink tissues, decreased T6P levels increase sink strength and growth [237,238], 
possibly through relaxed SUS inhibition and by increasing SUS transcriptional activation 
by SnRK1 [244].  
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Chapter 6 

General discussion 

This work represents the first comprehensive biochemical study of any oil seed 

SUS and the CDPK  that phosphorylates it in vivo, and thereby extends our understanding 

of SUS and sucrose signaling in general. As the major entry point into glycolysis in plant 

sink tissues, SUS is a rational control point for the partitioning of carbon into specific 

biosynthetic pathways. SUS specifically channels cleaved sucrose into the production of 

cellulose by associating with cellulose synthase [27,111,112] and into the production of 

starch and hemicellulose by associating with plastid and Golgi membranes, respectively 

[24,62,115,116,120]. Whether such channeling extends to oil seed TAG biosynthesis 

remains unknown. Previous work on SUS has focused on cellulose and starch-storing 

sink tissues, and I therefore set out to characterize SUS from developing COS. To assist 

the reader, I have created a schematic of the possible roles and regulation of SUS in 

developing seeds that attempts to integrate my results with prior knowledge (Fig. 6-1). 

6.1 Overview and discussion of important results 

6.1.1 RcSUS1 provides abundant UDP-dependent SUS activity in developing castor 

endosperm 

Chapter 2 presents the identification and characterization of RcSUS1, the major 

SUS isozyme expressed in developing COS endosperm. RcSUS1 is interesting for several 

reasons. First, unlike many SUSs, RcSUS1 appeared to exclusively utilize UDP and not 

ADP as its NDP co-substrate. We therefore hypothesized that this might be a unique 

feature of oil seed SUSs responsible for their channeling of cleaved sucrose into TAG 

biosynthesis. RcSUS1 was also incredibly abundant, comprising up to 5% of extractable 
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protein from COS endosperm during mid-development (compared with up to 7% in 

young maize leaf bases [53]). The abundance of RcSUS1 may be responsible for 

establishing high sink strength in developing COS, as SUS levels have been linked to 

sink strength in many heterotrophic tissues [16]. It is notable that the sucrose 

concentration in the phloem sap of intact castor plants is incredibly high, ranging from 

400-500 mM [248], with much of it needed to support massive TAG biosynthesis by the 

developing seeds. High RcSUS1 levels in developing COS appeared to depend on a 

steady supply of this photosynthate, as when photosynthate supply was eliminated by 

depodding, RcSUS1 transcription was abolished and RcSUS1 levels declined. Curiously, 

RcSUS1 is more closely-related to hypoxia-inducible and legume root nodule SUSs than 

to the Arabidopsis seed SUSs, SUS2 and SUS3 [192], which supports the hypothesis that 

developing COS, encased in a thick seed coat and ‘tough’ fruit, are hypoxic. 

6.1.2 RcSUS1 N-terminal phosphorylation may protect the enzyme from proteolysis 

It was also determined that RcSUS1 is subject to dynamic and high stoichiometric 

in vivo phosphorylation at its conserved Ser11 residue during COS development. N-

terminal phosphorylation of many SUSs has been documented, but results regarding its 

effects are contradictory (see 1.5.16). In this case, Ser11 phosphorylation did not affect 

RcSUS1’s activity. While a portion of RcSUS1 (approximately 10%) was microsomally-

associated in COS, and microsomally-associated RcSUS1 was hypophosphorylated 

relative to its cytosolic counterpart, no change was observed in microsomal association 

when Ser11 phosphorylation was reduced as a result of removal of photosynthate supply. 

This suggests that hypophosphorylation of microsomal RcSUS1 is a consequence and not 

a cause of its microsomal localization (which perhaps restricts its accessibility to 
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RcCDPK2). Furthermore, during both COS maturation and when sucrose supply was 

eliminated, decreased Ser11 phosphorylation preceded a marked reduction in SUS activity 

and RcSUS1 polypeptide levels. It thus appears that Ser11 phosphorylation may protect 

RcSUS1 from proteolysis. This is consistent with the reduced levels of SUS activity and 

protein present in rice spk knockouts (SPK is a probable rice RSUS1 kinase) [152], 

wherein the absence SUS phosphorylation increased its proteolytic turnover during seed 

development. 

6.1.3 RcSUS1 is phosphorylated by the promiscuous RcCDPK2 

Chapter 3 presents the purification, identification and characterization of the 

major RcSUS1 Ser11 kinase from developing COS, RcCDPK2. RcCDPK2 is the first 

SUS kinase identified based on its in vivo target, and its identification supports the work 

of Asano et al. [152], who determined that SUS of developing rice grains (Rsus2) is a 

probable in vivo target of SPK, a rice CDPK. RcCDPK2 is the closest castor ortholog of 

rice SPK. Asano et al. [152] also suggested that SPK might be involved in Rsus2 

transcriptional regulation. Based on its apparent partial nuclear localization, it is possible 

that RcCDPK2 may also be involved in control of gene expression (e.g. by 

phosphorylating transcription factors). RcCDPK2, unlike the recently-characterized 

RcCDPK1 that phosphorylates COS RcBTPC at Ser451 [180,195], appears to be 

promiscuous and highly-calcium sensitive with a K0.5 (Ca2+) of <400 nM, near the resting 

concentration in plant cells [249], raising the question of whether it might be 

constitutively active. 

While the elimination of sucrose supply resulted in decreased RcSUS1 Ser11 

phosphorylation, it did not affect extractable RcSUS1-K activity, suggesting that either: 
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(i) sucrose status mediates post-translational control of RcCDPK2, perhaps via Ca2+ 

signaling, or (ii) the decrease in RcSUS1 Ser11 phosphorylation is due to other factors, 

perhaps an increase in phosphatase activity or a change in RcCDPK2 and/or RcSUS1 

subcellular localization. While COS subcellular fractionation experiments indicated that 

about 20% of RcSUS1-K activity is microsomally-associated, it is possible that 

microsomal RcCDPK2 is not associated with the same membrane as RcSUS1 given that 

microsomal RcSUS1 is hypophosphorylated relative to its cytosolic counterpart. 

6.1.4 RcSUS1 interacts with RcRGP1, possibly channeling UDPG into hemicellulose and/or 

glycoprotein/glycolipid biosynthesis 

 Chapter 4 presents a co-IP based discovery of an apparent physical association 

between RcSUS1 and RcRGP1, with suggestive evidence indicating that this interaction 

extends to SUSs and RGPs in other seeds and roots. Reversibly glycosylated polypeptide 

(RGP; also known as alpha-1,4-glucan-protein synthase or UDP-arabinopyranose mutase; 

previously E.C. 2.4.1.112, incorrectly reassigned to E.C. 2.4.1.1868) belongs to a small 

family (with five members in Arabidopsis and castor oil plant) of highly conserved 

plant/bacterial NDP-glucose-dependent self-glycosylating proteins [226,227] and UDP-

arabinopyranose/UDP-arabinofuranose mutases (UAMs) [234] implicated in the 

initiation of polysaccharide biosynthesis [226]. It is presumed to act as both a scaffold 

and catalyst for the de novo initiation and assembly of glycosyl chains, which are then 

transferred to downstream acceptors, acceptors that are not capable of de novo glycosyl 

chain initiation. Elongating glycosyl chains appear to bind to a single arginine residue on 

                                                      
8 E.C. 2.4.1.186 contains the animal glycogenin glucosyltransferases, which, based on reciprocal DELTA-
BLASTs, appear to be unrelated to plant RGPs. Furthermore, although plants have orthologs of animal 
glycogenin, there is, as far as I am aware, no evidence of their glycosylation by RGP. 
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RGP [228,250] (identified as Arg158 on rice OsUAM1 [234], which corresponds to Arg153 

on RcRGP1) and have thus far been detected only in a β-configuration [250]. In addition, 

through their UAM activity RGPs are responsible for producing UDP-arabinofuranose, 

the substrate for arabinan/arabinogalactan biosynthesis [233]. 

There are two classes of RGPs in plants [227] that differ in expression pattern and 

may be responsible for synthesizing different polysaccharides [227–229]. Class 1 RGPs, 

such as RcRGP1, have a “Rossman fold” secondary structure, while class 2 RGPs do not 

[231]. UAM [235] and self-glycosylating activity [229,231] has only been demonstrated 

for class 1 RGPs. With respect to their expression, class 1 RGPs dominate during early 

growth, while class 2 RGP expression increases during later development [231]. 

RGP occurs as either a monomer [231], or hetero- or homooligomer 

[231,251,252] held together by disulfide bonds [231], with oligomerization promoted by 

glycosylation [231]. Oligomerization may, in turn, promote membrane binding and, in 

particular, promote association with the Golgi membrane [231]. Strangely, high ionic 

strength appears to reduce oligomerization while promoting RGP self-glycosylation, 

while low ionic strength appears to promote oligomerization while reducing self-

glycosylation [253]. In rice, RGP generally occurs as a monomer in seedlings, 

transitioning to higher molecular weight oligomers over the course of seedling 

development, with these oligomers perhaps consisting of heterotrimeric complexes of 

class 1 and class 2 RGPs [231]. 

Similar to SUS, RGP is often expressed in sink tissues [231] and under stresses 

including pathogen infection [254,255], ROS response [256], phosphate deprivation 

[257], and hypergravity [258], the latter also resulting in phosphorylation of the protein 
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[258]. In Arabidopsis, RGP1 expression is maximal in roots and suspension cell cultures 

[226]. 

Although glycosyl chains (of up to three monosaccharide subunits) containing 

xylose and galactose in addition to glucose have been found attached to RGP [250], 

UDPG is considered to be the primary RGP glycosyl donor [231]. This led to the 

hypothesis that RcSUS1 and RcRGP1 form a metabolon that directly channels UDPG 

derived from cleaved sucrose towards RGP glycosyl chain initiation and extension, and 

ultimately, hemicellulose biosynthesis (in which SUS [115,116] and RGP [230] have 

both been implicated). Metabolons capable of producing rapid flux through both primary 

and secondary metabolic pathways have been identified in plants [259–261]. 

RGP’s association with the Golgi membrane raises the intriguing question of 

whether SUS microsomal association may occur through its interaction with Golgi-

associated RcRGP1. Furthermore, given that RcSUS1 microsomal association was 

promoted by an increase in global (but not Ser11) phosphorylation status (Appendix D), 

and co-IP’d COS RcRGP1 was phosphorylated at three sites in vivo (Tyr40, Thr165, and 

Thr338), might phosphorylation of RcRGP1 at one or more of these sites trigger its 

recruitment of RcSUS1? Much work remains to be done to answer these questions. 

Unfortunately, antibodies raised against synthetic peptides matching portions of 

RcRGP1’s N- and C-terminal sequences failed to cross-react with native RcRGP1 despite 

efficiently detecting their respective peptides. It is unknown why this occurred, but it may 

suggest that RcRGP1 remains tightly folded even after SDS-PAGE (and on-membrane 

autoclave treatment). RGPs are also difficult to express as recombinant proteins in E. coli 

[233–235]. The successful heterologous expression in E. coli of RcRGP1 containing an 
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N-terminal Nus solubility tag (i.e., >10 mg/l of culture) therefore promises to greatly 

advance the study of RcRGP1 and RGPs in general (by, for instance, facilitating anti-

RcRGP1 antibody production, as well as further protein interaction studies with purified 

RcSUS1). 

6.1.5 T6P may control sink strength through modulation of SUS activity, and SUS may 

participate in T6P homeostasis 

The discovery, presented in Chapter 5, that T6P allosterically inhibits RcSUS1 in 

the sucrolytic direction is particularly significant given increasing evidence that T6P 

plays a fundamental role in plant metabolism, growth, and development [236].  SUS 

levels are correlated with sink strength in the heterotrophic tissues of countless species 

(e.g. [26,27,262], and a relief of SUS inhibition may thus be responsible for the increased 

sink strength seen in TPP overexpressors, such as in germinating rice coleoptiles [237] 

and developing maize kernels [238]. If so, enhanced SUS activity may be largely 

responsible for the successful drought-  and submergence-resistance traits of these TPP 

overexpressors [237,238], traits that promise to greatly enhance crop yields. It may also 

explain how sucrose is able to accumulate in some tissues, such as maturing fruits, in 

spite of substantial SUS activity (see 1.5.19). The discovery that SUS is subject to potent 

allosteric inhibition by T6P contradicts the dogma that enzymes catalyzing ‘freely 

reversible’ reactions are not subject to allosteric control. If an enzyme catalyzes a 

reversible reaction, but there is prolonged unidirectional flux through that reaction in 

vivo, why should that enzyme not also be allosterically-regulated9? The inhibition of SUS 

                                                      
9 Many examples of allosteric enzymes that catalyze ‘near equilibrium’ reactions in vivo exist in the 
literature, including plant PPi-dependent phosphofructokinase which is potently activated in the glycolytic 
direction by the signal metabolite, fructose-2,6-bisphosphate [76].  
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by T6P further suggests that SUS may be involved in T6P homeostasis, and, if so, the 

roster of SUS isozymes expressed in a given tissue may in part establish the T6P set point 

and dynamic range in a given tissue. 

6.2 Future directions 

Many of the future directions suggested below depend on the ability to efficiently 

transform castor oil plants. While some studies have demonstrated Agrobacterium-

mediated transformation of castor, efficiencies are often low [263–265], and castor is 

generally viewed as recalcitrant to transformation. However, the results of Kumar et al. 

[266], if reproducible, are very promising. In addition, Appendix F presents a new 

highly-efficient method of transforming castor somatic tissue via direct stem injection 

with Agrobacterium, which might be expanded to the production of recombinant progeny 

in the future. 

6.2.1 With respect to RcSUS1 Ser11 phosphorylation by RcCDPK2 and the role of RcSUS1 

in TAG biosynthesis 

Based on its abundance, RcSUS1 appears to be of great importance in developing 

COS. However, a conclusive link between RcSUS1 and TAG biosynthesis was not 

established. Further investigation of RcSUS1 should involve the phenotypic 

characterization of rcsus1 and rccdpk2 knockout mutants. If RcSUS1 does channel 

carbon into TAGs, one would hypothesize that there would be a dramatic reduction in 

TAG accumulation in rcsus1 mutants. Similarly, if phosphorylation of RcSUS1 at Ser11 

by RcCDPK2 protects RcSUS1 from proteolysis, one would hypothesize that rccdpk2 

mutants would exhibit a marked reduction in RcSUS1 level and a similar TAG-reduced 

phenotype. The latter experiment would also provide evidence of the in vivo 
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phosphorylation of RcSUS1 by RcCDPK2, should phosphorylation of RcSUS1 at Ser11 

be greatly reduced in rccdpk2 knockouts. It would also be extremely interesting to 

employ CRISPR technology to examine whether substituting Ser11 of RcSUS1 with 

phosphomimetic and phosphoablative residues (i.e. Glu and Ala, respectively) might 

increase and decrease the level of RcSUS1, respectively – particularly during late seed 

development. In addition to these mutant studies in castor, an obvious experiment to 

further characterize RcCDPK2 would be to determine if heterologously-expressed 

RcCDPK2 rescues the spk knockout in rice. 

6.2.2 With respect to the interaction between RcSUS1 and RcRGP1 

An easy – and perhaps the best – experiment that could simultaneously (i) 

corroborate the interaction between RcSUS1 and RcRGP1, and (ii) determine whether 

RcSUS1 channels UDPG directly to RcRGP1 would be to examine, by use of [14C] 

sucrose, whether RcRGP1 preferentially self-glycosylates with UDPG channeled to it by 

RcSUS1 vs. with cold UDPG in the assay mix (see [113] for an example of a similar 

competition experiment with callose synthase). 

A second obvious step in the further study of RcRGP1 is to create a whole-protein 

RcRGP1 antibody by immunizing a rabbit with recombinant RcRGP1 (following removal 

of the Nus-tag from Nus-RcRGP1). In addition to basic characterization of RcRGP1 in 

developing COS, production of a working anti-RcRGP1 antibody would allow for 

verification of its interaction with RcSUS1 via reciprocal co-IP studies. Given that 

RcSUS1 is much more abundant than RcRGP1, these co-IP studies may provide better 

interactor recovery than was obtained during anti-RcSUS1 co-IPs. Moreover, an anti-

RcRGP1 antibody would allow the determination of whether RcRGP1 is membrane 
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associated, and with immunogold labelling could indicate whether RcSUS1 and RcRGP1 

co-localize to the same membrane (in combination with immunogold labelling of 

RcSUS1 using anti-RcSUS1). A comparison of RcRGP1 localization with that of 

phospho-RcSUS1 (using anti-pSer11) could shed light on whether RcSUS1 Ser11 

phosphorylation has any influence on its association with RcRGP1. To the same end, an 

obvious future direction would be to determine whether rcrgp1 knockouts experience 

reduced RcSUS1 membrane association or levels of hemicellulose and/or 

glycoproteins/glycolipids. 

6.2.3 With respect to T6P and SUS 

Several obvious experiments come to mind to further examine the role of SUS 

and T6P in sucrose signaling and in the regulation of sink strength in heterotrophic 

tissues. First, the level of T6P present during COS development should be measured to 

determine whether in vivo T6P levels are sufficient to control RcSUS1 sucrolytic activity. 

Next, the effect of T6P on SUSs from other species and tissues, particularly those with 

low or high T6P levels like Arabidopsis shoots and wheat endosperm, respectively, 

should be examined to determine whether SUS I50 (T6P) values correspond to the in vivo 

range of T6P concentrations. If SUS is responsible for mediating changes in sink 

strength, it is possible that the overexpression of a T6P-insensitive SUS (or the 

heterologous overexpression of a SUS with an I50 (T6P) well above the physiological 

[T6P] range in the target species), might replicate some of the stress-resistance traits that 

are observed in TPP overexpressors [237,238]. Along the same line, it would be 

interesting to identify RcSUS1’s T6P binding site via structural biochemistry, and to 

determine what structural features influence RcSUS1 T6P sensitivity. Such knowledge 
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might allow for the targeted manipulation of SUS via site-directed mutagenesis to modify 

its T6P sensitivity, which could prove to be a valuable tool for engineering of crops with 

desirable traits. Finally, it is worth investigating whether T6P may also control RcSUS1 

membrane partitioning or its association with RcRGP1. 
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6.3 Figures 
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Fig. 6-1. A conceptual model for the roles and control of SUS in developing seeds 
For clarity, species designations have been omitted from protein names. A. Developing 
seed SUS is subject to complex transcriptional regulation, primarily by the LEC1/L1L 
complex and members of the B3 signaling network (see 1.5.10 for full description). Of 
note, Asano et al. (2002) [152] suggest that the rice CDPK SPK may directly participate 
in the transcriptional activation of SUS in developing rice grains. Furthermore, SnRK1, 
which is inhibited by T6P, enhances SUS transcription in developing potato tubers [244]; 
it is unknown if it plays the same role in developing seeds. B. It appears that RcCDPK2, 
by phosphorylating RcSUS1, may help to stabilize RcSUS1 in developing COS by 
rendering it less susceptible to turnoever by endogenous proteases (see Chapters 2 and 3). 
C. While ENOD40a binding to SUS has only been demonstrated in legume root nodules, 
orthologs of ENOD40 occur in non-nodulating species, and the ENOD40-binding domain 
is conserved across SUSs (see 1.5.14). It is unknown what role (if any) ENOD40a may 
play in developing seeds. D. T6P appears to inhibit SUS in the sucrolytic direction, while 
G6P (and to a lesser extent, T6P) activate SUS in the synthetic direction (Chapter 5). 
Inhibition of SUS sucrolytic activity by T6P may be responsible for regulating sink 
strength in heterotrophic tissues. E. SUS has frequently been reported to associate with 
plastids, possibly in combination with enzymes involved in starch biosynthesis (see 
1.5.13). F. SUS has been implicated in cell wall biosynthesis, both in the production of 
cellulose (through its association with cellulose synthase), and in the production of 
hemicellulose (through its association with unknown partner(s) on the Golgi membrane). 
Based on its interaction with RcRGP1 (Chapter 4), it is tempting to hypothesize that 
RcSUS1 may associate with RcRGP1 on the Golgi membrane in support of hemicellulose 
biosynthesis. 
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Appendix A 

Supplementary information (Chapter 3) 

Table A-1. Revised list of predicted castor CDPKs and CRKs 
Changes from Hill et al. [32] are highlighted in gray. 

Accession 

Name 
From Hill et al. [32] Updated 

classification 
XP_002526815 RcCDPK1 RcCDPK1 
XP_002520611 RcCDPK2 RcCDPK2 
XP_002510594 RcCDPK3 RcCDPK3 
XP_002532559 RcCDPK4 RcCDPK4 
XP_002518484 RcCDPK5 RcCDPK5 
XP_002526062 RcCDPK6 RcCDPK6 
XP_002509886 RcCDPK7 RcCDPK7 
XP_002512205 RcCDPK8 Omitted – 

pseudogene 
XP_002521658 RcCDPK9 RcCDPK9 
XP_002529963 RcCDPK10 RcCRK2 
XP_002522315 RcCDPK11 Omitted – not a 

CDPK 
XP_002521854 RcCDPK12 RcCRK1 
XP_002533526 RcCDPK13 RcCDPK13 
XP_002533636 RcCDPK14 RcCDPK14 
XP_002511506 RcCDPK15 RcCDPK15 
XP_002529620 RcCDPK16 RcCDPK16 
XP_002513496 RcCDPK17 RcCDPK17 
XP_002524101 RcCDPK18 RcCDPK18 
XP_002524091 RcCDPK19 RcCDPK19 
XP_002514436 RcCDPK20 RcCDPK20 
XP_002522159 Omitted RcCRK3 
XP_002515635 Omitted RcCRK4 
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Table A-2. RcSUS1–K purification from 150 g of stage V-VII developing castor 
endosperm 

Step Protein (mg) Vol (ml) 

Activity 
(relative 

units) 
Purification 

(fold) 
Clarified extract 3115 358 100 1 
Phenyl 
Sepharose 

6.4 1.7 70 341 

Blue Sepharose 2 1.0 63 995 
Mono-Q 0.1 0.8 5 1677 
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Table A-3. Proteins identified by nanoHPLC MS/MS analysis of peptides derived 
from the final preparation of purified RcSUS-K 
The top 50 non-redundant mass spec. hits are displayed, listed by Mascot protein score. 
Hits of interest are highlighted in gray. 

Hit 
num. Accession Protein Identification 

Protein 
Score 

Peptides 
matched 

1 EEF48327.1 protein disulfide isomerase, putative 73126 6163 
2 EEF30214.1 heat shock protein, putative 51122 3943 
3 ADG29032.1 Preproricin 33434 2364 
4 EEF34141.1 catalytic, putative 20503 1428 
5 EEF28918.1 glutelin type-A 3 precursor, putative 19636 1552 
6 P08824.1 rubisco large subunit-binding protein subunit 

alpha (CPN-60 alpha) 
18448 910 

7 CAA39859.1 acyl-[acyl-carrier protein] desaturase 9312 901 
8 EEF38983.1 rubisco subunit binding-protein beta subunit, 

putative 
9157 526 

9 AII19313.1 sucrose synthase 1 (RcSUS1) 8333 688 
10 EEF50967.1 heat shock protein 70 (HSP70)-interacting 

protein, putative 
6993 433 

11 EEF41784.1 calcium-dependent protein kinase 2 
(RcCDPK2) 

6407 550 

12 EEF48807.1 eukaryotic translation elongation factor, 
putative 

6361 490 

13 EEF35009.1 calmodulin, putative 6166 425 
14 EEF43065.1 dihydrolipoamide dehydrogenase, putative 5831 334 
15 EEF49096.1 tripeptidyl peptidase II, putative 5669 474 
16 EEF34529.1 tip120, putative 5625 409 
17 EEF33915.1 heat shock protein, putative 5595 377 
18 EEF33683.1 vacuolar sorting receptor 1 precursor, 

putative 
4239 312 

19 EEF51639.1 glutamate dehydrogenase, putative 3874 261 
20 EEF52813.1 chaperonin containing t-complex protein 1, 

beta subunit, putative 
3767 257 

21 EEF36720.1 catalytic, putative 3660 229 
22 EEF44555.1 phosphoenolpyruvate carboxylase 1 

(RcPPC1) 
3284 241 

23 EEF36270.1 chaperone clpb, putative 3152 261 
24 EEF35550.1 calcium-dependent protein kinase 1 

(RcCDPK1) 
3109 234 

25 EEF31090.1 ankyrin repeat-containing protein, putative 3081 200 
26 EEF43161.1 peroxiredoxin, putative 3029 203 
27 EEF41044.1 dead box ATP-dependent RNA helicase, 

putative 
3006 219 

28 EEF38768.1 caltractin, putative 2847 397 
29 EEF40470.1 N-acetyl-gamma-glutamyl-phosphate 

reductase, putative 
2765 163 
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30 EEF49937.1 importin alpha, putative 2319 137 
31 AAA33870.1 ATP:pyruvate phosphotransferase 2299 206 
32 EEF39437.1 tryptophan synthase beta chain, putative 2262 141 
33 EEF47058.1 pyruvate dehydrogenase, putative 2261 162 
34 EEF31990.1 allene oxide cyclase 4, chloroplast precursor, 

putative 
1997 228 

35 EEF30295.1 ribose-phosphate pyrophosphokinase, 
putative 

1953 120 

36 EEF47188.1 s-adenosylmethionine synthetase, putative 1904 140 
37 EEF31095.1 prefoldin subunit, putative 1870 132 
38 EEF27281.1 sarcosine oxidase, putative 1681 148 
39 AAX59144.1 rubisco large subunit, partial (chloroplast) 1658 166 
40 EEF50942.1 phosducin, putative 1637 129 
41 EEF45342.1 stem-specific protein TSJT1, putative 1571 107 
42 EEF33801.1 fructose-bisphosphate aldolase, putative 1556 115 
43 EEF30697.1 adenosine kinase, putative 1471 91 
44 1707274A 2S albumin 1434 63 
45 EEF52925.1 phosphofructokinase, putative 1412 94 
46 EEF28042.1 conserved hypothetical protein 1386 77 
47 EEF48731.1 glyceraldehyde 3-phosphate dehydrogenase, 

putative 
1384 84 

48 EEF37734.1 conserved hypothetical protein 1376 82 
49 EEF36097.1 fructose-bisphosphate aldolase, putative 1295 75 
50 EEF31178.1 protein regulator of cytokinesis, putative 1229 77 
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Table A-4. List of kinases included in CDPK phylogenetic analysis 
Accession numbers are given as genomic loci where available. 
Species Name Accession 
Arabidopsis thaliana AtCPK1 At5g04870 
 AtCPK2 At3g10660 
 AtCPK3 At4g23650 
 AtCPK4 At4g09570 
 AtCPK5 At4g35310 
 AtCPK6 At2g17290 
 AtCPK7 At5g12480 
 AtCPK8 At5g19450 
 AtCPK9 At3g20410 
 AtCPK10 At1g18890 
 AtCPK11 At1g35670 
 AtCPK12 At5g23580 
 AtCPK13 At3g51850 
 AtCPK14 At2g41860 
 AtCPK15 At4g21940 
 AtCPK16 At2g17890 
 AtCPK17 At5g12180 
 AtCPK18 At4g36070 
 AtCPK19 At1g61950 
 AtCPK20 At2g38910 
 AtCPK21 At4g04720 
 AtCPK22 At4g04710 
 AtCPK23 At4g04740 
 AtCPK24 At2g31500 
 AtCPK25 At2g35890 
 AtCPK26 At4g38230 
 AtCPK27 At4g04700 
 AtCPK28 At5g66210 
 AtCPK29 At1g76040 
 AtCPK30 At1g74740 
 AtCPK31 At4g04695 
 AtCPK32 At3g57530 
 AtCPK33 At1g50700 
 AtCPK34 At5g19360 
 AtCRK1 At2g41140 
 AtCRK2 At3g19100 
 AtCRK3 At2g46700 
 AtCRK4 At5g24430 
 AtCRK5 At3g50530 
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 AtCRK6 At3g49370 
 AtCRK7 At3g56760 
 AtCRK8 At1g49580 
 AtPEPRK1 At1g12580 
 AtPPCK1 At1g08650 
 AtSnRK1.1 At3g01090 
 AtSnRK2.1 At5g08590 
 AtSnRK3.1 At5g01810 
Brassica napus BnaCPK5 AHN16202 
Cucurbita maxima CmCPK1 AAL68971 
Nicotiana tabacum NtCDPK1 AAC25423 
Oryza sativa OsCPK13/CDPK7 Os04g0584600 
 OsCPK5 Os02g0685900 
 OsCPK6 Os02g0832000 
 OsCPK7/CDPK11 Os03g0128700 
 OsSPK/CPK23/CDPK1 Os10g0539600 
Ricinus communis RcCDPK1 XP_002526815 
 RcCDPK2 XP_002520611 
 RcCDPK3 XP_002510594 
 RcCDPK4 XP_002532559 
 RcCDPK5 XP_002518484 
 RcCDPK6 XP_002526062 
 RcCDPK7 XP_002509886 
 RcCDPK9 XP_002521658 
 RcCDPK13 XP_002533526 
 RcCDPK14 XP_002533636 
 RcCDPK15 XP_002511506 
 RcCDPK16 XP_002529620 
 RcCDPK17 XP_002513496 
 RcCDPK18 XP_002524101 
 RcCDPK19 XP_002524091 
 RcCDPK20 XP_002514436 
 RcCRK1 XP_002521854 
 RcCRK2 XP_002529963 
 RcCRK3 XP_002522159 
 RcCRK4 XP_002515635 
Solanum tuberosum StCPK5 BAF57914 
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Table A-5. List of compounds tested that had no effect on RcCDPK2 activity 
The following compounds were screened as potential effectors of native RcCDPK2 
activity via [γ-32P] ATP radiometric assays. None exerted a significant effect (±20% of 
control activity) on RcCDPK2  activity. DTT and GSSG were incubated with purified 
RcCDPK2 for 30 min prior to the assay. 
Compound Concentration 

tested (mM) 
UDP 1 
CoA  
acetyl-CoA  
DTT  
GSSG  
trehalose 6-phosphate  
UDP-glucose 2 
glucose 1-phosphate  
fructose 1,6-
bisphosphate 

 

DHAP  
2-phosphoglycerate  
phosphoenolpyruvate  
pyruvate  
glycerol  
glycerol 3-phosphate  
fructose 5 
glucose  
glucose 6-phosphate  
α-ketoglutarate  
fumarate  
isocitrate  
succinate  
oxaloacetate  
alanine  
glycine  
NaPPi  
citrate 10 
malate  
aspartate 20 
glutamate  
glutamine  
sucrose 50 
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Fig. A-1. Validation of radiometric RcCDPK2 assays 
(A) Time course of 32P incorporation into RcSUS1 by RcCDPK2. (B,C) Relationship 
between amount of native RcCDPK2 (B) or recombinant Nus-RcCDPK2 (C) and amount 
of 32P incorporated into RcSUS1 (5 min assays at 30 oC). All values in panels A-C 
represent the mean relative activity (± S.E.M.) of triplicate determinations. 
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Fig. A-2. Native molecular mass estimation for purified COS RcSUS1-K 
The native Mr was estimated via gel-filtration FPLC of the final RcSUS1-K preparation 
on a calibrated Superdex 200 10/300 GL column (sample volume = 0.3 ml; flow rate = 
0.25 ml/min). The protein standards used for calibrating the column were purchased from 
GE Healthcare and are as follows: cytochrome c (12.4 kDa), chymotrypsinogen A (25 
kDa), carbonic anhydrase (29 kDa), albumin (66 kDa), aldolase (158 kDa), β-amylase 
(200 kDa), catalase (232 kDa), ferritin (440 kDa), and thyroglobulin (669 kDa). 
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Appendix B 

Supplementary information (Chapter 4) 

Materials and methods 

RcRGP1 cloning, heterologous expression, and Nus-tag removal 

All constructs were confirmed by DNA sequencing. A full-length RcRGP1 clone 

was isolated from stage V developing COS endosperm cDNA via PCR (F-primer: 

TAGGTGAGCTCATATGGCTGATTTTGCAG, R-primer: 

TATTAGCGGCCGCATTACAATCATTTCCAGAACTAATCAAT) and inserted into 

pET44a using SacI and NotI to yield pET44a-His-Nus-His-RcRGP1 (Nus-RcRGP1). The 

construct was transformed into BL21(DE3) E. coli (NEB), and cultured at 30 °C for 30 h 

in 4 L of ZYM-5052 autoinduction medium [198] containing 100 µg/ml kanamycin. 

Cells (10.9 g FW) were harvested and Nus-RcRGP1 was purified in the same manner as 

Nus-RcCDPK2 in Chapter 3. 

Preparation of antibodies against RcRGP1 C- and N-terminal 

peptides 

 Peptides were synthesized and HPLC-purified (Lifetein), and purified peptides (1 

mg) were coupled to maleimide-activated keyhole limpet hemocyanin (Pierce) according 

to the manufacturer’s protocols. The conjugate was dialyzed against PBS, filter-sterilized, 

and emulsified with Titermax Gold. Following collection of preimmune sera, 500 µg of 

each peptide conjugate was injected subcutaneously into a rabbit, with 250 µg boosters 

delivered 4 and 6 weeks later. One week after the final injections, blood was collected 

into Vacutainer tubes (Becton Dickinson) by cardiac puncture, and the anti-RcRGP1 

immune sera were frozen in liquid N2 and stored at -80 °C. 
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Figures 

 

Fig. B-1. Anti-RcSUS1 co-IPs RcSUS1 and p41 from clarified extracts of developing 
castor endosperm 
Anti-RcSUS1 co-IPs were performed via centrifugation (“spin”; A and C) or with an 
AminoLink Plus column (B and D). Following SDS-PAGE the gels were either stained 
with Coomassie Blue G-250 (A and B), or immunoblotted with anti-RcSUS1 (C and D). 
Loading is as follows: for panel A, 50 µg/lane; for panel B, 3.4 µg/lane; for panel C, 2.5 
µg/lane; for panel D, 1 µg/lane. Cl, clarified extract. Sup, spin co-IP supernatant. Pel, 
spin co-IP pellet. PI, AminoLink pre-immune column eluate. PBS, phosphate-buffered 
saline wash. El, AminoLink anti-RcSUS1 column eluate. Arrows indicate the position of 
p41. 
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Fig. B-2. Rabbit crude immune sera (CIS) made against peptides corresponding to 
the N- and C-terminus of RcRGP1 effectively detect their corresponding peptide on 
dot blots 
 

 

Fig. B-3. Nus-RcRGP1 is efficiently expressed in E. coli and the Nus-tag is removed 
by enterokinase 
Nus-RcRGP1 (275 µl, 1.2 mg/ml) was incubated with 5 µl of enterokinase (10 ng) at 
room temperature for 16 h according to the manufacturer’s protocol (NEB cat. no. 
P8070S). Nus-tag fragments (each containing a His-tag) were then removed by adding 
100 mg of PrepEaseTM His-tagged high specificity purification resin (U.S. Biochemical 
Corp.), incubating the mixture with inversion for 1 h at room temperature, spinning it 
down at 1,000 x g, and keeping the supernatant. Loading of the Coomassie Blue G-250 
stained SDS-PAGE gel was as follows: undigested Nus-RcRGP1, 10 µg; sample after 
enterokinase digestion, 10 µg; PrepEase supernatant, 1 µg. 
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Fig. B-4. Co-IP of SUS interactors in roots and seeds of various other species 
Anti-RcSUS1 co-IPs were performed with an AminoLink Plus column (A and B) or via 
centrifugation (“spin”; C and D). Co-IPs were performed with clarified extracts from 
white lupin cluster roots (A and B), harsh hakea cluster roots (C), and developing seeds 
from sunflower, pine, and sweet corn (D). Following SDS-PAGE the gels were stained 
with Coomassie Blue G-250 (A, C-D) or immunoblotted with anti-RcSUS1 CIS (B). 
Abbreviations are as in Fig. B-1. Loading is as follows: for panel A, 20 µg per lane; for 
panel B, 20 ng per lane; for panel C, 10 µg per lane; for panel D, 40  µg per lane. 
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Appendix C 

Supplementary information (Chapter 5) 

Table C-1. T6P concentrations in a range of wild-type plant tissues 
Values in italics were computed from measurements given per g FW by accounting for the water content of the tissue. 

Species/tissue Tissue 

Concentration  

sucrose  T6P  

mg g-1 FW 

µmol g-1 

FW mM  nmol g-1 FW µM % H2O 

Arabidopsis 

thaliana 

Seedlings, 2 WO  - -  0.3 [267] 0.34 89 [268] 

Wheat  Endosperm, 7 DAA - 74 [240] 98  119  [240] 158 75 [269] 

Maize Ear spikelets - 30-45 [238] 42-64  49 [238] 70 70 [270] 

 Seedlings, 13 DO - 3-11 [271] -  0.1-0.6 [271] - - 

Cucumber  Developing fruit 0.3-0.7 [272] 0.88-2.0 0.91-2.13  2-5 [272] 2.1-5.2 96 

Potato Tuber - 17 [273] 22  1.2 [273] 1.5 79 [273] 

 Leaves - - -  1.1 [273] - - 
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Appendix D 

RcSUS1 membrane association is promoted by global phosphorylation status but 

unaffected by its own phosphorylation 

Summary 

When the global phosphorylation status of clarified castor endosperm extracts was 

manipulated in vitro, there was a strong positive correlation with RcSUS1 microsomal 

association, irrespective of RcSUS1 Ser11 phosphorylation status, suggesting that 

phosphorylation of something other than RcSUS1 (one might hypothesize, its microsomal 

binding partner) affects the membrane localization of RcSUS1. This may explain the 

conflicting published findings regarding the effects of phosphorylation on SUS 

microsomal association [16,71,106,107]; one must be careful to manipulate 

phosphorylation of RcSUS1 independently of the phosphorylation of its putative 

membrane binding partner(s). 
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Figure 

 

Fig. D-1. Influence of in vitro manipulation of phosphorylation status on RcSUS1 
microsomal association 
 (A) SUS sucrolytic activity and 93-kDa RcSUS1 immunoreactive bands were quantified 
in microsomal and cytosolic fractions following in vitro manipulation of phosphorylation 
status by incubation of clarified extracts for 30 min at 30 °C with 1 mM ATP, 
phosphatase inhibitor cocktail, no additions, or 1000 U/ml λ-phosphatase (n = 4 
independent determinations). 
(B) The phosphorylation status of microsomal and cytosolic RcSUS1 was ascertained via 
the ratio of anti-pSer11 to anti-RcSUS1 immunoreactive band intensity (n = 3 independent 
determinations). 
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Methods 

Phospho-status manipulation of clarified extracts and microsomal preparations 

Clarified protein extract from stage V developing COS was prepared as described 

[192], but in extraction buffer containing 25 mM HEPES-KOH (pH 7.0), 50 mM sucrose, 

1 mM EDTA, 1 mM DTT, 10 μl/ml Protecease-100, and 1 % PVPP. While on ice, the 

extract was divided into four 650 µl aliquots (A-D). Divalent cation mix (30 µl) was 

added to each aliquot to obtain 1 mM CaCl2, 1 mM MnCl2 and 10 mM MgCl2 (final 

concentrations; added after extract preparation to prevent premature microsomal 

precipitation). Phosphatase inhibitor cocktail (37.5 µl) was then added to treatments A 

and B, to give 5 mM NaPPi, 1 mM Na2MoO4, 1 mM Na3VO4 and 50 nM microcystin-LR 

(final concentrations). Finally, ATP (7.5 µl) was added to treatment A to obtain 1 mM 

ATP (final concentration) and λ-phosphatase was added to treatment D to obtain 1000 

U/ml (final activity). All treatments were adjusted to 750 µl with ultrapure H2O. 

Treatments were incubated for 30 min at 30 °C after which tubes were placed on ice. 

Phosphatase inhibitor cocktail (37.5 µl) was added to treatments C and D, and EGTA (16 

µl) was added to all treatments to give 5 mM (final concentration). Microsomes were 

then isolated from the extracts via ultracentrifugation as in [192]. 

SDS-PAGE and immunoblotting 

SDS-PAGE, immunoblotting, and production of rabbit anti-RcSUS1 and anti-

pSer11 antibodies were carried out as previously described [192]. 

SUS activity assays and immunoblot quantification 

SUS activity assays in the sucrolytic direction and immunoblotting with anti-

RcSUS1 and anti-pSer11 phospho-site-specific antibodies were conducted as in [192]. 
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Immunoblot lane loading was adjusted so that all lanes were within the linear detection 

range, and immunoblots for all samples were prepared simultaneously to minimize error. 

Bands were quantified using ImageJ as in [192]. The proportion of microsomally-

associated RcSUS1 was obtained from anti-RcSUS1 immunoblots by normalizing band 

intensities against the volume of sample loaded as a proportion of total fraction size. 

RcSUS1 Ser11 phosphorylation ratios were obtained by normalized quantified band 

intensities from anti-pSer11 immunoblots against corresponding band intensities from 

anti-RcSUS1 immunoblots. 

Statistics 

All values are presented as means ±S.E.M. Data were analyzed using the 

Student’s t test and deemed significant if P < 0.05. 
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Appendix E 

No clear pattern for SUS UDP vs. ADP preference in starch and TAG-storing seeds 

In preparation as a brief communication 

Summary 

The question of whether SUS is responsible for directly producing ADPG for 

starch biosynthesis, or whether ADP-glucose is produced predominantly by ADPG 

synthase10, has generated considerable debate [20,21,30,123–126,129,130,274]. It has 

been hypothesized that SUSs in starch-storing sink tissues can in vivo utilize both ADP 

and UDP, and that they might channel ADP-glucose into starch biosynthesis [21,275]. 

Curiously, no side-by-side comparison of SUS NDP preference in various developing 

seeds has been published. Thus, a survey was performed using clarified protein extracts 

from a range of species (i.e. a gymnosperm alongside multiple eudicots and monocots). 

While all seed SUSs examined preferred UDP to ADP, the magnitude of this 

preference varied markedly between species. Surprisingly, SUS in oil-storing sunflower 

and pine nut seeds (which also had the lowest measurable SUS activity) exhibited the 

lowest preference for UDP, while SUS in starch-storing corn, wheat, oat, and pea seeds 

had a much greater preference for UDP (indeed, SUS activity in pea extracts was entirely 

UDP-dependent). Furthermore, SUS in corn endosperm, which predominantly stores 

starch, had a higher preference for UDP than SUS from corn embryos, which store 

predominantly TAGs. These results refute the hypothesis that SUS UDP preference 

correlates with TAG vs. starch biosynthesis, and add to existing in vitro and in vivo 

evidence suggesting that SUS does not likely play a major role in the direct production of 

                                                      
10 ADPG synthase (or ADPG pyrophosphorylase) is a tightly regulated enzyme catalyzing the conversion 
of G1P and ATP to ADPG and PPi. ADPG synthase is widely considered to be the primary source of 
ADPG for starch biosynthesis [130]. 
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ADP-glucose [276]. Rather, it seems likely that SUS channeling of carbon into starch 

synthesis may occur via its association with the plastid [24,62,120] thereby providing 

hexose-P’s for ADP-glucose synthetase as part of a starch-synthesizing metabolon [185]. 
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Figure 
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Fig. E-1. SUS UDP preference and activity varies widely between seeds during mid-
development 
(A-B) Neutral (“alkaline”) invertase and UDP-dependent SUS sucrolytic activity in 
developing seeds expressed per g FW (A) and per g extractable protein (B). Activity was 
assayed via continuous coupled enzyme assays as in [192]. (C) Ratio of SUS sucrolytic 
activity with 2 mM UDP substrate vs. 2 mM ADP. Developing peas were omitted as they 
contained no measurable SUS activity with ADP substrate. Emb, embryo. Endo, 
endosperm.  
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Appendix F 

Agrobacterium-mediated transformation of castor oil plants 

In preparation as a brief technique bulletin 

Summary 

Successful transformation of castor somatic tissue was achieved via direct stem injection 

with Agrobacterium culture. Other methods, such as leaf infiltration, and the direct 

transformation of seedlings and inflorescences, were less successful. 

Materials and methods 

Preparation of Agrobacterium 

Agrobacterium tumefaciens strain GV3101 containing pCAMBIA-1302-GFP was 

obtained from Dr. Sheng Ying. Agrobacterium was grown in either liquid M9 medium or 

an M9 agar slurry, both containing 50 µg/ml kanamycin. To prepare the agar slurry, 0.5 

% agar (w/v) was added to M9 medium, the mixture was autoclaved, and the flask was 

cooled on a room-temperature rotating shaker at 150 RPM. Cultures were inoculated with 

0.1 % (v/v) of fresh starter culture and were grown at 30 °C and 150 RPM to an O.D. of 

approximately 0.6. Prior to transformations, 0.05 % (v/v) Tween-20 was added to the 

cultures (which is apparently just as, if not more effective than Silwet; see [277]). 

Preparation of castor oil seedlings and plants 

Castor seedlings were sterilized, imbibed overnight, sown in vermiculite in 96-

seedling plug trays as in [192], and grown until the cotyledons had emerged and the 

endosperm had sloughed off (approx. 5 days), at which point they were used for 

transformation. Castor plants were grown as in [192]. 
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Transformation of seedlings 

For seedling transformations without vacuum infiltration, seedlings were left in 

plug trays, and either one cotyledon was removed, or a needle wound was created below 

the shoot apex, after which Agrobacterium agar slurry was applied liberally to the wound, 

which was wrapped in slurry-wetted paper towel.  For seedling transformations with 

vacuum infiltration, seedlings were washed of vermiculite, mixed with 2 l of liquid 

Agrobacterium medium in a vacuum flask, evacuated, and swirled. The vacuum was then 

released, after which the seedlings were allowed to sit in the Agrobacterium medium for 

1 hour on a shaker (at approx. 45 RPM). The seedlings were then replanted in 

vermiculite. In both cases, the seedlings were grown covered (at 100 % humidity) for 48 

hours at 30 °C and Timentin (500 µg/ml) was then applied, either in the form of a paste 

onto the wound site for non-vacuum infiltrated seedlings, or as a spray for vacuum-

infiltrated seedlings. Seedlings were screened daily for evidence of fluorescence. 

Transformation of whole plants 

Whole castor plants were transformed shortly after inflorescence emergence using 

several methods. Plants were either inoculated i) via leaf infiltrations, with at least five 

approx. 0.5 ml injections of Agrobacterium culture on the underside of each leaf, ii) by 

coating developing inflorescences or stems stripped of leaves and branches with 

Agrobacterium agar slurry, and iii) via stem injections with liquid Agrobacterium culture 

(2-10 ml) approximately 15 cm above ground with a 20G needle (with duct tape then 

placed over the injection site to prevent leakage). For stem wraps, leaves, buds and 

branches were removed from the top 20 cm of the apical stem and Agrobacterium was 

applied to this region. For both stem and inflorescence wraps, the inoculated region was 
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covered in cheesecloth wetted in Agrobacterium culture and plastic wrap for 48 h, after 

which the region was rinsed with water and sprayed with a 500 µg/ml solution of 

Timentin.  

Imaging of transformed plants 

Plants were illuminated with a 3 W 390 nm LED Crime Scene Flashlight (HQRP 

Professional) in the dark at 12 am and photographed with a Panasonic Lumix DMC-ZS7 

digital camera. The blue channel was removed from the resultant images due to direct 

detection of UV light. 

Results and discussion 

Seedling transformations 

Of the approximately 90 seedlings inoculated with Agrobacterium without 

vacuum infiltration (half via cotyledon removal and half via needle wounding), while 

most seedlings survived, not a single seedling exhibited fluorescence. I therefore 

attempted seedling transformations via vacuum infiltration. Based on seedling appearance 

during the procedure, vacuum infiltration appeared to result in successful uptake of media 

into the seedlings. However, of the approximately 50 seedlings that were thus infiltrated, 

the vast majority did not survive the next two days, and the surviving six seedlings did 

not show any fluorescence. It is possible that the strength of the vacuum could be reduced 

in order to increase seedling survival. 

Leaf infiltrations 

Leaf infiltrations were largely unsuccessful; indeed, despite infiltrating 

approximately 30 leaves at five sites each, only two leaves exhibited small patches of 

fluorescence (Fig. F-1A and B). These patches became necrotic within two days. 
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Tobacco leaves infiltrated with the same culture displayed large patches of fluorescence 

(data not shown). Compared with tobacco leaves, infiltration of castor leaves required 

higher pressure, and produced less visible infiltration with more damage. I suspect that 

the thicker cuticle of castor leaves is the main factor limiting successful infiltration. It 

might be worth investigating whether leaf pre-treatment with detergent/solvent might 

improve infiltration success. 

Stem and inflorescence wraps 

Compared with leaf infiltrations, stem and inflorescence wraps were somewhat 

more successful. Of the 6 plants inoculated with both the stem and inflorescence wrap 

method, 3 exhibited minor visible fluorescence around stem wound sites, while 4 

exhibited notable patches of fluorescence on one or more female flowers immediately 

after unwrapping. Unfortunately, the fluorescent female flowers senesced within the next 

two days (data not shown). 

Stem injections 

By far the most successful transformation method was the direct injection of 2-10 

ml of Agrobacterium culture into castor stems. Surprisingly, up to 10 ml of solution could 

be injected into the centre of the stem with very little resistance. While this method did 

not initially appear to have any effect, several of the transformed plants began to ‘weep’ 

fluorescent sap from leaf scars near the injection site after approximately one week, with 

“weeping” progressing further from the wound site over time (see Fig. F1D-F for an 

example of this progression). I therefore removed a lateral branch from near the injection 

site of each injected plant, and the majority of injected plants (5 out of 9) exhibited strong 

and persistent fluorescence at the site of the removed branch (Fig F1D-K). As GFP is 
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known to be phloem and presumably, xylem, mobile [278], it is unclear to what extent 

the fluorescent regions were successfully transformed with Agrobacterium versus 

fluorescing due to the translocation of GFP produced by a transformed region closer to 

the injection site within the stem. However, based upon the quantity of GFP produced, a 

substantial region of the stem appears to have been transformed. 

Conclusions 

From my preliminary results, it appears that the direct transformation of somatic 

tissue from mature castor plants via stem injections with Agrobacterium is not only 

feasible, but highly efficient. Whether such a technique can be harnessed for 

transformation of germline tissue for the production of recombinant progeny remains to 

be determined. 
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Figures 
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Fig. G-1. Expression of GFP in castor oil plants following Agrobacterium-mediated 
transformation 
Castor oil plants were infected with Agrobacterium tumefaciens strain GV3101 
containing pCAMBIA-1302-GFP via either leaf infiltration (A-C) or stem injection 
followed by the removal of a side-branch near the injection site approximately one week 
later (D-K). Numbered arrows indicate unique sites of fluorescence (the same number 
corresponds to the same site in different panels). (A-C) Leaves imaged 2 days post-
infiltration. (A and B) Leaf no. 1. (C) Leaf no. 2. (D-F) Plant no. 1, 7 days (D) and 13 
days (E-F) post-injection. (G-H) Plant no. 2, 7 days (G) and 13 days (H) post-injection. 
(I) Plant no. 3, 13 days post-injection. (J-K) Plant no. 4, 7 days (J) and 13 days (K) post-
injection. 
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Appendix G 

RcSUS1 and RcPPC3 from developing castor oil seeds may or may not weakly 

interact in vitro 

Eric T. Fedosejevs, Jesse Sheftel, Megan Abergel, Michael W. Shane, Sheng Ying, 
and William C. Plaxton. 

 

Summary 

In spite of extensive optimization, spin and column-based Co-IP experiments 

failed to conclusively demonstrate an interaction between sucrose synthase and plant-type 

phosphoenolpyruvate carboxylase (PEPC) in developing castor oil seeds and in the 

developing cluster roots of white lupin and harsh hakea. Nuclear mislocalization 

experiments in tobacco BY-2 cells transiently co-expressing castor sucrose synthase 1 

(RcSUS1) and plant type phosphoenolpyruvate carboxylase 3 (RcPPC3) also failed to 

demonstrate their interaction. Far-Western dot blots likewise produced no compelling 

evidence of an RcSUS1 and RcPPC3 interaction. It therefore appears that the earlier 

suggestive evidence of an interaction between RcSUS1 and RcPPC3, based upon their 

co-purification, may have been an artifact resulting from the abundance of RcSUS1 in 

developing castor oil seeds (up to ~5% of extractable protein) and the similar size of 

tetrameric RcSUS1 and RcPPC3 complexes. While I cannot conclusively rule out an 

interaction between RcSUS1 and RcPPC3 in vivo in developing castor oil seeds, based on 

the results obtained, if any such interaction does occur it is likely to be weak, salt-

sensitive, and may depend on the phosphorylation status of one or both proteins. 

Background 

The extensive co-purification of  RcSUS1 and RcPPC3 [174] led to the 

hypothesis that they might interact in developing COS endosperm. RcPPC3, the major 
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plant-type PEPC isozyme expressed in developing castor endosperm, catalyzes the 

irreversible β-carboxylation of PEP to form oxaloacetate and Pi. Oxaloacetate is then 

rapidly reduced by malate dehydrogenase to malate, the preferred carbon/reducing power 

source for fatty acid biosynthesis in castor leucoplasts [12]. If RcSUS1 is involved in 

channeling carbon into TAG biosynthesis, its association with RcPPC3 as part of a 

glycolytic metabolon may therefore be rather sensible. 

Materials and methods 

Experiments were conducted following the Methods from Chapter 3 (for transient 

transformation of tobacco BY-2 cells) and Chapter 5 (for all other experiments), with the 

following additions. All co-IPs were conducted with clarified extract from stage V 

developing castor endosperm. 

PEPC antibodies and activity assays 

Anti-RcPPC3 (RcPTPC/p107) antibodies were prepared as previously described 

[279]. PEPC activity was measured with continuous coupled enzyme assay as in [280]. 

Alternative Co-IP buffers 

An alternative wash buffer (“buffer A”) and a high pH elution buffer (“buffer B”) 

were used for some co-IP experiments. Buffer A contained 25 mM HEPES (pH 7.0), 10 

% glycerol, 5 % PEG-8000, 25 mM NaF, 5 mM NaPPi, 1 mM Na2MoO4, and 1 mM 

Na3VO4. Buffer B contained 50 mM Na2CO3/NaHCO3 (pH 10.7). 

Results and discussion 

AminoLink Co-IP experiments 

Due to the apparent strength of RcSUS1 binding by anti-RcSUS1 IgG, full elution 

of RcSUS1 from the anti-RcSUS1 AminoLink co-IP column could not be obtained with 
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low pH elution buffers, such as 50 mM glycine/citrate (pH 2.0), nor with “gentle” elution 

buffers (i.e. 3.6 M MgCl2). Column regeneration and some column elutions were 

therefore conducted with a high pH elution buffer containing 50 mM Na2CO3/NaHCO3 

(pH 10.7). 

Initial results from AminoLink co-IP experiments using alternative wash buffer 

(which contained 5% PEG-8000 and 10 % glycerol to promote protein-protein 

interactions) were promising and indicated that RcPPC3 was present in anti-RcSUS1 co-

IP eluates. However, on a protein basis, RcPPC3 was not enriched in co-IP eluates 

relative to crude extract (Fig. F-1), and RcPPC3 was not always recovered (e.g., Fig. F-

2). The presence of RcPPC3 in co-IP eluates may depend on phosphorylation status, as 

detection was eliminated when extracts were treated with λ-phosphatase (Fig. F-3); 

however, given the context of unreliable detection of RcPPC3, this result should be 

viewed with skepticism. In order eliminate possible factors impeding an interaction 

between RcSUS1 and RcPP3, I also tried preparing clarified extract from freshly-

collected castor endosperm, and removed the Triton X-100 from the extraction buffer. 

Strangely, no PEPC bound onto the column (Fig. F-4), and SUS exhibited significant 

proteolysis, suggesting that tissue freezing and/or the inclusion of Triton X-100 in the 

extraction buffer may contribute to the remarkable resistance of RcSUS1 to proteolysis in 

clarified extracts (see Chapter 2). 

 Due to the ambiguous results and rather messy eluates obtained with the 

PEG/glycerol-containing wash buffer, I next returned to a more traditional PBS wash 

step. When the co-IP column was washed with PBS rather than buffer B, PEPC eluted in 
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the PBS wash (e.g., Fig. F-5), indicating that any interaction that does occur between 

RcSUS1 and RcPPC3 is weak and salt-sensitive. 

Tube-based Co-IP experiments 

Due to the ambiguous results obtained with AminoLink co-IP studies, I next 

resorted to traditional centrifugal (“spin”) co-IP experiments, which, by eliminating the 

AminoLink resin and its peculiarities, as well as the concentration step, should be less 

subject to artifacts. I had previously determined that the addition of anti-RcSUS1 IgG 

alone followed by centrifugation at 14,000 x g was sufficient to quantitatively precipitate 

RcSUS1 from solution [192] and I therefore employed the same strategy herein. While 

RcPPC3 polypeptides and PEPC activity partially precipitated alongside RcSUS1 during 

initial centrifugations (Table E-1, Fig. F-5), these were removed with the wash during the 

PBS wash step, and no RcPPC3 was detected in the pellet, confirming that if the two 

proteins do interact, they interact weakly. I next tested whether manipulating 

phosphorylation status might affect recovery of PEPCs during spin co-IPs, by adding an 

incubation with either ATP or λ-phosphatase in order to promote protein phosphorylation 

and dephosphorylation, respectively. Neither of these treatments resulted in the recovery 

of PEPC in the final pellet (Fig. F-6). 

Far-Western experiments 

As co-IP studies produced at best evidence of a possible weak interaction between 

RcSUS1 and RcPPC3, I next attempted Far-Western dot blot experiments in order to 

determine if purified RcSUS1 and recombinant (and presumably, dephosphorylated) 

AtPPC3 are able to interact in vitro. Unfortunately, Far-Western experiments produced a 

similarly ambiguous result, wherein it appears that there may be a weak interaction 
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between RcSUS1 and AtPPC3 (Fig. F-7). This weak interaction did not appear to be 

dependent on RcSUS1 phosphorylation status (data not shown), but I did not test whether 

it was dependent on AtPPC3 phosphorylation. Based on the Far-Western results, 

however, I can conclude that if there is a bona fide interaction between RcSUS1 and 

AtPPC3, it is a direct interaction and does not appear to depend on any other interacting 

partners. 

Nuclear mislocalization experiments in tobacco BY-2 cells 

With results still ambiguous from Co-IP and Far-Western experiments, we next 

proceeded with nuclear mislocalization experiments in which NLS-RFP-p107 and SUS-

EYFP were co-expressed in tobacco BY-2 cells (Fig. F-8). There appeared to be no 

retention of NLS-RFP-p107 in the cytosol or import of SUS-EYFP into the nucleus, 

indicating that the two proteins do not interact. We next tried co-expressing NLS-RFP-

RcSUS1 with GFP-p107, in case RcSUS1 requires a free C-terminus in order to interact 

with RcPPC3 (data not shown). While NLS-RFP-SUSY1 was efficiently relocalized to 

the nucleus, there was no noticeable relocalization of co-expressed GFP-p107 to the 

nucleus, suggesting that the proteins do not interact. 

Conclusions 

After an extensive examination, it was not possible to conclusively determine 

whether RcSUS1 and RcPPC3 interact, either in vivo or in vitro. Based on the evidence 

obtained, however, it appears that if any such interaction does occur, it is likely to be 

weak, salt-sensitive, and may depend on the phosphorylation status of one or both 

proteins. 
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The following factors may have contributed to the extensive co-purification of 

RcSUS1 and RcPPC3 [174] even if they do not interact in vivo: (i) they form tetramers of 

similar molecular weight (372 kDa and 428 kDa, respectively), (ii) they have similar pIs 

(5.98 and 5.84, respectively), (iii) they are both very abundant; RcSUS1, in particular, 

comprises up to 5% of extractable protein in developing castor oil seeds and is therefore 

one of the most likely contaminants to be recovered in preparations of other proteins.  

On the other hand, if RcSUS1 and RcPPC3 do interact, and N-terminal 

phosphorylation of RcPPC3 is required for its interaction with RcSUS1, it is possible that 

nuclear mislocalization studies produced a false negative result due to the attachment of 

NLS and fluorescent tags on the N-terminus of RcPPC3. It is also possible that Far-

Western studies utilizing phosphorylated RcSUS1, but recombinant (and presumably 

dephosphorylated) AtPPC3, may have missed an interaction for the same reason. 

Were further investigation of the possible interaction between RcSUS1 and 

RcPPC3 desired, I would suggest: (i) attempting an additional nuclear mislocalization 

experiment, wherein NLS-RFP-RcSUS1 is co-expressed with p107-GFP, so that the latter 

has a free N-terminus; (ii) Far Western experiments with low-salt wash buffer, and (iii) 

bifluorescence complementation assays, with tags attached to the C-termini of both 

RcSUS1 and RcPPC3. 

 

  

  



 

 

 

192

Tables and figures 

Table F-1. Protein content and SUS, PEPC, and invertase activity in fractions from 
an anti-RcSUS1 ‘spin’ co-IP. 
  Activity (mU) 
Step Protein (µg) SUS PEPC Invertase 
Clarified extract 743 15.3 31.8 9.0 
Supernatant 450 - 21.2 8.3 
PBS wash #1 370 - 21.1 - 
PBS wash #2 - - 1.5 - 
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Fig. F-1. AminoLink anti-RcSUS1 co-IP with RcPPC3 in eluate 
AminoLink co-IP conducted with clarified extract from 5g of stage V developing castor 
endosperm, with a buffer A wash step, and elution in buffer B (50 mM Na2CO3/NaHCO3 
(pH 10.7)). Pooled eluate was concentrated via acetone precipitation. A. Anti-RcSUS1 
immunoblot (250 ng protein per lane). B. Anti-RcPPC3 immunoblot (500 ng protein per 
lane). 
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Fig. F-2. AminoLink anti-RcSUS1 co-IP with no PEPC in eluate 
Conditions were the same as in Fig. F-1, but with 2.5 µg of protein loaded per lane for 
both immunoblots. A. Anti-RcSUS1 immunoblot. B. Anti-RcPPC3 immunoblot. Cl, 
clarified extract. PI, AminoLink pre-immune column eluate. El, AminoLink anti-RcSUS1 
column eluate. FT, AminoLink flow-through. 
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Fig. F-3. Dephosphorylation may eliminate RcPPC3 recovery during anti-RcSUS1 
AminoLink co-IPs 
AminoLink co-IPs were conducted with clarified extract from 5g of stage V developing 
castor endosperm either subjected or not subjected to treatment with λ-phosphatase. The 
λ-phosphatase-treated clarified extract was prepared in buffer without phosphatase 
inhibitors (no NaF, NaPPi, Na2MoO4, Na3VO4, or microcystin-LR) and incubated for 30 
min at 30 °C with 800 U/ml λ-phosphatase  (NEB Biolabs) and 1 mM MnCl2 prior to 
column loading. The co-IPs were conducted with a buffer A wash step, and elution in 
buffer B. A. Coomassie Blue G250-stained gel (25 µg protein per lane). B. Anti-RcSUS1 
immunoblot (200 ng protein per lane). C. Anti-RcPPC3 immunoblot (4 µg protein per 
lane). 
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Fig. F-4. The use of fresh tissue and removal of Triton X-100 from the extraction 
buffer did not improve RcPPC3 recovery in anti-RcSUS1 AminoLink co-IPs 
Experimental conditions were the same as in Fig. F-1, but 5 g of fresh stage V developing 
castor endosperm was rapidly collected at midday and no Triton X-100 was included in 
the extraction buffer. A. Coomassie Blue G250-stained gel (40 µg protein per lane). B. 
Anti-RcSUS1 immunoblot (1 µg protein per lane). C. Anti-RcPPC3 immunoblot (2.5 µg 
protein per lane). 
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Fig. F-5. RcPPC3 was recovered in the PBS wash from both AminoLink and ‘spin’ 
anti-RcSUS1 co-IP experiments 
An AminoLink and ‘spin’ co-IP run were both conducted with the same clarified extract 
prepared from 10 g of stage V developing castor endosperm, with a PBS wash step, and 
elution in standard elution buffer (50 mM glycine (pH 2.0)). A and B. Coomassie-Blue 
G250-stained gels of ‘spin’ (A) and AminoLink (B) co-IP fractions (10 and 3.4 µg 
protein per lane, respectively). C. Anti-RcSUS1 immunoblot of both ‘spin’ and 
AminoLink co-IP fractions (1 µg protein per lane). D. Anti-RcPPC3 immunoblot of both 
‘spin’ and AminoLink co-IP fractions (1 µg protein per lane). Cl, clarified extract. Sup, 
spin co-IP supernatant. PBS, phosphate-buffered saline wash. Pel, spin co-IP pellet. PI, 
AminoLink pre-immune column eluate. El, AminoLink anti-RcSUS1 column eluate. FT, 
AminoLink anti-RcSUS1 column flow-through. 
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Fig. F-6. Manipulation of clarified extract phosphorylation status did not affect the 
lack of RcPPC3 recovery from ‘spin’ co-IP experiments 
 ‘Spin’ co-IPs were conducted following incubation of clarified extracts (from stage V 
developing castor endosperm) with and without ATP (A-D) and with and without λ-
phosphatase (E-F). Co-IPs were conducted with a PBS wash step.  The λ-phosphatase-
treated clarified extract was prepared in buffer without phosphatase inhibitors (no NaF, 
NaPPi, Na2MoO4, Na3VO4, or microcystin-LR) and incubated for 30 min at 30 °C with 
800 U/ml λ-phosphatase  (NEB Biolabs) and 1 mM MnCl2 prior to column loading. The 
ATP-treated clarified extract was prepared as normal and then incubated with 1 mM ATP 
for 30 min at 30 °C prior to column loading. A and D. Coomassie Blue G250-stained gels 
(40 and 50 µg protein per lane, respectively). B. Anti-RcSUS1 immunoblot (1 µg protein 
per lane). C and E. Anti-RcPPC3 immunoblot (1 µg protein per lane). Cl, clarified 
extract. Sup/S, spin co-IP supernatant. Pel/P, spin co-IP pellet. 
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Fig. F-7. Far-Western dot blots with purified RcSUS1 and recombinant AtPPC3 
suggest that RcSUS1 and AtPPC3 may interact weakly. 
Bait proteins were titrated onto each membrane as indicated in the figure. After blocking 
in 5% milk for 2 h, membranes were incubated overnight at 4 °C with agitation in PBS 
containing 100 nM of prey (purified RcSUS1, recombinant AtPPC3, or BSA) and then 
immunoblotted as per standard protocols. A. Anti-RcSUS1 immunoblot following 
incubation with RcSUS1 prey. B. Anti-RcSUS1 immunoblot following incubation with 
BSA prey. C. Anti-RcPPC3 immunoblot following incubation with AtPPC3 prey. D. 
Anti-RcPPC3 immunoblot following incubation with BSA prey. 
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Fig. F-8. RcSUS1 and RcPPC3 do not appear to interact in vivo in tobacco BY-2 
cells 
Confocal laser-scanning microscopy (CLSM) images of BY-2 cells transformed with (A) 
GFP-RcPPC3, (B) NLS-RFP-RcSUS1, (C) NLS-RFP, (D-F) GFP-RcPPC3 and NLS-
RFP-RcSUS1, (G-I) GFP-RcPPC3 and NLS-RFP. 
 
 

 

 


