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ABSTRACT 

CHARACTERIZATION OF CGI58 AND PXA1 IN PLANT LIPOLYSIS 

Nicholas Khuu                 Advisor: 

University of Guelph, 2012                Dr. Robert T. Mullen 

 

CGI58 (Comparative Gene Identifier 58) is considered a key regulator of lipolysis 

since the disruption of CGI58 in Arabidopsis results in the hyper-accumulation of lipid 

droplets in vegetative tissues. However, the molecular mechanism underlying this process 

has not been well studied. To address this, Arabidopsis lines stably expressing RNAi 

against transcripts encoding one or both of the CGI58 isoforms were generated and, using 

RT-PCR, specific alterations in CGI58 gene expression were shown to be achieved. 

Additionally, split-ubiquitin two-hybrid and bimolecular fluorescence complementation 

assays indicated that CGI58 interacts, albeit weakly, with PXA1, a peroxisomal transport 

protein responsible for the uptake of various lipid metabolites. Finally, results from 

mutational analyses of PXA1 revealed that the protein’s peroxisomal membrane targeting 

information is located within its N-terminal 180 amino acids. Taken together, these 

results have important implications for understanding the coordinated roles of CGI-58 

and PXA1 in regulating lipid homeostasis in plants.
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CHAPTER 1: INTRODUCTION 

1.1. Lipid droplets 

Lipid droplets (LDs) are evolutionarily conserved organelles found in organisms 

as diverse as fungi, mammals and plants (reviewed by Chapman et al., 2012, Murphy, 

2012). In many of these organisms, LDs often accumulate in specialized cells, during 

certain stages of growth and development, and/or in response to environmental cues, 

whereupon they can account for a large portion of the cell’s mass (Figure 1A) (Walther 

and Farese Jr., 2009). Delineated by a “half” membrane or monolayer and mainly 

composed of neutral lipids, such as triacylglycerols (TAGs) and steryl esters (Figure 1B), 

LDs were initially believed to be only metabolically-inactive, neutral-lipid-storage 

compartments; however, extensive studies over the past several years have revealed LDs 

to be far more complex in terms of their biogenesis and cellular functions. For instance, 

the biogenesis of LDs appears to occur at unique sub-domains of the endoplasmic 

reticulum (ER), whereby newly-synthesized neutral lipids nucleate at specific regions 

between the leaflets of the ER membrane bi-layer. Concurrently, nascent LD-associated 

proteins accumulate on the cytosolic surface of the ER membrane at these same sites of 

lipid nucleation and then, through some unknown mechanism, the newly-formed LD 

eventually buds from the ER into the cytosol (Figure. 1C) (Krahmer et al., 2009). It is 

also now well appreciated that the functioning of LDs is highly dynamic and regulated by 

a unique group of proteins that, via their associations with the LD surface and/or each 

other, mediate a diverse array of cellular processes. These processes include, but are not 

limited to, intracellular lipid transport, lipid-based signaling, RNA metabolism, LD- 

B) 
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Figure 1. LDs in eukaryotic cells and cartoon representation of LD composition and 

formation 

(A) Examples of LDs in various eukaryotic cells stained with the fluorescent lipid dye 

BODIPY. From left to right: S. cerevisiae, Drosophila S2 cells, single mouse adipocyte and 

a brightfield image of LD-filled white adipocytes. Reproduced from Walther and Farese Jr., 

(2009). (B) Cartoon depiction of LD composition. LDs are composed mainly of TAGs and 

steryl esters, surrounded by a phospholipid monolayer and various membrane-associated 

proteins (e.g. perilipin) Reproduced from Krahmer et al., (2009). (C) Cartoon model of LD 

formation. Synthesis of TAGs and steryl esters nucleate between the leaflets of the ER 

membrane (blue) and ultimately bud, forming a cytosolic LD. Reproduced from Krahmer et 

al., (2009). 

B C 

A 
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cytoskeletal organization, LD fusion and growth, and lipid catabolism or lipolysis (Bartz 

et al., 2007; Brasaemle et al., 2007; Sato et al., 2006).  

 

1.2. Regulation of lipolysis in mammalian cells 

Lipolysis is defined as the regulated hydrolysis of ester bonds within TAG or 

steryl ester molecules stored primarily in cytosolic LDs, the products of which, mainly 

free fatty acids (FFAs), serve to provide the necessary components for membrane lipid 

biosynthesis and/or energy production via β-oxidation. As illustrated in Figure 2A, the 

current working model for lipolysis in mammalian cells, specifically in adipocyte cells 

that are specialized in fat storage (Yamaguchi, 2010), depicts the roles and interplay of 

several proteins on the LD surface. For instance, at the so-called “basal state”, where LDs 

are not undergoing lipolysis, one key LD-associated protein is perilipin, which acts as a 

scaffolding protein and facilitates a number of important protein-protein interactions that 

mediates lipid homeostasis. Specifically, perilipin is a member of the PAT (Perilipin, 

Adipocyte Differentiation-Related Protein [ADRP], Tail-Interacting Protein of 47 kDa 

[TIP47]) family of proteins that are found only in metazoans, i.e., PAT proteins do not 

appear to exist in yeasts or plants (Chapman et al., 2012), and share an N-terminal PAT 

sequence domain that facilitates their interaction with and binding to LDs (reviewed in 

Bickel et al., 2009). Interestingly, some members of the PAT family lack a recognizable 

PAT sequence domain; however their predicted secondary/tertiary structure (i.e., 11-mer 

repeats forming elongated α-helices) resembles the N-terminal PAT sequence domain, 

suggesting an overall conservation of the function of these domains (reviewed in Bickel 
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et al., 2009). Although PAT protein members can also differ in terms of their expression 

patterns, transcriptional regulation, C-terminal sequence and/or affinity for LDs (i.e. 

whether they remain bound at all times to the LD, such as perilipin, or whether they 

associate only transiently with the LD, such as TIP47), they all appear to act primarily by 

regulating the interactions between other proteins and the LD surface. Indeed, perhaps the 

most important of these perilipin-protein interactions is that with CGI58 (Comparative 

Gene Identifier-58; also referred to as α/β hydrolase domain-containing protein 5), which 

was first identified by yeast-two-hybrid screens using perilipin as “bait” (Yamaguchi et 

al., 2006). Additional experiments by Yamaguchi et al. (2006, 2007, 2009, 2010) have 

shown CGI58 to be a key regulator of lipolysis in mammalian cells by inhibiting access 

of cellular lipases to LDs. 

As depicted in Figure 2A, lipolysis in mammals is stimulated by several different 

intra-/extracellular factors such as energy availability, cellular stress, cell division, diet, 

and/or exercise, all of which lead to the eventual activation of adenyl cyclase and the 

subsequent elevation of intracellular cAMP levels. Increased cAMP levels then initiate 

protein kinase A (PKA) activity, resulting in the phosphorylation of, among other 

proteins, perilipin and the hormone sensitive lipase (HSL) (Yamaguchi and Osumi, 

2009). At this point, CGI58 dissociates or is “released” from phosphorylated perilipin, 

allowing CGI58 to then bind to and enhance the catalytic effects of the adipocyte 

triglyceride lipase (ATGL). Within minutes of lipolytic stimulation, micro-LDs also 

begin forming from mature LDs through the action of phosphorylated perilipin. Although 

the underlying mechanism(s) by which these micro-LDs are formed is unknown, ATGL-

bound CGI58 is known to initiate the beginning steps of lipolysis by hydrolyzing TAG   
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molecules to diacylglycerol (DAG) molecules and yielding one FFA. The resulting DAG 

molecules then serve as the substrate pool for phosphorylated HSL. Ultimately, all of the 

FFAs generated by the action of ATGL- and HSL-mediated lipolysis are incorporated 

into nascent membrane phospholipids at the ER and/or catabolized through the β-

oxidation pathway at the peroxisome and mitochondria; both of these processes being 

facilitated by the direct, physical associations that often exist between LDs and each of 

these (and other) organelles (Figure 2B). Interestingly, in the case of FFA import into 

peroxisomes, the peroxisomal membrane protein (PMP) known as adrenoleukodystrophy 

protein (ALDP) is responsible for transporting, at the least, very long chain FFAs (e.g. 

FFAs greater than 22 carbons) across the peroxisomal membrane (Genin et al., 2011). 

However, how FFAs are specifically transported from LDs to ALDP at the peroxisomal 

membrane is not understood.  

Sequence analysis has revealed that human CGI58 contains a lysophosphatidic 

acid acyltransferase (LPAAT) domain (Ghosh et al., 2008a), suggesting that the enzyme 

is capable of acylating lysophosphatidic acid (LPA) to phosphatidic acid (PA), a unique 

phospholipid that is well known to be necessary for several cellular functions distinct 

from lipolysis, including membrane curvature (Kooijman et al., 2003). It is also notable 

that human CGI58 expression is not limited to adipocytes, but, rather, is expressed in a 

multitude of other cell types/tissues, including skin, lymphocytes, and liver (Yamaguchi 

and Osumi, 2009). Additionally, several distinct mutations to the human CGI58 gene 

(Yamaguchi and Osumi, 2009) have been linked to a rare, autosomal recessive disease 

called Chanarin-Dorfman Syndrome (CDS) whereby patients present with a hyper-

accumulation of TAG-filled LDs in many of their organs and tissues that do not normally 

A B 

Lipolytic 
Stimulation 

Cell stress, diet, exercise, 

energy availability 

↑ cAMP level 
↑ PKA activity 
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store lipids (e.g., the skin), yet these same patients are not obese (Yamaguchi and Osumi, 

2009). Two point mutations in CDS patients in particular, Q130P and E260K, appear to 

abolish CGI58’s affinity for perilipin, resulting in its mis-localization from LDs to the 

cytosol (Yamaguchi and Osumi, 2009). Furthermore, these same mutations to CGI58 

prevent the protein’s ability to activate ATGL, thereby inhibiting the early steps of 

lipolysis and resulting in LD accumulation within cells. RNAi attenuation of CGI58 in 

mammalian 3T3-L1 adipocytes leads to an increase in both the number and size of LDs 

(Yamaguchi et al., 2007), indicating that a reduction in CGI58 transcripts, rather than 

their complete elimination (e.g., due to a knockout mutation), is sufficient in producing 

the hyper LD accumulation phenotype.  

In summary, during the “basal state” of lipolysis in mammalian cells, CGI58-

bound perilipin serves to regulate lipolysis by restricting LD access to the cellular lipases 

ATGL and HSL. Following lipolytic stimulation, however, two key events occur in 

tandem. First, both HSL and perilipin are phosphorylated, resulting in the “release” of 

CGI58 and subsequent recruitment of phosphorylated HSL to phosphorylated perilipin. 

Second, micro-LD formation occurs, which somehow leads to CGI58 bound-ATGL and 

subsequent HSL binding to the micro-LD and carrying out the hydrolysis of stored 

TAGs.  

These findings have greatly advanced our understanding of lipolysis in mammals; 

however, several important questions remain unanswered. For instance, in mice, a second 

isoform of CGI58 was recently identified (Xingyuan et al., 2010); a spliced variant of the 

full-length CGI58 gene that lacks the second and third exons. This shorter isoform 

(referred to as CGI58S) does not interact with perilipin, or with ATGL, and localizes 
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strictly to the cytosol (Xingyuan et al., 2010), suggesting that CGI58S (unlike full-length 

CGI58) is not involved in the mobilization of LD in mice. However, CGI58S does 

possess LPAAT activity, like full-length CGI58, suggesting that CGI58S is a mediator of 

LPA acylation, while full-length CGI58 is thought to regulate TAG hydrolysis, and that 

the two isoforms may work in concert to control the flux of PA to phospholipids 

(Xingyuan et al., 2010). However, the molecular details of the working relationship 

between the CGI58 isoforms in mice, or in any other organism, have not been 

investigated. Furthermore, it is also not known how the intimate associations that exist 

between LDs and other cellular organelles (e.g. peroxisomes, mitochondria, etc.) (Figure 

2B) are regulated by the cell. It is also unclear if the acylation of LPA by CGI58 (Ghosh 

et al., 2008a) is necessary for membrane curvature at the sites of contact of these closely 

associating organelles. Finally, there is no information on the underlying mechanisms by 

which FFAs are transported from the LDs to the ER, mitochondria or peroxisomes during 

lipolysis. Related to this latter question, while ALDP is known to be involved in 

transporting FFAs into the peroxisomes, how these FFAs are actually delivered to ALDP 

from LDs remains to be determined. As discussed in more detail below, recent studies 

carried out in our lab and our collaborator’s labs have indicated that CGI58 may be 

involved in this process in plant cells via its interaction with the ALDP plant homologue 

PXA1 (peroxisomal ABC transporter 1), a peroxisomal membrane ATP-binding cassette 

(ABC) multi-transporter (Zolman et al., 2001; Dietrich et al, 2009).  
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1.3. Regulation of lipolysis in yeast cells 

Similar to mammals, LDs in Saccharomyces cerevisiae are mainly composed of 

TAG molecules and steryl esters, delineated by a monolayer of phospholipids associated 

with various LD proteins. Likewise, cytosolic LDs in yeast are thought to originate from 

the ER (Athenstaedt et al., 1999; Müllner and Daum, 2004; Krahmer et al., 2009) and are 

often in close association with the ER, peroxisome and mitochondria. Yeast cells also 

appear to initiate lipolysis in response to a range of internal and external stimuli, and 

again, like their mammalian counterparts, stored lipid hydrolysis in yeast, specifically S. 

cerevisiae has been shown to involve a cascade of lipases and a mammalian CGI58 

homologue called Ict1 (Ghosh et al., 2008).  

Analogous to mammalian CGI58, Ict1 possesses a functional LPAAT domain that 

has been demonstrated to play a role in enhancing phospholipid synthesis, suggesting the 

roles of these two enzymes are similar (Ghosh et al., 2008; Montero-Moran et al., 2010). 

On the other hand, knockout experiments of the genes coding for CGI58 or Ict1 have 

yielded strikingly different phenotypes. For instance, while human CDS fibroblasts have 

significant accumulation of TAG-filled LDs (Montero-Moran et al., 2010), Ict1 knockout 

mutants in S. cerevisiae are deficient in PA formation, but TAG levels remained 

comparable to those of wild-type yeast (Ghosh et al., 2008). Moreover, heterologous 

expression of mammalian CGI58 in S. cerevisiae showed a significant reduction in TAG 

molecules, but also an increase in total membrane phospholipids, reinforcing the notion 

of a secondary role for CGI58 other than as a lipase activator during lipolysis (Ghosh et 

al., 2008). Overall, these results and others imply that although LD biogenesis and 

lipolysis in general appear to be similar between yeasts and mammals, distinct 
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differences in the molecular mechanisms underlying these events in these species also 

exist.  

Additional evidence for differences in the regulation of lipolysis in yeasts and 

mammals is that no obvious perilipin homologue(s) appear to exist in yeasts, i.e., 

pBLAST searches of the deduced proteome in S. cerevisiae revealed no candidate 

proteins with a PAT sequence domain (Thiele and Spandl, 2008). However, as previously 

discussed, some PAT protein family members in animals lack a PAT sequence domain, 

yet share a PAT domain-like secondary/tertiary protein structure, allowing these proteins 

to function in a manner similar to other prototypic PAT proteins (reviewed in Bickel et al, 

2009). Based on these results, it is possible that a comparable structural homologue(s) of 

perilipin exists in yeast, although it has not yet been identified. Furthermore, unlike in 

mammals, there are a larger number of lipases involved in lipolysis in yeast. For instance, 

in S. cerevisiae, four lipases (compared to two in humans) called triglyceride lipase 

(TGL) 1, 3, 4, 5 are involved in lipolysis (reviewed in Henry et al., 2012). It is also 

notable that while mammalian ATGL displays no substrate specificity, at least three of 

the yeast lipases (TGL1, 4, 5) demonstrate substrate specificity e.g., TGL1 hydrolyzes 

TAGs and steryl esters, TGL4 favours myristic and palmitic acid, and TGL5 favours long 

chain FFAs such as hexacosanoic acid (Kurat et al., 2006; Kohlwein, 2010). By contrast, 

TGL3 does not appear to possess any substrate specificity (Kurat et al., 2006; Kohlwein, 

2010). Moreover, experiments involving the over-expression of TGL3 in a tgl3/tgl4 

double knockout strain of S. cerevisiae revealed not only normal levels of TAG 

hydrolysis, but also hydrolysis of DAG, suggesting that TGL3 acts as a “general” lipase 

during yeast lipolysis (Athenstaedt et al., 1999; Kurat et al., 2006). 
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 Taken together these and other results indicate that, while many parallels can be 

drawn between the regulation of lipolysis in mammals and yeasts, a number of important 

differences also exist, and, given this, some key issues related to our overall 

understanding of lipolysis remain unresolved. For instance, how is the regulation of 

lipolysis in yeast achieved without a central regulator such as perilipin and what role(s) 

does the mammalian CGI58 homologue Ict1 serve, if not to act as a central regulator of 

neutral lipid homeostasis? Moreover, what is the functional relevance of the expanded 

lipase family in yeast and does Ict1 interact with, or mediate the activity of any of these 

lipases (or any other proteins) as it does in mammals? 

 

1.4. Regulation of lipolysis in plant cells 

In plants, the majority of research aimed at understanding the mobilization of 

lipid stores has focused almost exclusively on the events surrounding seed germination. 

A process by which the seed, depending on favourable environmental conditions such as 

temperature, availability of water, etc., exits a dormant state following after-ripening and 

completes embryo development (Reviewed in Penfield and King, 2009). During and after 

this process (i.e., during post-germinative growth), the major carbon source for the 

growing embryo of oilseeds come from stored neutral lipids such as TAG molecules in 

cytosolic LDs. The surfaces of these LDs are coated by several proteins, the major one 

being oleosin, a small, hydrophobic structural protein that is thought to be responsible for 

preventing the coalescence of LDs through steric hindrance and electronegative repulsion 
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(Capuano et al., 2007; Shimada and Hara-Nishimura, 2010). Oleosins also appear to 

modulate the size and number of LDs in plant oilseeds (Siloto et al., 2006).  

In terms of the regulation of lipolysis during post-germinative seedling growth, at 

least two TAG lipases called sugar-dependent-1 (SDP1) and SDP1-like appear to be 

responsible, based on knockout experiments of one or both genes, for stored TAG 

degradation (Quettier and Eastmond, 2009). The regulation and action of these lipases, 

however, is unknown. One current hypothesis suggests that oleosin is responsible for 

regulating SDP1 and SDP1-like-mediated lipolysis by acting in a similar fashion to 

perilipin in mammals (Frandsen et al., 2001). That is, by coating the outer surface of LDs, 

oleosin effectively restricts SDP1 and SDP1-like access to the stored TAGs, yet upon 

stimulation of lipolysis during post-germinative growth, the oleosin block is somehow 

removed, allowing SDP1 and SDP1-like to gain access to the TAG stores in LDs and 

initiate lipolysis (Murphy, 2001; Frandsen et al., 2001). Indeed, intracellular localization 

experiments with SDP1 and SDP1-like have shown that both enzymes sequester on LDs 

in germinated Arabidopsis seedlings (Quettier and Eastmond, 2009), but when expressed 

in yeast, SDP1 can also associate with LDs, which is notable since yeast LDs lack 

oleosin, implying that oleosin does not serve a necessary role in controlling SPD1 lipase 

binding to LDs in plant cells (Quettier and Eastmond, 2009). This does not, however, 

imply that oleosin has no involvement in regulating SDP1 association with, or 

functioning at the LD surface in Arabidopsis seedlings.  

Comparable also to mammals and yeast, LDs in plant oilseeds are often in close 

association with other organelles, namely the ER and peroxisomes. This close 

association, as discussed above, is thought to facilitate the efficient transfer of newly-
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formed FFAs generated from lipolysis to either the ER for phospholipid biosynthesis or 

to the peroxisome for β-oxidation (Quettier and Eastmond, 2009). However, unlike in 

mammals, where β-oxidation occurs at both peroxisomes and mitochondria, β-oxidation 

in plants (and yeasts) occurs exclusively in peroxisomes (Quettier and Eastmond, 2009; 

Hu et al., 2012). Despite this difference, the transport of FFAs across the peroxisomal 

boundary membrane in plants and yeasts is mediated by an ABC multi-transporter called 

PXA1, which, as mentioned above, is a homolog of ALDP in mammals (Reviewed in 

Graham, 2008; Dietrich et al., 2009). As depicted in Figure 3, PXA1-imported FFAs 

undergo β-oxidation and are catabolized into individual acetyl-CoA units, which then 

enter the glyoxylate cycle (Reviewed in Graham, 2008; Hu et al., 2012), the main 

products of which are converted to malate and are either transported to mitochondrion to 

be used in Krebs Cycle, or are exported to the cytosol to be used in gluconeogenesis to 

support the growth of seedlings until photoautotrophic growth is obtained.  

Although we have good working knowledge of lipolysis in seeds, relatively little 

can be said about our understanding of lipolysis in vegetative tissues such as leaves. In 

spite of this, the growing demands for plant-based biofuels and lipid-based bioproducts to 

help complement existing energy sources have driven research efforts. However, the 

current costs associated with producing and using biofuels is too high to feasibly meet 

existing demand and increased production of crops grown for biofuels compete with food 

crops in terms of arable land and water usage (Dyer et al., 2012). In response to this, a 

number of recent studies focusing on novel aspects of LD structure and function have 

aimed at addressing these problems, including: (i) enhancing the nutritional value of 

crops by enriching LDs with lipophilic vitamins and nutrients (Mattoo et al., 2011);   
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Figure 3. Mobilization pathways of storage oil in Arabidopsis oilseed seedlings. 

Yellow represents cytosol, green denotes the peroxisomal β-oxidation pathway, grey represents the 

glyoxylate cycle and blue signifies gluconeogenesis. TAGs located in the LD are hydrolyzed into 

FFAs and glycerol by SDP1. The glycerol molecule is converted to glycerol-3-phosphate by 

glycerol kinase (GK) and enters gluconeogensis (blue). FFAs are transported to the peroxisome via 

an unknown mechanism where they are imported into the peroxisome by PXA1. Here the FFAs 

undergo β-oxidation, eventually forming acetyl-CoA, at which point the acetyl-CoA units enter the 

glyoxylate cycle (grey). Products of the glyoxylate pathway are exported from the peroxisome and 

enter gluconeogenesis (blue), or are transported to the mitochondria to enter the Krebs cycle 

(purple). Reproduced from Graham (2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



15 
 

(ii) producing large, purified amounts of desirable protein (Bhatla et al., 2010); (iii) 

increasing stress tolerance of crops in addition to boosting crop yield (Divi and Krishna, 

2009); and (iv), increasing the TAG content of the above ground biomass of plants, 

(Slocombe et al., 2009; Andrianov, et al., 2010; Sanjaya, et al., 2011). Regardless of 

these advancements, our fundamental knowledge of oil synthesis and the regulation of 

these processes in vegetative tissues are still rudimentary. 

 

1.4.1. Lipolysis in plant vegetative tissue 

To date, only a few studies have focused directly on the molecular mechanisms 

underlying plant lipolysis in vegetative tissues. For instance, Ghosh et al. (2009) 

identified 24 candidate homologues of mammalian CGI58 in Arabidopsis, all of which, 

based on their deduced amino acid sequences, were annotated to be part of the α/β-

hydrolase or esterase/lipase superfamily. As illustrated by Figure 4A, only one of these 

24 CGI58 candidate proteins (identified based on the Arabidopsis Gene Identifier as 

At4g24160) possessed a conserved acyltransferase motif - H(X)4D- (Box III, Figure 4A), 

suggesting it, unlike the other 23 candidates, possesses a closer functional relationship 

with human CGI58 and yeast Ict1. Indeed, Ghosh et al. (2009) generated a topographic 

dendrogram which placed, among other proteins, human CGI58, yeast Ict1 and 

At4g24160 all in the same clade, suggesting a common ancestral background, and thus, 

similar cellular function(s) for these three proteins. 

While At4g24160 (referred hereafter as CGI58) shares the -H(X)4D- LPAAT 

domain with human CGI58 and Ict1, CGI58 also possesses a conserved -GXSXG- lipase 
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domain, unlike human CGI58, yet similar to Ict1 (Figure 4B). To examine these apparent 

similarities and differences in putative functional sequence motifs, Ghosh et al. (2009) 

experimentally tested the LPAAT and lipase activities of CGI58 and Ict1 and showed that 

both enzymes possess both activities. However, Ict1 possessed relatively greater lipase 

activity than LPAAT activity, while the opposite was reported for CGI58 (Ghosh et al., 

2009). This implies that Ict1 may be directly involved in lipolysis as an active lipase, 

while CGI58 may have more of a regulatory role in terms of lipolysis. In addition, Ghosh 

et al. (2009) examined available microarray data for Arabidopsis and, in doing so, found 

that although CGI58 mRNA is present throughout most stages of growth and  

  

* 

1 

2 

A B 

Figure 4. Identification of a CGI58 homologue in Arabidopsis.  

A) BLAST analysis identified 24 candidates in Arabidopsis as putative CGI58 homologues. 

Box I outlines the lipase-binding motif, Box II outlines the signature motif of known lipases, 

phospholipases and lysophospholipases, Box III outlines the acyltransferase motif. Asterisk 

represents the most likely homologue to mammalian CGI58 and S. cerevisiae Ict1 based on 

amino acid sequence similarities. (B) Deduced amino acid sequence alignment of human 

CGI58, yeast Ict1 (YLR099C) and putative Arabidopsis CGI58 homologue At4g24160. Box 1 

outlines the GXSXG motif of known lipase, phospholipases and lysophospholipases. Box 2 

outlines the -H(X)4D- motif characteristic of acyltransferases. Note the change in the lipase 

motif of CGI58 from both the plant and yeast sequence. The arrowhead indicates the 

alternative splicing site of CGI58, generating the CGI58S isoform. Reproduced from (Ghosh 

et al., 2009). 
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 development, significant increases in CGI58 transcripts were observed in response to 

several types of abiotic stress (e.g., cold treatment, osmotic stress or hypoxia) (Ghosh et 

al., 2009). Notably, all these stress conditions have also been associated with increased 

levels of phospholipid biosynthesis (Ghosh et al., 2009), in particular the synthesis of PA, 

which is well known to act as a secondary lipid messenger during the plant’s stress 

response (Testerink and Munnik, 2005). Documented PA targets include, but are not 

limited to, regulation of hormonal response, protein kinase activation, and phosphatase 

inactivation (Testerink and Munnik, 2005). Based on this, Ghosh et al. (2009) suggested 

that CGI58 plays a role(s) during membrane lipid biogenesis in response to stress as well 

as during lipolysis in non-stressed conditions.  

Another important study focusing on CGI58’s involvement in lipolysis in plant 

was done as a collaborative project by groups at the University of North Texas (UNT) 

(Dr. Chapman), United States Department of Agriculture (USDA) (Dr. Dyer) and the 

Mullen lab. Specifically, James et al. (2010) showed that the At4g2160 gene locus 

actively encodes two splice variants of CGI58 which vary at their C-termini, including a 

so-called “long” form (CGI58L) that was initially described by Ghosh et al. (2009) and a 

“short” form (CGI58S) which possesses a 79 amino acid C-terminal truncation relative to 

the “long” isoform (refer to Figure 4B, downward arrow). Semi-quantitative, real-time 

polymerase chain reaction (RT-PCR) revealed that both CGI58L and CGI58S transcripts 

were expressed in wild-type Arabidopsis plants, with CGI58L being found to be 

constitutively expressed at higher levels in vegetative tissues, including leaves and roots. 

Transcripts encoding CGI58S, on the other hand, were only found expressed at relatively 

low levels in the leaves and roots of mature plants and seedlings (James et al., 2010). 
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While the authors interpreted these results to mean that CGI58L is primarily responsible 

for mediating neutral lipid homeostasis, this presumption has not been tested 

experimentally; hence, this was one of the objectives of my MSc research efforts (see 

below; Objective 1). 

In the same study by James et al. (2010), two T-DNA insertional mutants of 

CGI58 were identified: one possessing a T-DNA insertion in the first exon 

(Salk_136871) and the second possessing a T-DNA insertion in the first intron 

(Salk_127083) of the CGI58 locus. RT-PCR confirmed that both T-DNA insertional 

mutants were complete knockouts, i.e., both mutants were devoid of both CGI58L and 

CGI58S transcripts (James et al., 2010). Interestingly, when compared to wild-type plants 

in terms of Nile red staining of cytosolic LDs, both cgi58 mutant knockout plants 

displayed a dramatic phenotype similar to that described above for CDS patients; that is, 

compared to wild-type plants, both cgi58 mutant knockout plants possessed a hyper-

accumulation of cytosolic LDs in tissues (e.g., leaves) that do not normally store lipids 

(Figure 5). Biochemical analysis of these LDs confirmed that their major lipid component 

was TAGs, and that these were composed of fatty acids similar to those normally found 

in leaf (or root) tissues of wild-type plants. Additionally, the leaf TAG profiles of both 

cgi58 mutant knockouts were similar to the leaf TAG profiles reported elsewhere for 

various β-oxidation mutants, including the acx1/acx2 double mutant which also displays 

an increase in LD content in leaf tissue (Slocombe et al., 2009). ACX1 and ACX2 encode 

acyl-CoA oxidase enzymes involved in catalyzing the first steps of peroxisomal fatty acid 

β-oxidation pathway (Pedersen and Henriksen, 2005), and a double knockout of these 

two genes prevents β-oxidation from occurring, as well as a dramatic accumulation of  
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LDs in leaf tissue (Slocombe et al., 2009). Interestingly, cytosolic LD accumulation in 

cgi58 mutant knockout plants appears to be dependent on plant aging, since fully 

expanded, mature leaves of cgi58 mutant knockout plants displayed more than a 10-fold 

greater accumulation of LDs in leaf tissue compared to that in either younger leaves or 

senescing leaves of the same mutants. On the other hand, while both cgi58 mutant 

knockouts and acx1/acx2 double knockout mutants share a similar phenotype in terms of 

the over abundance of cytosolic LDs, cgi58 knockout mutant seedlings, like wild-type 

seedlings, are able to germinate and establish post-germinative growth in the absence of 

exogenously-added sucrose (James et al., 2010). By contrast, acx1/acx2 seedlings fail to 

germinate without the assistance of exogenous sucrose (Slocombe et al., 2009). Overall, 

these results and the observation that there was no change in the lipid content of cgi58 

knockout mutant seedlings compared to that in wild-type seedlings (James et al., 2010), 

indicates that CGI58 serves a minimal role, if any, during seed germination and post-

germinative growth. This conclusion is especially significant for potentially enhancing 

above ground oil content in crop plants (as previously discussed) because seedling 

germination and establishment of cgi58 knockout mutant seedlings (unlike acx1/acx2 

seedlings) is not impaired. 

In summary, the results from Ghosh et al. (2009) and James et al. (2010) have 

revealed several interesting parallels between the presumed role(s) of CGI58 in plants 

and mammals. For instance, similar cgi58 mutant knockout phenotypes are seen in plants 

and animals, i.e., the hyper-accumulation of cytosolic LDs in normally non-lipid storing 

tissues (e.g., in the leaves and roots of plants, and in the skin of CDS patients). This 

suggests that CGI58, like mammalian CGI58, is a key regulator of cellular lipid 
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homeostasis. Moreover, since there are no obvious changes to seed lipid content in 

CGI58 seedlings, nor are there any apparent defects in seed germination and 

establishment in cgi58 mutants, CGI58 appears to be primarily involved in the regulation 

of neutral lipid homeostasis in non-seed tissues such as leaves and roots. Despite the 

apparent functional similarities between plant and mammalian CGI58, there are some 

conspicuous differences between the two proteins, namely in regards to their intracellular 

localization. That is, regardless of the position (i.e. N- or C-terminal) of a GFP (Green 

Fluorescent Protein) or epitope tag appended to either CGI58L or CGI58S, James et al. 

(2010) showed that both proteins are localized exclusively to the cytosol, at least when 

expressed transiently (via biolistic bombardment) in tobacco leaves. These results 

contrast those for the localization of CGI58 in mammals, whereby the protein is 

associated primarily with LDs (Yamaguchi, 2010). In addition, since no perilipin 

homologue(s) has been identified in plants (Chapman et al., 2012), the mechanism by 

which CGI58 might associate with LDs in plants, if it even does so, is completely 

unknown, implying also that the regulation of CGI58 and its proposed role(s) in lipolysis 

is mechanistically unique in plants. 

 

 1.4.2. Identification of PXA1 as an interaction partner of CGI58 in plants  

As a follow up to the study by James et al. (2010), our lab and collaborators at 

UNT (Dr. Chapman) and USDA (Dr. Dyer) carried out an extensive yeast two-hybrid 

screen of an Arabidopsis leaf cDNA library using CGI58 as “bait”. Overall, 

approximately 100 candidate CGI58-binding proteins were identified (Park et al., 2012). 

Among these proteins, one of the more notable candidates was the peroxisomal 
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membrane protein (PMP) PXA1, which, as previously discussed, is a homologue of the 

mammalian PMP ALDP. Specifically, PXA1 is a peroxisomal membrane ABC multi-

transporter composed of two equal ‘halves’, i.e. each half of the protein consists of six 

predicted transmembrane domains (TMDs), with a cytosolically facing C-terminal 

nucleotide-binding domain (NBD) (Figure 6A). The two PXA1 NBDs (NBD1 and 

NBD2) are further divided into Walker A and Walker B motifs (Zolman et al., 2001), 

which are responsible for binding ATP molecules to facilitate substrate transport 

(Dietrich et al., 2009).  

PXA1 is responsible for transporting a wide range of substrates into the 

peroxisomes including, but not limited to, FFAs, which are metabolized into acetyl-CoA 

subunits used for energy and growth, and indole-3-butyric acid and 12-oxo-phtodienoic 

acid, which are important plant growth regulators (Figure 6B) (Footitt et al., 2002; 

Theodoulou et al., 2005; Dave et al., 2011). What is notable about PXA1 being identified 

as a binding partner to CGI58 is that similar to the mutations in CGI58 in both plants and 

mammals, mutations in PXA1 which abolish its function, results in an over abundance of 

TAG-filled LDs in the vegetative tissues (Kunz et al., 2009; Slocombe et al., 2009).  

The initial yeast two-hybrid screen using CGI58 as “bait” identified an interaction 

between the long isoform of CGI58 (CGI58L) and the C-terminal 142 amino acids of 

PXA1, which includes the Walker B motif of NBD2 (Figure 7A) (Park et al., 2012). To 

further characterize this interaction, subsequent yeast two-hybrid assays using CGI58L as 

bait were carried out on various portions of PXA1 as shown also in Figure 7A. Notably, 

no interaction was detected between CGI58L and the Walker B motif of NBD1, nor was 

there an interaction observed between either Walker A motifs of NBD1 or NBD2 with 



23 
 

 

  

A 

Figure 6. Cartoon illustration of the topology and role of PXA1 in plant cells 

(A) Cartoon representation of the predicted PXA1 topology on the peroxisomal 

membrane. Both NBDs are cytosolic facing with both the N- and C-termini of the 

protein also facing the cytosol. Dotted box indicates the region of PXA1 identified in 

the yeast two-hybrid screen by Park et al. (2012). Arrowhead denotes the position of 

the pxa1-1 mutation. (B) Cartoon depiction of PXA1 localization to the peroxisome 

and its role in plant cells, including the import of fatty acids (FA), indole-3-butyric acid 

(IBA) and 12-oxo-phytodienoic acid (OPDA). GL-18:3, galactolipid containing 18:3 

(Reproduced from Park et al., 2012). 

B 
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CGI58L (Figure 7A). Additionally, identical results were obtained when CGI58S was 

used in parallel yeast two-hybrid assays (Park et al., 2012). This suggests that the 

interaction between CGI58 and PXA1 is specific to the Walker B motif of NBD2. This 

conclusion is supported by the absence of an interaction between CGI58 and a well 

documented mutation in the Walker B motif of NBD2, named pxa1-1. As described in 

Zolman et al. (2001), the pxa1-1 mutation is unable to efficiently carry out β-oxidation 

and requires an exogenous source of sucrose in order to proceed through post-

germinative seedling growth due to a G-A mutation at the end of the 24
th

 exon that 

removes the 5’-splice site of the adjacent intron, resulting in a read through of the intron 

and translation of 19 unique amino acids of the intron before termination (arrowhead, 

Figure 6A). 

Park et al. (2012) also presented data confirming the interaction of CGI58L with 

the NBD2 of PXA1 in planta. Shown in Figure 7B are epifluorescent micrographs 

illustrating the localization of GFP-tagged CGI58 co-expressed in BY-2 cells with 

PXA1-fusion proteins consisting of red fluorescent protein (RFP) and a nuclear 

localization signal (NLS) fused to various portions of PXA1. While no re-localization of 

GFP-CGI58L to the nucleus was observed when co-expressed with NLS-RFP, GFP-

CGI58L partially re-localized when it was co-expressed with NLS-RFP-PXA1-NBD2-B 

(consisting of an NLS-RFP appended to the N-terminal end of the Walker B motif of 

NBD2) (Figure 7B 2
nd

 row). By contrast, parallel re-localization experiments with the 

Walker B motif of NBD1 or the pxa1-1 mutant resulted in no re-localization of GFP-

CGI58L from the cytosol to the nucleus (Figure 7B, 3
rd

 and 4
th

 row) (Park et al., 2012).  
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Further support for a CGI58-PXA1 interaction was that GFP-CGI58L localizes to 

peroxisomes in planta was provided by experiments involving Agrobacterium-infiltrated 

tobacco leaves. As shown in Figure 8, the localization of CGI58 shifts from being more 

predominately cytosol at earlier time points (i.e. 2 days post infiltration) to being mainly 

a localization pattern at later time points (i.e. 5 days post infiltration) (Figure 8) that 

consists of the protein accumulating at and around the peroxisomes. This suggests that 

the localization of CGI58 may be depended on the physiological condition of the plant, 

such that in a more stressed state, the association between CGI58 and PXA1 at the 

peroxisomal boundary membrane is more prevalent. 

Collectively, the data presented by Park et al (2012) are consistent with the 

premise that a bona fide interaction exists between CGI58L and PXA1 (Figure 7), at 

least, with the Walker B motif of NBD2 of PXA1. However, whether this interaction 

exists between CGI58L and full-length PXA1, or if the interaction observed between 

CGI58L and PXA1-NBD2-B is an artifact of removing the Walker B motif from the 

context of a full-length PXA1 has not been investigated. Thus, the second objective of 

my MSc research (see below) was to investigate the apparent interaction of CGI58L and 

PXA1, but to do so in the context of full-length PXA1.  



27 
 

 

27 



28 
 

1.5. Objectives 

My hypothesis is that the long and/or short isoforms of CGI58 are essential 

regulators of lipid homeostasis in plants, specifically in non-lipid storing tissues, such as 

leaves, and that this role for CGI58 is defined by its interaction with the full-length PMP, 

PXA1. To begin to test this hypothesis, my objectives are as follows: (i) generate stable 

Arabidopsis lines whereby the levels of CGI58L or CGI58L and CGI58S transcripts are 

specifically reduced using RNAi; (ii) assess in both yeast and plant cells the apparent 

interaction between CGI58L and full-length PXA1; and (iii), given the important 

functional role of PXA1 in plant lipolysis, I also carried out a comprehensive C-terminal 

truncational analysis of this PMP in order to characterize its  molecular targeting 

information. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1. Plasmid DNA isolation, quantification and sequencing 

 Plasmid DNA was isolated and amplified from transformed DH5α Escherichia 

coli (E. coli) following modified versions of the alkaline-lysis method (Bowers et al., 

1999). Specifically, plasmid DNA used for restriction digest and automated DNA 

sequencing was isolated from transformed E. coli using the Invitrogen Purelink Quick 

Plasmid Miniprep Kit (Invitrogen Life Technologies). Plasmid DNA used for biolistic 

bombardment, plant and yeast transformations, and recombinant cloning procedures was 

isolated using the Invitrogen Purelink HiPure Plasmid Midiprep kit (Invitrogen Life 

Technologies). 

 Plasmid DNA concentrations were assessed using a Beckman DUU 520 

spectrophotometer (Beckman-Coulter) or a NanoDrop 2000 spectrophotometer (Thermo 

Scientific). Plasmid DNA fragments and PCR products were visualized using agarose gel 

(1% w/v) electrophoresis and ethidium bromide (EtBr) staining (2 μg/mL) (Lee et al., 

2012) using the Chemi Doc and associated Image lab software (BioRad). Sequencing of 

plasmid DNA was carried out at the Genomics Facility at the University of Guelph 

Advanced Analysis Centre. 
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2.2. General DNA cloning techniques 

2.2.1. Polymerase Chain Reactions (PCR) for DNA amplification and site-directed 

mutagenesis 

 PCR amplification of selected DNA sequences used the following combination of 

reagents: 2 μL of 20 μM plasmid (template) DNA, 5 μL each of a 10 μM stock solution 

of synthesized forward or reverse oligonucleotide primers [purchased from Sigma-

Aldrich Ltd. (refer to Appendix II for the complete list of primers described in this 

thesis)], 5 μL of 10X PCR buffer II (Roche Applied Science), 3 μL of 25 mM of MgCl2 

(Roche Applied Science), 4 μL of 10mM deoxynucleotide triphosphates (dNTPs) (Perkin 

Elmer Life Sciences Inc.), 0.3 μL of AmpliTaq DNA polymerase (5 units/μL) (Roche 

Applied Sciences Inc.), and 25.7 μL of ddH2O (double deionized water purified with a 

Super-Q water system [Millipore, Billerica, MA, USA]). The Gene Amp PCR System 

2400 Thermocycler (Perkin Elmer Life Sciences Inc.) was used to carry out all PCRs 

under the following conditions: 92°C for 5 minutes, followed by 30 cycles of 92°C for 1 

minute, 54°C for 1 minute, and 72°C for 2 minutes. PCR products were purified using the 

Invitrogen Purelink PCR Purification Kit according to the manufacturer’s instructions. 

 Site-directed mutagenesis (Munteanu et al., 2012) of plasmid DNA sequences 

used the following PCR reagents: 50 ng of template (plasmid) DNA, 150 ng of each 

forward and reverse oligonucleotides purchased from Sigma-Aldrich Ltd. (Appendix II), 

5 μL of 10X Pfu buffer (Stratagene), 1.5 μL of 10 mM dNTPs (Perkin Elmer Life 

Sciences Inc.), 1 μL Pfu Turbo DNA polymerase (2.5 units/μL) (Stratagene), and ddH2O 

to total 50 μL. PCR conditions were as follows: 95°C for 30 seconds, followed by 12, 16 
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or 18 cycles of 95°C for 30 seconds, 55°C for 1 minute and 68°C for 1 minute per 2 kb of 

template DNA length, concluded by an extension period at 68°C for 7 minutes. 1.5 μL of 

DpnI (10 units/μL) (New England Biolabs) was added following completion of the PCR 

and incubated in a 37°C water bath for up to 4 hours. Five μL of DpnI-digested PCR was 

then used to transform chemically-competent DH5α E. coli and potential positive 

colonies were selected, and isolated plasmid DNA was verified by automated sequencing. 

 

2.2.2. Preparation of vector and insert DNA for recombinant cloning 

 Vector and insert DNA were prepared and purified as follows. 3 μg of vector 

DNA, 10 ug of insert DNA, or 30 μL of purified PCR-generated DNA were digested 

using 1.5 μL of the appropriate restriction enzyme(s) in a final volume of 50 μL for 4 

hours at 37°C. To prevent self-ligation, vector samples were treated with 2 μL of calf 

intestine alkaline phosphatase (CIP) (New England Biolabs Ltd.), which removes the 5’-

phosphates (Sambrook et al. 1989), was added to the digestion mixture 2 hours following 

initial enzyme digest. Digested samples were then separated on an agarose gel submerged 

in 1x Tris-acetate-ethylenediaminetetraacetic acid (TAE) buffer (Appendix I) in a BioRad 

Minisub Cell GT chamber (BioRad) at 80V. The gel was then visualized on an ultraviolet 

(UV) light-box and vector, insert or PCR DNA fragments were excised from the gel 

using a razor blade. The excised DNA fragments were then purified using the Invitrogen 

Purelink Gel Extraction Kit and confirmed via agarose gel electrophoresis as described 

above. 
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2.2.3. Ligation of vector and insert fragments 

 Ligation reactions (as described by New England BioLabs Inc.) were set up as 

follows: 1 μL of T4 DNA ligase (400 units/μL) 2 μL of 5X cohesive buffer (Appendix I), 

100 ng of purified vector DNA, 100 or 200 ng of the purified insert fragment and enough 

ddH2O to bring the total reaction volume to 10 μL. Control reactions lacked insert DNA. 

Reactions were incubated overnight at 14°C in a Polyscience Model 1140-A incubator 

(VWR Scientific). 5 μL of the ligation reaction was transformed into chemically-

competent E. coli DH5α, and plasmids were isolated from 5-10 successfully transformed 

colonies. Insert orientation was determined from purified plasmids using restriction 

digest analysis and then verified by automated sequencing.   

 

2.2.4. Preparation of DH5α competent cells 

 A single DH5α colony was inoculated in 50 mL of Luria-Bertani (LB) media plus 

10 mM MgSO4 overnight at 37°C in an Innova 40 incubator shaker (New Brunswick 

Scientific) set at 220 rotations per minute (RPM). The next day, 1 mL of the overnight 

culture was sub-cultured into 100 mL of LB plus 10 mM MgSO4 and incubated at 37°C 

for ~ 3 hours, i.e., until the optical density at wavelength 600 nm (OD600) was ~ 0.5. The 

culture was then cooled in a precooled centrifuge tube on ice for 10 minutes and 

centrifuged at 3000 RPM using a J2-21 centrifuge (Beckman Coulter). The supernatant 

was removed and the pellet was resuspended in 17 mL of RF1 (Appendix I) by gentle 

pipetting and swirling, incubated on ice for 1 hour, followed by a 15 minute centrifuge at 

2000 RPM. The resulting supernatant was removed and the pellet was resuspended in 4 
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mL of RF2 (Appendix I), incubated on ice for 15 minutes, and divided into 100 μL 

aliquots, and frozen in liquid nitrogen. Aliquots of chemically-competent E. coli were 

stored at -80°C. 

 

2.2.5. Plasmid constructions 

 All plasmids were amplified and isolated via transformation into DH5α 

chemically-competent E. coli cells (see above). Standard molecular biology techniques 

used in plasmid constructs were based on those described in Sambrook et al. (1989). 

Plasmids were sequenced (see 2.1) in their entirety prior to being used.  Refer to 

Appendix II for a complete list of oligonucleotides used in plasmid constructions 

described below. 

 

2.2.5.1. RNAi plasmids  

 RNAi plasmids were constructed by Dr. Satinder Gidda (University of Guelph) 

using the Gateway® recombination cloning technology from Invitrogen. Briefly, unique 

nucleotide sequences specific to either CGI58L (At4G24160.1) or both CGI58L and 

CGI58S (At4G24160.2) (refer to Figure 9A for specific sequences) were amplified via 

PCR with oligonucleotides 2933 and 2934 for CGI58L and CGI58S or 2935 and 2936 for 

CGI58L (Appendix II). All of the oligonucleotides were also designed with flanking 

borders specific to the recombination sites of the so-called “donor” vector pDONR221 

(Landy 1989). Resulting PCR products were purified (using an Invitrogen Purelink PCR 
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Purification Kit), and then mixed in a 1:1 ratio with the pDONR221 vector (Invitrogen 

Life Technologies) along with 2 μL of Gateway
®

 BP Clonase II enzyme mix (Invitrogen 

Life Technologies) and TE Buffer (Invitrogen Life Technologies) to total 8 μL. Samples 

were then incubated at 25°C for 1 hour before being transformed into DH5α E. coli cells 

and plated onto LB plates containing 50μg/mL kanamycin (Sigma-Aldrich Ltd.) 

(Appendix I). Plasmid DNA was isolated from a single colony of transformed E. coli 

using the Invitrogen Purelink Quick plasmid Miniprep Kit and 300 ng of purified DNA 

was incubated with 300 ng of so-called “destination” vectors pB7GWIWG2(II)  or 

pK7GWIWG2D(II) (Karimi et al., 2002), along with 4 μL 5x LR Clonase reaction buffer 

(Invitrogen Life Technologies) and TE buffer (Invitrogen Life Technologies) to total 16 

μL. Samples were incubated at 25°C for 1 hour before 2 μL of Proteinase K solution 

(Invitrogen Life Technologies) was added for 10 minutes at 37°C in order to terminate 

the reaction. The mix was then transformed into DH5α E. coli cells and plated on LB 

plates containing 50 μg/mL spectinomycin (Sigma-Aldrich Ltd.) (Appendix I).  

 

2.2.5.2. Split-ubiquitin plasmids 

 Split-ubiquitin plasmids including the “bait” (pBT3), “prey” (pPR3), and control 

(i.e., pAI-Alg5, pDL2-Alg5 and pCCW-Alg5) plasmids were all obtained from the 

DUALmembrane Kit 3 (Dualsystems Biotech) (reviewed in Johnson and Varskavsky, 

1994). The “bait” vector is a low copy yeast expression vector that contains the C-

terminal half of ubiquitin (Cub) fused to the artificial transcription factor LexA, and a 

multiple cloning site (MCS) immediately 3’ of the Cub sequence. The “prey” vector is a 
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high copy yeast expression vector that contains a mutant version of the N-terminal half of 

ubiquitin (NubG) which has a low affinity towards the Cub moiety. The “prey” vector 

also contains a hemagglutinin (HA) epitope located between the NubG moiety and the 3’ 

MCS.  

 pPR3N-PXA1, consisting of NubG linked to the N-terminal end of full-length 

Arabidopsis PXA1 (referred to hereafter as NubG-PXA1), was constructed in a two step 

process. The first step involved amplifying (via PCR) the sequence encoding the N-

terminal 675 amino acids of Arabidopsis PXA1 (AT4G39850) from pGADT7/PXA1 

(provided by Dr. John Dyer) using primers (3289 and 3665; Appendix II) which 

appended BamHI and XmaI restriction cut sites to the 5’ and 3’ ends of the PCR 

fragment, respectively. The fragment was then sub-cloned into a BamHI-XmaI-digested 

pPR3N, yielding NubG-PXA1 1-675. The second step involved PCR amplifying the 

sequence encoding the C-terminal 663 amino acids of Arabidopsis PXA1 using 

pGADT7/PXA1 as template and primers (3556 and 3557; Appendix II) that appended 

XmaI and EcoRI sites to the 5’ and 3’ ends of the fragment, respectively. The fragment 

was then ligated into NubG-PXA1 1-675, PXA1 yielding NubG-PXA1. 

 pPR3N-PXA1-NBD2-B, consisting of the NubG moiety fused to the N-terminal 

end of the Arabidopsis PXA1 that has a stop codon prior to the start of the Walker B 

motif of NBD2 (referred to hereafter as NubG-PXA1∆NBD2-B), was constructed by 

introducing (via PCR-based site-directed mutagenesis [using NubG-PXA1 as template 

and primers 3739 and 3740 [Appendix II]) a stop codon (TGA) at position  1190 located 

at the beginning of the NBD2-B region PXA1in PXA1.  
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 pBT3N-CGI58L, consisting of the Cub moiety linked to the N-terminal end of the 

full-length long isoform of Arabidopsis CGI58 (Cub-CGI58L), was constructed as 

follows. Sequences encoding the entire Arabidopsis CGI58L (AT4G24160) open reading 

frame (ORF) were PCR amplified from pRTL2/GFP-CGI58L (James et al., 2010) using 

primers (3663 and 3664; Appendix II) which also appended NcoI and SacII sites to the 5’ 

and 3’ ends of the PCR product, respectively. The digested PCR products were then 

ligated into an NcoI-SacII-digested pBT3N vector, yielding Cub-CGI58L. 

  pBT3C-CGI58L, consisting of full-length CGI58L linked at its C terminus of the 

Cub moiety (referred to hereafter as CGI58L-Cub), was constructed as follows. CGI58L 

was amplified from pRTL2/GFP-CGI58L (James et al., 2010) with primers (3291 and 

3292; Appendix II) which also appended XbaI and HindIII  sites to the 5’ and 3’ ends of 

the PCR product, respectively. The digested PCR products were then ligated into an 

XbaI-HindIII-digested pBT3C vector, yielding CGI58L-Cub. 

 

2.2.5.3. Plasmids used for assessing the localization of CGI58L and PXA1 in plant 

cells 

 The construction of pRTL2/GFP-CGI58L, encoding the green fluorescent protein 

(GFP) fused to the N terminus of CGI58L, has been described elsewhere (James et al., 

2010). 

 pSAT4A/PXA1-Myc, consisting of full-length PXA1 fused at its C terminus to 

the 10-amino-acid-long Myc epitope tag (-EQKLISEEDL-) (Evan et al., 1985), was 

constructed by first introducing (via PCR site-directed mutagenesis; primers 3291 and 
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3292 [Appendix II]) a stop codon (TGA) between sequences encoding the Myc epitope 

and nVenus in pSAT4A/PXA1-Myc-nVenus (described below in section 2.2.5.4). 

pSAT4/Myc-PXA1, consisting of full-length PXA1 fused at its N terminus to the Myc 

epitope, was constructed by introducing (via PCR mutagenesis; primers 3535 and 3536 

[Appendix II]) an NcoI site immediately 5’ of the sequences encoding the Myc epitope in 

the pSAT4/nVenus-Myc-PXA1 (described in section 2.2.5.4). The modified 

pSAT4/nVenus-Myc-PXA1 plasmid was then digested with NcoI in order to remove an 

NcoI-NcoI fragment encoding nVenus, followed by self-ligation, yielding pSAT4/Myc-

PXA1. 

 

2.2.5.4. Bimolecular fluorescence complementation (BiFC) plasmids 

 BiFC plasmids used in this study encoded either the N- or C-terminal halves of a 

modified enhanced yellow fluorescent protein called Venus (Hwang et al., 2008). BiFC 

plasmids encoding the N-terminal half of Venus (i.e., pSAT4/nVenus-Myc-MCS and 

pSAT4A/MCS-Myc-nVenus) also encoded a Myc epitope tag located between the 

nVenus moiety and an MCS. Similarly, the BiFC plasmids encoding the C-terminal half 

of Venus (i.e., pSAT4/cVenus-HA-MCS and pSAT4A-MCS-HA-cVenus) also encoded a 

hemagluttinin (HA) epitope tag (-YPYDVPDYA-) located between the cVenus moiety 

and an MCS.  

The full-length CGI58L open reading frame (ORF) was amplified (via PCR) from 

pRTL2/GFP-CGI58L (James et al., 2010) using primers (3138 and 3139; Appendix II) 

which also introduced EcoRI and XmaI restriction sites immediately 5’ and 3’ of the 
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CGI58L start and stop codons, respectively. The resulting purified PCR products were 

digested with EcoRI and XmaI for 4 hours at 37°C, gel-purified, and ligated into an 

EcoRI-XmaI-digested pSAT4/cVenus-HA-MCS vector, yielding pSAT4/cVenus-HA-

CGI58L. pSAT4A/CGI58L-HA-cVenus was constructed in a similar fashion: the full-

length CGI58L ORF was amplified from pRTL2/GFP-CGI58L using primers (3041 and 

3042; Appendix II) which also appended an EcoRI site 5’ of the CGI58 start codon and 

an XmaI site in place of the CGI58 stop codon. The purified PCR fragments were then 

digested with EcoR1 and XmaI and ligated into EcoRI-XmaI-digested pSAT4A/HA-

cVenus, yielding pSAT4A/CGI58L-HA-cVenus. 

 The full-length Arabidopsis PEX11b ORF (AT3G47430) was PCR amplified 

from pSAT4/nEYFP-Pex11b (Lingard et al., 2008) using oligonucleotides (3233 and 

3234; Appendix II) which introduced an EcoRI and SacII site immediately 5’ and 3’ of 

PEX11b start and stop codon, respectively. The resulting PCR fragments were digested 

with EcoRI and SacII, gel-purified and ligated into an EcoRI-SacII-digested 

pSAT4/nVenus-Myc-MCS, yielding pSAT4/nVenus-Myc-PEX11b. 

 PXA1 containing BiFC plasmids PXA1were constructed in the following manner. 

Full-length PXA1 was digested from pGADT7/PXA1 using EcoRI and BamHI. The 

resulting fragment was ligated into a modified version of pSAT4/nVenus-Myc-MCS  

(predigested with EcoRI and BamHI) which had an additional cytosine nucleotide 

introduced (via PCR-based site-directed mutagenesis; 3151 and 3152 [Appendix II]) at 

position 1862 in the MCS. Consequently, the PXA1 ORF was ligated in-frame with the 

nVenus and Myc epitope tag, yielding pSAT4/nVenus-Myc-PXA1. pSAT4A/PXA1-

Myc-nVenus, consisting of full-length PXA1 fused at its C terminus to the Myc epitope 
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tag and the N-terminal half of the Venus moiety, was constructed in two steps. First, 

pSAT4/Myc-PXA1 was modified by replacing (via PCR-based site-directed mutagenesis; 

primers 3333 and 3334 [Appendix II]) the PXA1 stop codon with an XmaI restriction 

site. Second, the PXA1 ORF was removed from the modified pSAT4/Myc-PXA1 via 

EcoRI-XmaI digestion and ligated into EcoRI-XmaI-digested pSAT4A/MCS-Myc-

nVenus, yielding pSAT4/PXA1-Myc-nVenus.  

 pSAT4A/PXA1-NBD2-B-Myc-nVenus, consisting of PXA1 lacking its C-

terminal NBD2-B domain (residues 3585 to 4017) fused to the Myc epitope and n Venus 

moiety, was constructed by Dr. Satinder Gidda (University of Guelph). Briefly, an XmaI 

restriction site was introduced (via PCR-based site-directed mutagenesis; primers 3719 

and 3720 [Appendix II]) at position 3584 (i.e., at the start of the NBD2-B region of 

PXA1) in pSAT4A/PXA1-Myc-nVenus. The modified plasmid was then digested with 

XmaI and re-ligated to yield pSAT4A/PXA1-NBD2-B-Myc-nVenus. 

 BiFC-based vectors encoding either the N-terminal or C-terminal halves of PXA1 

were constructed as follows. pSAT4A/N-PXA1-HA-cVenus was constructed by 

amplifying (via PCR) sequences encoding the N-terminal 675 amino acids of PXA1 (N-

PXA1) from pGADT7/PXA1 (see above) with primers (3327 and 3330; Appendix II) that 

also introduced EcoRI and XmaI sites to the 5’ and 3’ ends of N-PXA1, respectively. The 

resulting PCR products were gel-purified and ligated into EcoRI-XmaI-digested 

pSAT4A/MCS-HA-cVenus. Similarly, pSAT4A/C-PXA1-HA-cVenus was constructed 

by amplifying (via PCR) sequences encoding the C-terminal 663 amino acids of PXA1 

(C-PXA1) from pGADT7/PXA1 with primers (3328 and 3329; Appendix II) that also 

introduced EcoRI (and start codon) and XmaI sites to the 5’ and 3’ ends of C-PXA1, 
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respectively. The resulting PCR products were gel-purified purified and ligated into 

EcoRI-XmaI-digested pSAT4A/MCS-HA-cVenus, yielding pSAT4A/C-PXA1-HA-

cVenus. 

 

2.2.5.5. PXA1 Plasmids encoding C-terminal truncated versions of N-PXA1-mGFP 

 C-terminal mutational analysis of N-PXA1 was carried out (via PCR-based site-

directed mutagenesis) using pUC18/N-PXA1-mGFP as template (plasmid) DNA. 

pUC18/MCS-mGFP contains a monomeric GFP downstream of the MCS (O’Quin et al., 

2010). pUC18/N-PXA1-mGFP was constructed by amplifying the sequence encoding the 

N-terminal 675 amino acids of PXA1 from pGADT7/PXA1 (see above) with primers 

(3697 and 3698; Appendix II) which appended 5’ and 3’ NcoI sites PXA1. Additionally, 

the reverse primer (3698) included an XmaI site immediately 3’ of the NcoI site. The 

resulting PCR products were gel-purified and ligated into an NcoI-digested pUC18/MCS-

mGFP vector, yielding pUC18/N-PXA1-mGFP. 

 All C-terminal truncations to N-PXA1 were constructed by introducing (via PCR 

site-directed mutagenesis) an XmaI restriction site into the N-PXA1 ORF (in pUC18/N-

PXA1-mGFP) immediately after the codon encoding amino acid 280 (primers 3758 and 

3759; Appendix II), 180 (primers 3756 and 3757) or 144 (primers 3754 and 3755). The 

resulting PCR products were then digested with XmaI and self-ligated to generate 

pUC18/N-PXA1 1-280-mGFP, pUC18/N-PXA1 1-180-mGFP and pUC18/N-PXA1 1-

144-mGFP. 

 



41 
 

2.3. Tobacco BY-2 suspension cells and biolistic bombardment 

Tobacco (Nicotiana tabacum) Bright Yellow-2 (BY-2) were grown at 25°C in the 

dark on an orbital shaker (150 RPM) in 50 mL of Murashige-Skoog (MS) growth 

medium (Appendix I) as described by Banjoko and Trelease (1995). Transient 

transformation of BY-2 cells was carried out as follows. Four day old cells were spun 

down using a Fisher Model 225 swinging bucket centrifuge (Fisher Scientific) at setting 3 

for 5 minutes. The supernatant was removed and the pellet was resuspended in BY-2 

transformation buffer at a ratio of 1:1 (buffer:packed cell volume) (Banjoko and Trelease, 

1995; Lee et al., 1997). Four mL of cells were then spread using a pipette onto three 

pieces of No. 4 Whatman filter paper (Fisher Scientific) presoaked in 3.25 mL of BY-2 

transformation buffer on the lid of a 100 x 15 mm Petri plate (Fisher Scientific). The cells 

were then placed at 25°C in the dark while microcarriers were prepared. 

Tungsten or gold microcarriers were prepared (Banjoko and Trelease 1995) with 

200 ng to 2 μg of plasmid DNA unless otherwise stated for single, double, or triple 

transformations using the procedures described in the PDS1000 Biolistic Particle 

Delivery System instruction manual (Bio-Rad Laboratories). Following bombardment, 

cells were incubated at 25°C in the dark for 6-14 hours to allow for gene expression and 

intracellular protein sorting. 

 

2.4. Immunofluorescence microscopy for BY-2 suspension cells 

 Biolistically-bombarded BY-2 cells were scraped from the Petri plate (using a 

spatula) and resuspended in 15 mL conical tubes containing 10 mL of a 1:1 (v/v) solution 
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of 8% (w/v) formaldehyde (Appendix I) and BY-2 transformation buffer and rocked for 

45 minutes at room temperature (Banjoko and Trelease 1995). The cells were then spun 

in a clinical centrifuge Model CL (International Equpiment Co.) for 45 seconds at setting 

5. The supernatant was removed and the pellet was resuspended in 1X phosphate 

buffered saline (PBS) (Appendix I) to a final volume of 10 mL. The cells were allowed to 

rock on a Speci-mix rocker (Thermolyne) for 1 minute before the same washing and 

rocking process was repeated for four additional times. Following the last wash, the cells 

were incubated in 10 mL of 0.01% (w/v) pectolyase Y-23 (Kyowa Hakko U.S.A., Inc.) in 

1X PBS for 2 hours at 30°C (Fisher Scientific). Following incubation, the cells were 

washed 5 times as previously described and resuspended to a final volume of 5 mL of 1X 

PBS. One mL of suspended cells were then placed in a 1.7 mL microfuge tube and 33 μL 

of 10% (v/v) triton X-100 (in 1x PBS) (Sigma-Aldrich Ltd.) was added and allowed to 

rock for 25 minutes at room temperature. The cells were then washed five times as 

previously described and were processed for immunofluorescence microscopy as 

described by Trelease et al. (1996). Briefly, the appropriate primary antibody(s) were 

added to the cells and incubated (with rocking) at room temperature for one hour. The 

cells were then washed three times and the complementary fluorescent dye-conjugated 

secondary antibodies were added and incubated (with rocking) in the dark at room 

temperature for an additional hour. The cells were washed three times and resuspended to 

a final volume of 1 mL. Sources and working dilutions of antibodies used for 

immunofluorescence staining of cells were as follows: mouse α-Myc antibodies (1:10), 

rabbit α-HA antibodies (1:1000) and goat α-mouse Alexa Fluorr 488 IgGs (1:1000) 

(Cedar Lane Laboratories); rabbit α-cottonseed catalase (1:1000) (Kunce et al., 1988); 
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mouse α-tobacco catalase hybridoma media (1:10) (Princeton University Monoclonal 

Antibody Facility); goat α-mouse and goat α-rabbit rhodamine red-X IgGs (1:500) 

(Jackson ImmunoResearch Laboratories); rabbit anti-Arabidopsis N-acetyl glutamate 

kinase (NAGK) (1:500) (Sigma-Aldrich Ltd). In addition, the lectin Concavalin A 

(Molecular Probes) was used (1:200) as an endogenous endoplasmic reticulum marker. 

 Fluorescent images of the immunolabeled BY-2 cells were acquired using an 

Axioskop 2 MOT epifluorescence microscope (Carl Zeiss) equipped with a Zeiss 63X 

Plan Apochromet oil-immersion objective and a Retina EXi charged-couple device 

camera (Qimaging) using Open Lab software package (version 6.0) (Improvision Inc.). 

Images were processed (e.g., deconvolution and/or brightness and contrast adjustments) 

using Northern Eclipse 7.0 software (Empix Imaging) and all figures presented in this 

thesis were designed and composed using Microsoft Publisher 2007 (Microsoft 

Corporation). All fluorescent images of suspension cells shown in individual figures are 

representatives of >20 transformed cells from at least two independent transformation 

experiments. 

 

2.5. Agrobacterium tumefaciens transformation  

 Transformation of A. tumefaciens (Koncz and Schell, 1986) was performed as 

follows: 1 μg of binary plasmid DNA was added to 50 μL of A. tumefaciens strain 

GV3101 competent cells. The cells were then frozen in liquid nitrogen for 1 minute 

before being thawed at 37°C for 5 minutes. Thereafter, 500 μL of LB medium (Appendix 

I) (Sambrook et al., 1989) was added and the cells were shaken (200 RPM) at 28°C for 3 
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hours. 300 μL of the LB culture was then plated onto an LB agar plate containing 20 

μg/mL of rifampicin (Sigma-Aldrich Ltd), 50 μg/mL of gentamycin (Sigma-Aldrich Ltd.) 

and 50 μg/mL of spectinomycin (Sigma-Aldrich Ltd). The next day, one putative positive 

colony was used to inoculate 15 mL of LB medium containing the same antibiotics, 

grown overnight, and the resulting isolated plasmid DNA was verified by restriction 

digest analysis and automated sequencing.  

 

2.6. General Arabidopsis growth conditions 

 Arabidopsis thaliana seeds (ecotype Columbia-0) (Lehle Seeds, Round Rock, 

TX) were stratified at 4°C in the dark for 2 days prior to germination (James et al., 2010), 

and sown on MS plates (Appendix I) with either 50 μg/mL of kanamycin (plants 

transformed with the pK7GWIWG2D(II) destination vector) or 30 μg/mL of 

phosphinothricin (referred to hereafter as BASTA) (Gold Bio) (plants transformed with 

the pB7GWIWG2(II) destination vector). Germinated seedlings were grown under a 16 

hour photoperiod (04:00 – 20:00) in an environmentally-controlled incubator (PH-

environmental) that was set with at 21/20°C day/night temperature. After 10 days, the 

seedlings were transferred into Sunshine mix L4A soil and grown under a 16 hour 

photoperiod (08:00 – 24:00) in an environmentally-controlled E8 growth chamber 

(Phytotron, Thermo Fisher Scientific) that was set at 22/20°C day/night temperatures, 

with a photosynthetic photon flux density of 138-150 μmol m
-2

s
-1

 and 65% relative 

humidity. Plants were placed on a watering schedule of alternating days, where the third 
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day of watering was with fertilized water until siliques formed. Once dried, the seeds 

were harvested from the siliques for propagation of subsequent generations. 

2.7. Plant transformation with A. tumefaciens 

 Arabidopsis plants that began flowering (i.e., approximately 3 weeks following 

germination) were selected for transformation using A. tumefaciens containing the 

desired binary plasmid and the floral dip method (Clough SJ and Bent AF, 1998). Briefly, 

a single colony of transformed A. tumefaciens was used to inoculate 50 mL of LB 

medium containing the same antibiotics at concentrations described above (section 2.5) 

and inoculated overnight with shaking (200 RPM) at 28
o
C in an Innova 40 incubator 

shaker (New Brunswick Scientific). The next day, 25 mL from each culture was 

transferred into 500 mL of LB medium containing antibiotics and incubated overnight at 

28°C. On the following day, cells were spun down in a J2-21 centrifuge (Beckman 

Coulter) at 3000 g for 15 minutes at 4°C, the supernatant was decanted, and the cells 

were resuspended in 250 mL of 5% (w/v) sucrose and 0.02% (v/v) silwet (Lehle seeds, 

Texas, US).  

 Arabidopsis flowers were dipped into the A. tumefaciens-sucrose solution for 15 

seconds and then, two days later, were dipped again into another (duplicate) A. 

tumefaciens-sucrose solution. Double-dipped plants were then grown in the E8 growth 

chamber (Thermo Fisher Scientific) at conditions previously described above for 3 

months, or until the siliques turned yellow in colour, at which point the seeds (referred to 

as T0 seeds) were collected.  
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2.7.1 DNA extraction from Arabidopsis leaf tissue 

 Extraction of DNA from Arabidopsis leaf tissue was carried out as described by 

Lu et al., (2011).  Briefly, a 1.7 mL microfuge cap-sized leaf sample was taken from a 

rosette leaf of 30 day old T1 plants and was macerated with a sterile plastic pestle in a 1.7 

mL microfuge tube at room temperature. To each sample, 900 μL of extraction buffer 

was added (Appendix I) and was vortexed for 15 seconds. Each sample was centrifuged 

at 13 000 RPM for 1 minute using a MC2 benchtop centrifuge (Sarstedt-Gruppe). 300 μL 

of the supernatant was transferred to a clean 1.7 mL microfuge tube and 300 μL of 

isopropanol was added. This mixture was vortexed for 15 seconds and left at room 

temperature for 2 minutes. The mix was centrifuged at 13 000 RPM for 5 minutes using a 

MC2 benchtop centrifuge (Sarstedt-Gruppe). The supernatant was removed and the pellet 

was resuspended in 75% ethanol. The sample was centrifuged as above and the 

supernatant was removed. Each pellet was air dried for 5 minutes at room temperature 

before being resuspeneded in 100 μL of TE buffer. 

 

2.8. RNA extraction from stable transgenic Arabidopsis plant lines 

 RNA extraction was carried out as outlined by Simms et al. (1994). Briefly, T3 

Arabidopsis seeds were stratified as described above and plated on MS plates containing 

either 30 μg/mL BASTA or 50 μg/mL kanamycin (Appendix I). Ten-day-old seedlings 

were transferred to soil and grown as described in section 2.6. After a total of 27 days of 

growth (i.e., 17 days after transfer to soil), the above ground plant mass (stems, leaves, 

flowers) was frozen in liquid nitrogen and grinded into a powder using a mortar and 
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pestle. The powder was either divided into a 15 mL falcon tube (Sarstedt) for storage at -

80°C or 50-100 mg of powder was transferred into a 1.7 mL microfuge tube for RNA 

extract. The 50-100 mg of powder in the 1.7 mL microfuge tube was homogenized (via 

vortexing) in 1 mL of Tri reagent LS (Sigma-Aldrich Ltd.) and stored at room 

temperature for 5 minutes. Following the incubation, 0.2 mL of chloroform (Fisher 

Scientific) was added and the mixture was vortexed using a Fisher Vortex Genie 2 

(Fisher Scientific) for 15 seconds. The mixture was incubated at room temperature for 10 

minutes. Following this incubation, the sample was centrifuged at 12 000g for 15 minutes 

at 4°C in a IEC Micromax RF centrifuge (Thermo Scientific). 0.5 mL of the aqueous 

phase (top layer) was transferred to a fresh 1.7 microfuge tube and an additional 0.2 mL 

of chloroform (Fisher Scientific) was added. This new mixture was incubated at room 

temperature for 10 minutes before being centrifuged again at 12 000g for 15 minutes at 

4°C. After the centrifugation, the aqueous layer (0.5 mL) was transferred to a fresh 1.7 

mL microfuge tube and 0.5 mL of isopropanol (Fisher Scientific) was added. The mixture 

incubated at room temperature for 10 minutes and was then spun at 12 000g for 8 minutes 

at 4°C . The supernatant was removed and the RNA pellet was washed with 1 mL of 75% 

ethanol (75 mL of 100% ethanol [Fisher Scientific] and 25 mL of RNAse free ddH2O) 

via vortexing for 5 minutes. After washing, the pellet was centrifuged at 12 000g for 5 

minutes at 4°C. The ethanol was removed and the pellet was allowed to air-dry for 5 

minutes at room temperature. Once dried, the RNA was dissolved in 30 μL of RNAse 

free ddH2O and incubated for 15 minutes in a 57°C water bath. 
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2.9. Genotyping of stable transgenic Arabidopsis lines 

 RNA extracts (see section 2.8) were run on a 1% (w/v) agarose gel as described 

above to ensure equal concentrations were used during the reverse transcriptase PCR 

(RT-PCR). RT-PCR reactions were set up as follows: 4 μL of qScript cDNA SuperMix 

(Quanta Bioscience), 1 μg of RNA template and enough RNAse free ddH2O needed to 

make a final volume of 20 μL. This reaction was run at the following settings: 5 minutes 

at 25°C, 30 minutes at 42°C and 5 minutes at 85°C. From these products, either tubulin, 

CGI58L or CGI58S was amplified via PCR to evaluate the effectiveness of the RNAi 

plasmids. Amplification of tubulin and CGI58L was set up in the following manner: 2 μL 

of cDNA, 1.5 μL of both forward and reverse primer (Appendix II), 1.5 μL of 10 mM 

dNTPs, 5 μL of 10x thermoPol Reaction Buffer (New England BioLabs), 0.3 μL of Taq 

DNA polymerase (5 units/µL) (New England BioLabs) and 38.2 μL of ddH2O. 

Amplification of CGI58L was set up as mentioned in section 2.2.1. PCR amplification of 

both tubulin and CGI58S was carried out under the following conditions: 92°C for 5 

minutes, followed by 22, 30 or 40 cycles of 92°C for 1 minute, 55°C for 1 minute, 72°C 

for 1 minute, and a final elongation time of 72°C for 5 minutes. Amplification of CGI58L 

was carried out under the following conditions: 42°C for 15 minutes, 95°C for 2 minutes, 

followed by 22, 30 or 40 cycles of 92°C for 10 seconds, 56°C for 25 seconds, 72°C for 1 

minute 30 seconds and a final elongation step at 72°C for 5 minutes.  

 All PCR products were visualized on a 1% (w/v) agarose gel containing 2 μg/ μL 

EtBr using a Chemi Doc (BioRad) and quantified using the Image lab software (BioRad). 
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2.10. Saccharomyces cerevisiae transformation 

 The yeast strain NMY-51 was inoculated in 25 mL of YPAD (Appendix I) 

overnight at 30°C in an Innova 40 incubator shaker (New Brunswick Scientific) at 200 

RPM (Richardson et al., 2011). The following morning enough overnight culture was 

back diluted to total 2.5x10
8
 cells (approximately 7-10 mL) into a pre-warmed flask 

containing a final volume of 50 mL of YPAD and the new culture was incubated at the 

same conditions as the overnight culture for 4 hours. After 4 hours, the culture was spun 

down in a 50 mL conical tube for 5 minutes at setting 3 in a Fisher Model 225 swinging 

bucket centrifuge (Fisher Scientific) and the supernatant was removed. The cells were 

then resuspended in 25 mL of sterilized ddH2O and before being spun again at the same 

settings. The supernatant was decanted and the pellet was resuspended in 900 μL of 

sterilized ddH2O, and then transferred into a 1.7 mL microfuge tube. The culture was 

then centrifuged at 13000 RPM for 1 minute in a MC2 bench-top centrifuge (Sarstedt-

Gruppe), and resuspended in 100mM lithium acetate (LiAc) (Appendix I) to a final 

volume of 1mL (approximately 700 μL of 100mM LiAc). This mixture incubated at 30°C 

for 10 minutes. For each transformation, 100 μL aliquots of the LiAc cell suspension was 

pipette into a new 1.7 mL microfuge tube and centrifuged at 13000 RPM for 1 minute. 

The supernatant was removed and the following was added: 240 μL of 50% PEG 3350 

(Appendix I), 36 μL of 1M LiAc (Appendix I), 50 μL of 2mg/mL ssDNA (Appendix I), ≤ 

2 μL of plasmid DNA and 34 μL of sterile ddH2O. Once combined, the mixture was 

vortexed at setting 10 on a Fisher Vortex Genie 2 (Fisher Scientific). This mixture 

incubated at 30°C for 30 minutes before being heat shocked in a 42°C water bath for 30 

minutes. Following this incubation, cultures were spun at 13000 RPM for 1 minute and 
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resuspended in 1 mL of sterile ddH2O before 100 μL was plated on SD media plates 

lacking the amino acids leucine and tryptophan (Appendix I). Plates were grown for 2-3 

days at 30°C.  

 

2.11. Split-ubiquitin assay 

 Split-ubiquitin assays were carried out using the DUALmembrane split Kit 3 

(Dualsystems Biotech) following the protocols described in the manufacturer’s 

instruction manual, with some modifications. Transformed NMY-51 cultures were 

inoculated in 3 mL of synthetic dextrose (SD) media containing 10% (v/v) amino acid 

supplement lacking leucine and tryptophan (-LT) overnight in a 30°C slanted 3528-5 

Shaker (Lab-Line Instruments). The next morning, 500 μL of the overnight culture was 

back diluted into 2.5 mL of SD-LT and incubated at 30°C for 4 hours. Following the 4 

hour incubation, each culture was spun down in a 1.7 mL microfuge tube and 

resuspended in 1 mL of sterile ddH2O. The OD600 of each culture was measured by a 

MultiSkan GO (Thermo Scientific) multiplate reader using the SkanIT software and 

standardized to an OD600 of 0.5 in 200 μL of sterile ddH2O. The cultures were then 

subjected to a dilution series, where 40 μL of the original culture was diluted into 160 μL 

of sterile ddH2O (final volume is 200 μL). This dilution was repeated 6 times, resulting in 

7 final dilutions: 1, 1/5, 1/25, 1/125, 1/625, 1/3125 and 1/15625 of the original OD600. 

These dilutions were plated in series on SD-LT plates or SD plates lacking amino acids 

leucine, tryptophan, histidine and adenine (SD-LTHA) and incubated at 30°C for 5 days. 
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The growth of each colony was assessed on days 2, 3 and 5. All samples were performed 

in triplicates unless otherwise stated. 

 

2.12. Protein extraction from split-ubiquitin transformed yeast cells 

 Yeast cells were grown overnight in 3 mL of SD-LT media and shaken at 300 

RPM in a 30°C Innova 40 incubator shaker (New Brunswick Scientific) (Richardson et 

al., 2011). In the morning, 0.5 mL of the overnight culture was transferred into 2.5 mL of 

SD-LT and incubated at 30°C for 4 hours. Following the incubation, the cultures were 

spun down in 1.7 mL microfuge tubes using a MC2 benchtop centrifuge (Sarstedt-

Gruppe) at 13 000 RPM for 1 minute. The supernatant was removed and the pellets were 

washed once in 1mL of ddH2O before being brought to a final volume of 1 mL of ddH2O.  

The OD600 of each culture was measured and the volume was adjusted to an OD600 of 1.0 

in 1 mL of cold ddH2O. To each culture, 150 μL of 7.5% β-mercaptoethanol in 1.85M of 

NaOH was added (Appendix I), and each sample was vortexed and incubated on ice for 

15 minutes. Following the incubation, 150 μL of 55% trichloroacetic acid (Appendix I) 

was slowly added and mixed via pipetting, before being incubated on ice for 10 minutes. 

The samples were then centrifuged at 12 000 RPM at 4°C in an IEC Micromax RF 

centrifuge (Thermo Scientific) for 10 minutes, and the supernatant was removed. Each 

pellet was dissolved in 25 μL of 0.2M NaOH in 1% SDS at room temperature. Once 

dissolved, 85 μL of modified sample buffer with DTT was added (Appendix I). Each 

sample was then incubated in a 37°C water bath for 10 minutes, while periodically being 

vortexed for 15 seconds. After the incubation, the samples were spun at 13 000 RPM at 
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room temperature for 10 minutes and 90 μL of the resultant supernatant was transferred 

to a fresh 1.7 mL microfuge tube and stored a -20°C until use. Prior to use, the samples 

were heated to 37°C for 5 minutes and spun at 13 000 RPM for 1 minute. 

 

2.13. Western blot analysis of yeast protein extracts  

 10 μL from each sample of yeast protein extract was loaded into a 5% stacking 

gel (Appendix I), 10% resolving gel (Appendix I) (Richardson et al., 2011). The gel was 

loaded into a Mini Trans-Blot cell (BioRad) filled with 1 X SDS page running buffer 

(Appendix I) and ran at 150V using the PowerPac 1000 (BioRad) until the dye front 

reached the bottom of the gel (approximately 40 minutes). From here, the gel were 

treated one of two ways: 1) the gel was stained with coomassie stain (Appendix I) for 3 

hours on a C1 platform shaker (New Brunswick Scientific) before being bathed in destain 

buffer (Appendix I) for 15 minutes on the C1 platform shaker (New Brunswick 

Scientific). After the 15 minutes, the destain buffer was decanted off, and this incubation 

process was repeated with fresh destain buffer until the gel was clean. 2) The gel was 

transferred onto a nitrocellulose membrane (BioRad) by following the manufacturer 

guidelines using the semi-dry transfer cell (BioRad). Briefly, the gel was placed on top of 

an extra thick blot paper (BioRad), pre-soaked in semi-dry transfer buffer (Appendix I) 

with a nitrocellulose membrane (pre-wetted in semi-dry transfer buffer) (BioRad) placed 

on top of the gel. An additional piece of extra thick blot paper (pre-soaked in semi-dry 

transfer buffer) was placed on top of the membrane, and this sandwich was placed in the 

semi-dry transfer cell. This apparatus was run at 12V for 30 minutes. 
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 Following the transfer onto the nitrocellulose membrane, the membrane was 

incubated in 3% BSA-TBS, 5% milk powder (Appendix I) for 1 hour at room 

temperature. This was followed by 2 washes, with each wash involving a five minute 

incubation in TTBS (Appendix I). The membrane was then incubated at 1 hour at room 

temperature with primary rabbit α HA (1:1000) diluted in 1% (w/v) BSA-TTBS. 

Following the incubation, the membrane was washed as above, and incubated in goat α 

rabbit HRP IgG (1:30 000) (horse radish peroxidase) (Sigma-Aldrich Ltd.) dissolved in 

1% (w/v) milk-TTBS for 1 hour at room temperature. After the incubation, the membrane 

was washed two times as described above, and a final time in TBS. Following the 

washes, the membrane was developed using the Blue XB film (PerkinElmer) following 

manufacturer guidelines included in with the Western Lightning
®
 Plus-ECL (Perkin 

Elmer).  

 

2.14. Nephelometer measurements of select split-ubiquitin transformed yeast 

 Nephelometer experiments were conducted as described by manufacturer 

protocols. Briefly, select transformed yeast cultures were inoculated overnight in 3 mL of 

SD-LT media. In the morning, the samples were back diluted as described in section 2.11 

and incubated at 30°C for 4 hours. Following the incubation, cultures were standardized 

to an OD600 of 0.1 and brought to a final volume of 200 μL in either SD–LT media or 

SD–LTHA media. Samples were run in duplicates over a span of 24 hours using a 

NEPHELOstar nephelometer (provided by the Merril Lab). The nephelometer was set to 

30°C and rotated in a circular pattern with a stroke length of 4mm, taking a reading taken 
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every 432 seconds. Data was collected using the NEPHELOstar software (BMG 

LABTECH). The experiment was repeated twice. 

 

2.15. β-Galactosidase assay of key split-ub interactors   

 As described by Richardson et al. (2011), transformed yeast cultures were 

inoculated overnight as outlined in section 2.11. In the morning, 0.5 mL of overnight 

culture was sub-cultured into 2.5 mL of SD-LT and incubated in an Innova 40 shaker 

(New Brunswick Scientific) set at 300 RPM 30⁰C for 4 hours at 30°C. After the 4 hours, 

the cultures were pelleted in a 1.7 microfuge tube and washed once in 1 mL of sterile 

ddH2O before being resuspended again in 1 mL ddH2O. The OD600 of the resuspended 

cultures was measured using a MultiSkan GO (Thermo Scientific) multiplate reader and 

each sample was standardized to an OD600 of 1.0 in 350 μL of sterile ddH2O. 350 µL of 

working solution (Appendix I) was added to each sample, then vortexed. This marked 

time 0 and each sample was incubated in a 37⁰C water bath until a colour change (clear 

to yellow) was observed. At this point, the timer was stopped and 300 µL of β-

galactosidase assay stop solution (Thermo Scientific) was added, and the sample was 

vortexed for 15 seconds. The samples were centrifuged at room temperature at 13 000 

RPM for 1 minute and 900 µL of the supernatant was transferred to a new tube and stored 

in the dark at 4⁰C until all the samples were ready. 

 Each sample had an OD420 measured in triplicate to be used in the following 

equation to determine β-galactosidase activity: 
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 where t = time in minutes; V = volume of cells (mL) used in the assay 

 

 2.16 Statistical analysis 

 All statistical analysis was carried out using the t-test: paired two sample for 

means found in Microsoft Excel 2007 (Microsoft Corporation). 
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CHAPTER 3: RESULTS AND DISCUSSION 

3.1. RNAi reduction of either CGI58L or CGI58L and CGI58S transcripts  

3.1.1. RNAi reduction of ectopically expressed GFP-CGI58L and GFP-CGI58S in 

BY-2 tobacco cells 

 As discussed in the Introduction, the Arabidopsis CGI58 gene encodes two 

protein isoforms, a full-length “long” variant (CGI58L) and a truncated “short” variant 

(CGI58S) which, through alternative splicing, the 8
th

 and 9
th

 exon from the CGI58 

mRNA transcript was removed. James et al. (2010) demonstrated that through T-DNA 

insertion (insertion of the T-DNA between the first exon and first intron; refer to Figure 

5), both CGI58L and CGI58S transcripts were absent, which resulted in a hyper 

accumulate LDs in the vegetative tissues (James et al., 2010). Based on this result, it was 

unknown whether CGI58L and/or CGI58S are the primary mediator in neutral lipid 

homeostasis. As such, the first objective of my MSc research was to specifically reduce 

either CGI58L or CGI58L and CGI58S transcript levels with the longer term goal of 

using these transgenic mutant plants to evaluate (relative to both wild-type and T-DNA 

mutant plants) the LD accumulation in the vegetative tissues.  

In order to generate these transgenic mutant plants, I employed the technique of 

RNA interference (RNAi) to reduce CGI58 transcripts in Arabidopsis because RNAi has 

been shown to not only be efficient but also highly specific in terms of gene silencing 

(Reviewed in Rana, 2007; Naqvi et al., 2009; Liu and Paroo, 2010). Perhaps more 

importantly, RNAi-knockdown of CGI58 transcripts has been previously used to study 

the role of CGI58 in LD homeostasis in mammalian cells (Yamaguchi et al., 2007), 
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indicating that a reduction in CGI58 rather than the complete silencing of the gene is 

sufficient in replicating the LD phenotype.  

The molecular mechanism underlying RNAi-knockdown is well characterized 

(Reviewed in Rana, 2007; Naqvi et al., 2009; Liu and Paroo, 2010). Briefly, exogenous 

sources of long, double stranded RNA (dsRNA) is bound by Dicer, an RNase III type 

endonuclease, and cleaved into short (20-24 nucleotides) fragments with a 2 nucleotide 

overhang on the 3’ end and a phosphate group on the 5’ end called short-interfering 

RNAs (siRNAs). These siRNAs are incorporated into an RNA-protein complex known as 

the RNA-induced silencing complex (RISC), and upon formation, RISC splits the siRNA 

into a single strand, which is used as a means to target specific mRNA. Once the target is 

acquired, RISC binds and cleaves the mRNA 10-11 nucleotides upstream of the 5’ end of 

the siRNA. This cleavage event only occurs if there is a 100% match; otherwise, RISC 

does not bind to the target. Overall, this technique of gene silencing is effective for a 

number of reasons. First, the initial dsRNA is cleaved into several fragments, generating 

multiple targets of the same mRNA (Reviewed in Naqvi et al., 2009). In addition, RISC 

is a multiple-turnover enzyme, which allows for multiple catalytic reactions with a single 

active center (Reviewed in Liu and Paroo, 2010). Finally, experimental results suggest 

that an RNA-dependent RNA polymerase (RdRP) is involved in amplifying the silencing 

signal by using the cleaved target mRNA as a template for additional siRNA (Reviewed 

in Liu and Paroo, 2010). 

As depicted in Figure 9A, the only difference between the two transcripts of 

Arabidopsis CGI58 is at their 3’ ends, i.e. alternative splicing of exons 8 and 9 (of 9) 

yields the CGI58S transcript encoding the C-terminal truncated isoform. As such, while  
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A CGI58L        TCTACGAGCAATGAGTCACGTTACATCAACACTGTTACATTTGATGCCAAGGAGGGAGCT 360 
CGI58S        TCTACGAGCAATGAGTCACGTTACATCAACACTGTTACATTTGATGCCAAGGAGGGAGCT 360 

              ************************************************************ 

 

CGI58L        CCTACACTCGTCATGGTTCATGGTTATGGTGCTTCTCAAGGGTTTTTCTTCCGTAATTTT 420 

CGI58S        CCTACACTCGTCATGGTTCATGGTTATGGTGCTTCTCAAGGGTTTTTCTTCCGTAATTTT 420 

              ************************************************************ 

 

CGI58L        GATGCTCTTGCCAGTCGATTTAGAGTGATCGCTATTGATCAACTTGGGTGGGGTGGTTCA 480 

CGI58S        GATGCTCTTGCCAGTCGATTTAGAGTGATCGCTATTGATCAACTTGGGTGGGGTGGTTCA 480 

              ************************************************************ 

 

CGI58L        AGTAGGCCTGATTTTACATGTAGAAGCACAGAAGAAACTGAGGCATGGTTTATCGACTCC 540 

CGI58S        AGTAGGCCTGATTTTACATGTAGAAGCACAGAAGAAACTGAGGCATGGTTTATCGACTCC 540 

              ************************************************************ 

 

CGI58L        TTTGAGGAATGGCGTAAAGCCCAGAATCTCAGTAACTTTATTCTATTAGGACATTCTTTT 600 

CGI58S        TTTGAGGAATGGCGTAAAGCCCAGAATCTCAGTAACTTTATTCTATTAGGACATTCTTTT 600 

              ************************************************************ 

 

CGI58L        ATCTTCTCATTTGGAGCATTTGCTAGGAAGCCCCTCTTACAAAG-TGCATCAGAGTGGAA 1019 

CGI58S        ATCTTCTCATTTGGAGCATTTGCTAGGAAGCCCCTCTTACAAAGGTATGTC--------- 1011 

              ******************************************** *   **          

 

CGI58L        AGTGCCAACAACGTTTATCTATGGAATGAATGATTGGATGAACTATCAAGGTGCGGTGGA 1079 

CGI58S        --CACCAAAAACATT---------------------GCTGA------------------- 1029 

                  **** *** **                     * ***                    

 

CGI58L        AGCGAGGAAATCCATGAAGGTCCCTTGCGAAATCATTCGGGTTCCACAGGGTGGTCATTT 1139 

CGI58S        ------------------------------------------------------------ 

                                                                             

CGI58L        TGTGTTCATAGACAACCCAATTGGTTTTCATTCTGCAGTGCTTTATGCTTGCCGCAAGTT 1199 

CGI58S        ------------------------------------------------------------ 

                                                                             

CGI58L        TATATCTCAAGACTCCTCTCATGATCAACAACTCCTAGATGGTCTACGATTGGTTTAG   1257 

CGI58S        ---------------------------------------------------------- 

 

 

 

 

 

 

 

 

 

 

Figure 9. Clustal nucleotide sequence alignment of Arabidopsis CGI58L and CGI58S 

(A) Shown is a truncated nucleotide sequence alignment of the two CGI58 isoforms in 

Arabidopsis: CGI58L (At4G24160.1) and CGI58S (At4G24160.2). Nucleotide sequence 

alignment was performed using ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/). An 

asterisk indicates identical nucleotides while a hyphen indicates no nucleotide sequence. The 

RNAi target designed against both CGI58L and CGI58S is denoted by Box I. The RNAi target 

designed specifically against CGI58L is highlighted in Box II. (B) RNAi destination vectors used 

in generating stable transgenic Arabidopsis lines (Karimi et al, 2002). pB7GWIWG2(II) was used 

to generate RNAi-CGI58L, RNAi-CGI58LS and RNAi-empty transgenic lines while 

pK7GWIWG2D(II) was used to generate the GFP RNAi-CGI58LS plant line. 

Box I 
 

 

 

Box II 
 

 

B 
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specific knockdown of the CGI58S transcript was not possible, RNAi sequences were 

targeted to a shared region between CGI58L and CGI58S (Box I in Figure 9A) or were 

specifically targeted to sequences encoding the C-terminal extension of CGI58L (Box II 

in Figure 9A). The RNAi reduction in CGI58L transcripts will help determine whether 

the resulting phenotype seen in the CGI58 knockout (T-DNA) mutants by James et al., 

(2010) was a result of the absence of CGI58L transcripts, or whether RNAi-knockdown 

of both CGI58L and CGI58S transcripts was responsible for this phenotype.  

Prior to generating the transgenic lines, sequences targeted against either a shared 

region between CGI58L and CGI58S (Figure 9A Box I) or specifically against the 

sequences encoding C-terminal extension of CGI58L (Figure 9A Box II), were aligned 

against the Arabidopsis nucleotide database using nBLAST at NCBI to identify other 

potential RNAi gene targets. In the searches for the RNAi sequences targeted against 

either CGI58L or CGI58L and CGI58S, two matches were identified. The first match was 

Arabidopsis thaliana CGI58 (AT4G24160), followed by an α/β hydrolase protein found 

in Arabidopsis lyrata (designated by NCBI as ARALYDRAFT_914176). Given these 

results, it was concluded that RNAi expression in Arabidopsis would not likely silence or 

reduce the expression of another gene(s). Two different RNAi so-called “destination” 

vectors (Figure 9B) were used to generate the stable transgenic Arabidopsis plant lines: 

1) pB7GWIWG2(II) (Karimi et al., 2002), was used to carry out all future experiments on 

successfully generated transgenic plants and 2) pK7GWIWG2D(II) (Karimi et al., 2002) 

was a dual expression vector that contains a GFP controlled by a separate promoter and 

terminator used to visually identify stable transgenic lines via epifluorescence 

microscopy.  
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 Prior to generating Arabidopsis RNAi transgenic lines, the specificity of the 

RNAi vectors was assessed in BY-2 suspension cells by way of a novel dual fluorescent 

protein reporter system based on a similar assay previously described in Khuu et al 

(2011). Briefly, BY-2 suspension cells were biolistically bombarded with three different 

sets of plasmids encoding either i) the RNAi-empty vector, RNAi-CGI58L or RNAi-

CGI58LS, GFP-alone, ii) GFP-CGI58L or GFP-CGI58SS, and iii) RFP, a cytosolic red 

fluorescent protein which served as a transformation marker. The effect, if any, of the 

RNAi plasmids on CGI58 transcript expression was assessed by measuring the GFP/RFP 

fluorescence ratio in each transformed cell (to account for cell-to-cell variability such as 

protein expression levels, plasmid copy number present in each cell etc.), which was then 

normalized against the RNAi-empty vector sample. That is, the fluorescence ratio of the 

samples containing RNAi-empty vector, RNAi-CGI58L or RNAi-CGI58LS were divided 

by the fluorescence ratio of the RNAi-empty vector sample. 

Presented in Figure 10A are representative micrographs of BY-2 cells transiently 

expressing GFP-alone, GFP-CGI58L or GFP-CGI58S, co-bombarded with the RNAi-

empty vector and RFP. GFP-alone, GFP-CGI58L or GFP-CGI58S fluorescence was not 

inhibited by the presence of the RNAi-empty vector, suggesting that the RNAi-empty 

plasmid had no effect on protein expression. Next, GFP-alone was bombarded along 

either RNAi-empty, RNAi-CGI58L, or RNAi-CGI58LS and RFP. It was expected that 

none of the RNAi plasmids would have an effect on the expression of GFP-alone, but as 

Figure 10B illustrates, there is a reduction in fluorescence when GFP-alone was 

expressed with either RNAi-CGI58L or RNAi-CGI58LS relative to the RNAi-empty 

control. This could be explained by a number of factors. First, there could be an effect of 
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the RNAi on the expression of GFP-alone. This is unlikely to be the case as a Clustalw 

alignment of the GFP nucleotide sequence with the RNAi sequences revealed a 18% 

sequence similarity between the two, and as stated above, a 100% match between the 

siRNA and the target mRNA is necessary before silencing is achieved (Rana 2007). 

Another explanation for the reduction seen in the relative fluorescence ratio of GFP-alone 

when co-expressed with either RNAi-CGI58L or RNAi-CGI58S but not with RNAi-

empty is that the bombardment with one, two, or three different plasmid DNA strains the 

cell’s transcriptional and translational machinery. Unlike the RNAi-CGI58L and RNAi-

CGI58LS plasmids, the RNAi-empty plasmid does not produce a double stranded mRNA 

(dsmRNA); thus cells transformed with the RNAi-empty plasmid would effectively only 

transcribe two plasmids (the GFP-fusion protein and the RFP marker), compared to cells 

transformed with either the RNAi-CGI58L, or RNAi-CGI58S, the GFP-fusion protein 

and the RFP marker. The third possibility is that the RNAi plasmid has an adverse effect 

on the cells. That is, previous studies (Fedorov et al., 2006; Anderson et al., 2008), have 

shown that RNAi plasmids have a toxic effect on the cell which influences the overall 

viability of the cell, which ultimately reduces the expression of any ectopically expressed 

gene(s). The most likely explanation for the decrease in the relative GFP/RFP 

fluorescence ratio when GFP-alone was co-bombarded with RFP and either RNAi-

CGI58L or RNAi-CGI58S however, would be a combination of the last two scenarios; 

both the number of bombarded plasmids which encode for a transcript, as well as RNA 

toxicity in the plant cells. Overall, the expression of GFP-alone was consistent across the 

three experimental conditions as expected. 
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As shown in Figure 10B (middle bar graph) GFP-CGI58L was co-expressed with 

either RNAi-empty, RNAi-CGI58L, or RNAi-CGI58LS and RFP and a significant 

reduction in the normalized GFP/RFP fluorescence ratio was observed in cells expressing 

either RNAi-CGI58L  (p-value < 0.01), or RNAi-CGI58LS (p-value < 0.01), indicating 

that both RNAi-CGI58L and RNAi-CGI58LS are effective in reducing GFP-CGI58L 

transcripts. This was expected as both the RNAi-CGI58L and RNAi-CGI58LS 

specifically match sequences encoding for the CGI58L transcript (Figure 9A). When 

GFP-CGI58S was co-expressed with the three RNAi plasmids, a statistically significant 

(p-value < 0.01) decrease in relative fluorescence was seen with RNAi-CGI58LS, 

however, a slight, but significant reduction (p-value < 0.01) in relative fluorescence was 

also seen with RNAi-CGI58L (Figure 10B, bottom graph). This indicates that the RNAi-

CGI58L plasmid is able to reduce the expression of CGI58S despite the lack of similarity 

between the two sequences (Clustalw alignment of the RNAi-CGI58L sequence to that of 

CGI58S showed little similarity between the two, with the largest stretch being 6 

nucleotides). Nonetheless, there is a more apparent reduction in the relative GFP/RFP 

fluorescence ratio when GFP-CGI58S was co-expressed with RNAi-CGI58LS, indicating 

that this RNAi is sufficient in targeting and reducing the expression of GFP-CGI58S, and 

that the reduction seen in the RNAi-CGI58L experiment can be attributed to the 

combination of factors previously discussed.  

Overall, the results presented in Figure 10 suggest that the RNAi vectors are 

sufficient in reducing the expression of either CGI58L, or CGI58L and CGI58S 

transcripts. More specifically, both RNAi constructs are capable of reducing the 

fluorescence ratio of GFP-CGI58L, while RNAi-CGI58LS is capable of significantly 
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reducing the fluorescence ratio of GFP-CGI58S to a level similar to the reduction seen by 

both RNAi-cgi58l and RNAi-cgi58ls on GFP-CGI58L. 

 

3.1.2. Generation of stable CGI58-knockdown Arabidopsis plants 

Given the efficiency by which RNAi-CGI58L and RNAi-CGI58LS reduced the relative 

GFP/RFP fluorescence ratio of GFP-CGI58L and/or GFP-CGI58S as well as the relative 

lack of reduction in the fluorescence of GFP-CGI58L and GFP-CGI58S by RNAi-empty, 

stable transgenic Arabidopsis lines were generated. Chart 1 provides an overview of the 

step-wise process taken in generating the transgenic plant line and as shown in Figure 11, 

T3 plants were grown on MS plates containing either 30 µg/mL BASTA or 50 µg/mL 

kanamycin. The plants which harboured the pK7GWIWG2D(II) vector grew specifically 

on MS plates containing kanamycin (Figure 9B, 11), while the plants which contained the 

pB7GWIWG2(II) vector grew only on MS plates containing BASTA (Figure 9B, 11). No 

growth was seen when the seeds were plated on the opposite selection pressures, e.g. 

pK7GWIWG2D(II) on BASTA and pB7GWIWG2(II) on kanamycin. The 100% seedling 

growth infers the plants contain at least two copies of the RNAi vector. It was not a 

priority to ensure only two copies of the RNAi vector was present, as the goal of this 

experiment was to generate plants that were guaranteed to express the RNAi vector. 

Thus, as long as the plants were not heterozygous, it would be sufficient. Had this been a 

concern however, a southern blot can be performed to determine the exact number of 

vector copies that are present within the plant genome. Two plants were selected from 

each 100% growth plates from which the seeds were harvested. With the T3 seeds, T4 
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Chart 1. A flowchart outlining the key 

steps involved in generating transgenic T3 

plants via floral dip 

Arabidopsis (Col-0) were grown for 4 

weeks or until flowering 

Plant seeds in 

soil from:  

RNAi-CGI58LS, 

RNAi-CGI58L 

RNAi-empty 

Sow GFP RNAi-

CGI58LS on MS 

plates containing  

50 μg/mL kanamycin 

Spray 14 day 

old plants with 

0.1% (v/v) 

BASTA 

Transfer 10 day 

old plants to soil 

DNA extraction 

from 30 day old 

plants 

Separate out PCR positive 

plants: 

7 for RNAi-empty 

8 for GFP RNAi-CGI58LS 

10 for RNAi-CGI58L 

10 for RNAi-CGI58LS 

Harvest seeds 

from each plant 

Plate seeds on MS plates containing either 30 

μg/mL BASTA or 50 μg/mL kanamycin 

Select plates which grow in a 3:1 

(living:dead) ratio (3 plates each line) 

Transfer 10 plants from 

each selected plate to soil 

Harvest seeds 

from each plant 

Harvest seeds 

from each plant 

Plate seeds on MS plates containing either 30 

μg/mL BASTA or 50 μg/mL kanamycin 

Select plates with a 100% 

growth rate of seedlings 

Transfer 2 plants from 

each plate to soil 

T0 Plants 

T0 Seeds 

T1 Plants 

T1 Seeds 

T2 Plants 

T2 Seeds 

T3 Plants 

T3 Seeds 

       Two floral dips   into Argobacterium  

    transformed with   the RNAi plasmids 

Harvest seeds 

48 plants from each line were 

individualized into separate containers 
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Figure 11. Evaluation of T3 RNAi transgenic Arabidopsis plant lines 

Representative images of selected T3 seeds plated on MS growth plates containing 50 μg/mL 

kanamycin, 30 μg/mL BASTA or no antibiotic selection.  

GFP  

RNAi-CGI58LS 

RNAi-CGI58LS 

RNAi-CGI58L 

RNAi-empty 

WT 
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plants were grown and genotyped to evaluate the degree by which the RNAi had reduced 

the expression of either CGI58L and CGI58S, or CGI58L alone.  

With the successful generation of T4 transgenic plant lines, the RNA extracts from 

each plant was genotyped by semi-quantitative RT-PCR to determine the extent of 

CGI58L and/or CGI58S transcript reduction. In addition, RNA extracts from both wild-

type and cgi58-knockout plants were used as a positive and negative control for these 

experiments. As Figure 12 illustrates, the results of the genotyping are shown in the gel 

images, and below each image is a graph depicting the band intensities of each sample 

relative to known band intensities from the molecular ladder. First, tubulin was amplified 

from each sample as a control to assess whether there was genomic DNA present in the 

RNA extract. If there was genomic DNA present, then a false negative would be 

observed. That is, RT-PCR amplification of either the CGI58L or CGI58S gene would 

amplify from the genomic DNA, which is not targeted by the RNAi. As shown in the gel 

in Figure 12A, a banding pattern of approximately 360 base pairs was detected. This 

banding pattern is indicative of mRNA, because genomic DNA would have produced a 

banding pattern of 570 base pairs for tubulin. Although there were discrepancies between 

samples in terms of band intensity (consequently a reflection of the amount of starting 

cDNA in each reaction) as well as a few outliers between partner plants (e.g. plant 1A 

and 1B from RNAi-empty), there was consistent amplification of tubulin between each 

partner plant (Figure 12, top bar graph). That is, the amount of starting cDNA used for 

each sample was consistent. For example, plant 3A was approximately equal to plant 3B 

from GFP RNAi-CGI58LS, plant 2A was approximately equal to plant 2B from RNAi-

CGI58LS 
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RNAi-empty Vector 
(pB7GWIW2(II)) 

GFP RNAi-CGI58LS RNAi-CGI58LS RNAi-CGI58L 

RNAi-empty Vector 
(pB7GWIW2(II)) 

GFP RNAi-CGI58LS RNAi-CGI58LS RNAi-CGI58L 

RNAi-empty Vector 
(pB7GWIW2(II)) 

GFP RNAi-CGI58LS RNAi-CGI58LS RNAi-CGI58L 

RNAi-empty Vector 
(pB7GWIW2(II)) 

GFP RNAi-CGI58LS RNAi-CGI58LS RNAi-CGI58L 

RNAi-empty Vector 
(pB7GWIW2(II)) 

GFP RNAi-CGI58LS RNAi-CGI58LS RNAi-CGI58L 

RNAi-empty Vector 
(pB7GWIW2(II)) 

GFP RNAi-CGI58LS RNAi-CGI58LS RNAi-CGI58L 
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Figure 12. Genotyping stable transgenic Arabidopsis lines using RT-PCR 

Shown are PCR amplifications of (A) tubulin, (B) CGI58L or (C) CGI58S from plant 

lines RNAi-empty, GFP RNAi-CGI58LS, RNAi-CGI58LS, and RNAi-CGI58L in 

duplicates from each RNAi plant line ran for either 30 or 40 PCR cycles. On the left of 

each gel is a wild-type (WT) and cgi58 knockout (KO) control which was ran for the 

same number of PCR cycles as each sample. Shown below each PCR amplification 

image are relative band intensities (compared to ladder standards) seen to the left and 

right of each plant line. The image of the gels shown are composites of 3 separate gels. 
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etc. Although amplification of tubulin was consistent across the samples, amplification of 

CGI58L showed varying degrees of transcript reduction across each plant line. As shown 

in Figure 12B, CGI58L levels across the RNAi-empty was comparable to the WT value 

(i.e. the band intensities and relative values for each sample was similar to the WT 

values) except for plant 1A. Although amplification of tubulin from plant 1A of the 

RNAi-empty plant line was similar to the WT, there is a 50% reduction in CGI58L, 

implying that the RNAi-empty vector was successful in reducing the expression of 

CGI58L. However, the remaining four plants from this line had comparable levels of 

CGI58L. The remaining transgenic plant lines had a range of CGI58L transcript 

reduction. For example, plants 3A and 3B from the RNAi-CGI58LS plant line had 

approximately an 80% decrease in CGI58L transcript while plant 2A and 2B from the 

RNAi-CGI58L plant line had a 5% and 15% decrease in CGI58L transcript respectively. 

Despite the variability across the different transgenic lines, the sister plants within each 

line showed comparable levels of CGI58L transcript reduction (disregarding plant 1 from 

both the RNAi-empty and RNAi-CGI58LS plant lines). This variability can be explained 

by differences in the capacity for different siRNA to target the same gene. As described 

by Collinet et al., (2010), siRNA display different degrees of efficacy in targeting mRNA 

based on where the siRNA targets to on the mRNA.  

Following the amplification of tubulin and CGI58L, CGI58S was amplified from 

each of sample. As depicted in Figure 12C, very little CGI58S was amplified (i.e. 

compare the WT CGI58L value to the WT CGI58S value), even after 40 cycles of PCR, 

making any conclusions drawn from these results difficult to interpret. Nonetheless, 

based on the data presented, the RNAi-empty plant line appears to reduce CGI58S as 
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effectively as the GFP RNAi-CGI58LS plant line. In addition, the RNAi-CGI58LS plant 

line did not have an effect on reducing CGI58S transcript levels, despite being the same 

RNAi sequence used in the GFP RNAi-CGI58LS plant line. Also, the RNAi-CGI58L 

plant line had greater reduction of CGI58S relative to the RNAi-CGI58LS plant line, but 

was not as effective as GFP RNAi-CGI58LS. A number of factors can explain this 

inconsistency. First, it has been shown that CGI58S is expressed at much lower levels 

relative to CGI58L in Arabidopsis plants (James et al., 2010). This would explain the 

relatively low level of CGI58S mRNA amplification in the wild-type, even after 40 PCR 

cycles. Low transcript levels make any interpretation of the siRNA efficiency difficult. In 

other words, is the low transcript level a result of plant to plant variability, or due to the 

effects of the siRNA? Although amplification of the CGI58S transcript was relatively 

low, this was not the result of the RNA extraction as tubulin amplification from the same 

RNA extracts yielded consistently robust bands (Figure 12). Moreover, RNAi efficacy 

has been shown to be widely variable (Vickers et al., 2003, Cantu et al., 2011) relative to 

a wild-type control, in addition to the variability that is sometimes seen cell-to-cell 

(Collinet et al., 2010; Snijider et al., 2012). Due to this variability, an assessment of 

RNAi efficacy may be more beneficial on an individual basis (i.e. one plant) rather than a 

pooled sample. Furthermore, the measurement of reduced mRNA levels via RT-PCR 

may not be indicative of the steady-state of the encoded protein. That is, a slight 

reduction in mRNA transcript levels may result in a large (or small) reduction in steady-

state protein and/or a large reduction in transcript levels might be necessary before there 

are any obvious differences in the protein amount observed. Ultimately, the end goal of 

this objective was to assess the effects of reducing CGI58L or CGI58L and CGI58S 
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transcript levels in Arabidopsis. Although a wide range reduction in CGI58L and CGI58S 

transcript levels was observed,  previous studies successfully using RNAi have done so 

with a wide range of RNAi efficacy, from 30% reduction to 95% reduction of their target 

gene (Cantu et al., 2001; Brown et al., 2010; Yamaguchi et al., 2007; Mitra, S., Baldwin, 

I.T., 2008; Pitino et al., 2011). As such, future objectives include assessing the LD profile 

of select transgenic mutants (i.e. plant 3A from RNAi-CGI58L). For example, the LD 

content of the leaves relative to the wild-type and cgi58-knockout plants to determine if 

the level of RNAi reduction was sufficient to enhance the amount of LDs found in mature 

leaves. 

 

3.2. Characterization of interaction between CGI58L and full-length PXA1 

As previously mentioned in the Introduction, Park et al. (2012) identified using 

the yeast two-hybrid assay an interaction between CGI58 and the soluble C-terminal 142 

amino acids of PXA1 (refer to dotted box in cartoon of PXA1 shown in Figure 6A), 

which includes the Walker B motif of NBD2; that is, it is possible that the previously 

identified interaction between CGI58 and the C-terminus of PXA1 is not an authentic 

interaction that exists within the context of CGI58 and full-length PXA1. However, no 

research to date has focused on the potential interaction between CGI58 and full-length 

PXA1. Hence, the second objective of this thesis was to assess whether such an 

interaction exists. Specifically, I tested whether CGI58L interacts with full-length PXA1 

using both the yeast split-ubiquitin (split-ub) yeast two-hybrid assay and the bimolecular 

fluorescence complementation assay in plant cells. The experiments were conducted only 
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with CGI58L because this isoform is expressed at higher levels (James et al., 2010) in the 

plant and for its role in lipid homeostasis. 

 

3.2.1. Interaction between CGI58L and full-length PXA1 in yeast 

Since PXA1 is an integral membrane bound protein (Dietrich et al., 2009), the 

split-ubiquitin (split-ub) version of the yeast two-hybrid assay was selected due to its 

advantages over the traditional yeast two-hybrid assay. That is, while the split-ub assay is 

similar to the traditional yeast two-hybrid assay, in that interactions between two proteins 

ultimately result in the activation of one or more reporter genes, the split-ub assay allows 

for the assessment of protein-protein interactions that occur on cellular membranes 

(Nikko et al., 2007). By contrast, the traditional yeast two-hybrid assay relies on the two 

interacting proteins to be able to shuttle to the nucleus in order to activate the reporter 

genes; hence if one of the proteins being tested was associated with a cellular membrane, 

they potentially cannot shuttle to the nucleus and a false negative result can be obtained.  

To begin to assess the potential interaction between CGI58L and full-length 

PXA1 using the split-ub assay, CGI58L was fused at either its N- or C-terminus to the C-

terminal half of ubiquitin (Cub) linked to a LexA transcription factor. These two 

constructs (Cub-CGI58L and CGI58L-Cub) along with Cub-empty and empty-Cub, were 

transformed in yeast along with either: (i) NubG-alone, which consists of only a mutant 

variant of the N-terminal half of ubiquitin which has a low affinity for Cub, (ii) Alg5-

NubG, which consists of an endogenous ER membrane protein found in yeast fused to 

NubG, (iii) Alg5-NubI, which consists of Alg5 fused to NubI, which has the propensity 
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to interact strongly with Cub, (iv) NubG-PXA1, which consists of the NubG moiety 

fused to the N-terminus of full-length PXA1 or (v) NubG-PXA1∆NBD2-B which 

consists of the NubG moiety fused to the N-terminus of a truncated mutant of full-length 

PXA1, which lacks the Walker B motif of NBD2 of PXA1 previously identified as a 

CGI58L binding protein by Park et al. (2012). It should be noted that reciprocal testing of 

NubG fused to CGI58L and Cub-LexA fused to PXA1 was not tested due to the size of 

PXA1 (134 kDa) and the low copy number of the Cub vector (1-2 copies per cell) relative 

to the NubG vector (20-50 copies per cell). Transformed yeast cells were then plated on a 

serial dilution on synthetic dextrose plates lacking the amino acids leucine, tryptophan, 

histidine and adenine (SD-Leu-Trp-His-Ade). After 5 days, the relative growth of the 

yeast colonies was assessed relative to the controls. 

As summarized in the matrix presented in Figure 13A, co-expression of Cub-

empty with all of the Nub constructs showed robust growth. As mentioned above, Alg5-

NubI has a high affinity for the Cub moiety, so a robust growth was expected, however 

the NubG-fusion proteins unexpectedly grew on SD-Leu-Trp-His-Ade despite the 

reduced affinity of NubG for the Cub moiety. On the other hand, no growth was observed 

when the empty-Cub was co-expressed with any of the Nub-fusion proteins. This is 

because the multiple cloning site disrupts the complete translation of the Cub moiety, 

resulting in a nonfunctional polypeptide. Similar to Cub-empty, when Alg5-Cub was co-

expressed with the Nub controls, strong growth was observed for NubG-empty, Alg5-

NubI and Alg5-NubG. Interestingly, similar growth patterns were observed when Alg5-

Cub was expressed with NubG-PXA1. This growth implies that Alg5 is able to interact  
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with PXA1, however, similar growth patterns were observed for the negative NubG 

controls, suggesting that the observed growth is a result of non-specific binding of the 

two ubiquitin halves. Next, Cub-CGI58L was co-transformed with the Nub control 

proteins, along with NubG-PXA1 and NubG-PXA1ΔNBD2-B. Medium growth was 

noted between Cub-CGI58L and NubG-empty compared to the strong growth observed 

for both Cub-empty and Alg5-Cub when co-transformed with NubG-empty. As expected, 

when Cub-CGI58L was co-transformed with Alg5-NubI, a strong growth was observed. 

When Cub-CGI58L was co-transformed with Alg5-NubG, NubG-PXA1 and NubG-

PXA1ΔNBD2-B, they were all assessed as a medium growth, however, as Figure 13B 

shows, there are subtle differences in terms of yeast growth. Both NubG-PXA1 and 

NubG-PXA1ΔNBD2-B grew at a higher dilution compared to Alg5-NubG and NubG-

empty (numerical value in Figure 13A), suggesting that an interaction between CGI58L 

and PXA1, as well as PXA1ΔNBD2-B exists. What is notable is the interaction observed 

between CGI58L and PXA1ΔNBD2-B. Although unexpected, this interaction does agree 

with the hypothesis that CGI58L is involved the transport of a number of substrates. The 

Walker motifs of PXA1 are known to show substrate specificity (Dietrich et al., 2009), so 

if CGI58L is involved in transporting multiple, distinct substrates, CGI58L may be 

required to interact with different portions of PXA1, such as one or more of the other 

Walker motifs (refer to Figure 6A). While it is intriguing to draw such conclusions, it 

should be noted that Park et al. (2012) reported no interaction between CGI58L and any 

of the other Walker motifs of PXA1, at least based on the traditional yeast two-hybrid 

assay. However, a recent paper by De Marcos Lousa et al. (2009) showed that the 

function(s) of the NBDs in PXA1 are altered when expressed outside of the context of the 
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full-length ABC transporter. This reinforces the notion that an interaction between 

CGI58L and other portions of PXA1 may require the context of a full-length PXA1 

protein, although this possibility remains to be proven. 

Based on the results presented in Figures 13A and 13B, there is a relative 

difference, albeit small, in the rate of growth of yeast transformed with Cub-CGI58L and 

NubG-PXA1 compared to Cub-CGI58L and NubG-PXA1ΔNBD2-B, suggesting that 

CGI58L interacts more strongly with full-length PXA1 than the mutant PXA1 which 

lacks the C-terminal Walker B motif of NBD2. To further assess this potential difference, 

the nephelometer was used in order to qualify the relative growth of the yeast expressing 

the two different NubG-fusion proteins in the presence of Cub-CGI58L. As shown in 

Figure 13C (top graph), both full-length Cub-CGI58L co-transformed with NubG-PXA1 

and Cub-CGI58L co-transformed with NubG-PXA1∆NBD2-B follow a standard growth 

curve under low selection pressure (SD-Leu-Trp). This indicates that: 1) the growth 

cultures were diluted to an appropriate amount so that entrance into, and exit out of the 

growth phase can be seen and 2) the starting concentrations were the same for both 

cultures. Under high selection pressure (SD-Leu-Trp-His-Ade) however (Figure 13C, 

bottom graph), a statistically significant difference (p < 0.01) in growth rate between the 

Cub-CGI58L and NubG-PXA1 compared to Cub-CGI58L and NubG-PXA1ΔNBD2-B 

was observed, supporting the idea of sufficiency, but not necessity of the 142 amino acid 

tail of PXA1. If the role of the C-terminal 142 amino acids of PXA1 were to act as a 

binding site for CGI58L to bring CGI58L into closer proximity with PXA1, removal of 

this site would ultimately decrease the degree in which these two proteins interact.  
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One possibility for the difference in growth observed between Cub-CGI58L with 

NubG-PXA1 compared to Cub-CGI58L with NubG-PXA1ΔNBD2-B in both the split-ub 

assay (Figure 13A and 13B) and the nephelometer data (Figure 13C) is a disproportional 

amount NubG-PXA1 being translated within the yeast cell, relative to NubG-

PXA1ΔNBD2-B. To test this possibility, a western blot analysis was carried out on total 

protein extract from yeast cultures co-transformed with either Cub-CGI58L and NubG-

PXA1 or Cub-CGI58L and NubG-PXA1ΔNBD2-B. As shown by the coomassie gel in 

Figure 14A, equal amounts of protein extract was ran on an SDS-PAGE gel, and full-

length PXA1 and PXA1∆NBD2-B, were detected by probing the blot with anti-HA 

antibodies (Figure 14A). As evident in Figure 14A, relatively equal amounts of NubG-

PXA1 and NubG-PXA1ΔNBD2-B are being expressed in the yeast, suggesting that the 

interaction detected in the split-ub assay is genuine.  

In addition to the split-ub and western blot data presented, evaluation of β-

galactosidase activity of the yeast cells co-transformed with Cub-CGI58L and NubG-

PXA1 and Cub-CGI58L and NubG-PXA1ΔNBD2-B provided an alternative method to 

validate the interaction between CGI58L and PXA1. Along with the two auxotrophic 

reporter genes in the split-ub assay, successful reconstitution of the two ubiquitin halves 

activates the bacterial reporter gene, lacZ, which encodes the β-galactosidase (β-gal)  
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enzyme and quantifying the amount of β-gal activity can give an indication as to the 

strength of interaction between two proteins. 

 Based on the nephelometer data, it was expected that the yeast cells transformed 

with NubG-PXA1 would have greater β-gal activity than those transformed with NubG-

PXA1∆NBD2-B; however the opposite result was observed. NubG-PXA1∆NBD2-B 

showed approximately 2 times the enzyme activity compared to NubG-PXA1 (Figure 

14B). 

Moreover, despite similar split-ub growth results between Cub-CGI58L and 

NubG-PXA1∆NBD2-B compared to Cub-CGI58L and Alg5-NubG or NubG-empty, the 

β-gal activity indicates minimal translation of β-gal for NubG-empty. Conversely, both 

NubG-PXA1 and NubG-PXA1∆NBD2-B show greater β-gal activity than either NubG-

empty or Alg5-NubG when co-transformed with Cub-CGI58L, suggesting that the 

growth seen in the split-ub assay is genuine and not a result of the two ubiquitin halves 

randomly reconstituting. Although contrary to what was hypothesized, the evidence 

supports the idea of the C-terminal tail of PXA1 being sufficient but not necessary for its 

interaction with CGI58L. 

 

3.2.2. Interaction between CGI58L and full-length PXA1 in plants 

Given the data presented from using the yeast system as a means to assess the 

interaction between CGI58L and full-length PXA1, the next objective was to validate 

these results in a plant system to ensure the observed interaction between these two 

proteins was authentic, and not a result of an artifact from the yeast system. As such, BY-
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2 suspension cells were used since this system has been well characterized for studying 

protein targeting and organelle biogenesis (Brandizzi et al., 2003; Miao and Jiang 2007). 

While the results presented in Figures 13 and 14 indicate that CGI58L interacts, albeit 

weakly, with full-length PXA1, this would imply that CGI58L localizes to the 

peroxisome surface, and that transient expression of CGI58L should lead to the protein 

localizing in and around the surface of the peroxisomes in Figure 8; however, previous 

experiments by James et al. (2010) and Park et al. (2012) have shown CGI58L to localize 

primarily to the cytosol when transiently expressed in plant cells.  

As shown in Figure 15A, ectopically expressed GFP-CGI58L in BY-2 cells 

localized to the cytosol and not to peroxisomes as evident by the diffuse fluorescence 

pattern attributable to GFP-CGI58L and lack of co-localization with the 

immunofluorescence pattern of the peroxisomal marker catalase. Despite this result, one 

of the caveats of using a transient expression assay such as biolistic bombardment, is that 

any potential interaction between ectopically expressed GFP-CGI58L and the 

endogenous PXA1 could simply be masked by the over abundance of GFP-CGI58L. As 

such PXA1 was co-expressed with GFP-CGI58L, but prior to their co-expression, PXA1 

was first transiently expressed in BY-2 cells to ensure that the over expression of PXA1 

would still localize to the peroxisomes. As depicted in Figure 15A, when PXA1 is fused 

to a Myc-epitope tag to either its N- or C-terminus, PXA1 localizes to peroxisomes as 

evident by the co-localization with catalase (as denoted by the white arrow heads in 

Figure 15A). When PXA1-Myc was co-expressed with GFP-CGI58L though, no re-

localization of CGI58L to the peroxisomes was seen (hatched box, Figure 15B top). It 

should be noted that over-expression of any peroxisomal membrane protein may  
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sometimes result in the aggregation of peroxisomes (see aggregates of Myc-PXA1 in 

Figure 15A and 15B) (Lingard, et al., 2008). To eliminate the possibility that the Myc-

epitope impeded the interaction between the two proteins, Myc-PXA1 was also co-

expressed with GFP-CGI58L, and similar to PXA1-Myc, no re-localization of GFP-

CGI58L to the peroxisome was seen (hatched box Figure 15B, bottom). 

Contrary to the interaction data observed from the split-ub analysis, transient 

expression of CGI58L in BY-2 cells does not appear to interact with PXA1. However, 

this does not imply CGI58L does not interact with the PMP PXA1. As discussed in the 

Introduction, PXA1 is involved in the transport of a number of substrates including 

FFAs, IBA and OPDA (Figure 6B). Evidence from James et al. (2010) and Park et al. 

(2012) have shown that in the cgi58 knockout mutant, there is a build-up of FFAs (James 

et al., 2010), and OPDA, suggesting that CGI58 is involved in the transport of these 

substrates. Whether CGI58L operates as either an active liaison between organelles for 

substrate transport, or as an activator of PXA1 (Figure 6B) is unknown, but in either 

scenario, the actions of CGI58L would have to be transient at best, which could explain 

the lack co-localization seen between these two proteins in Figure 15B. Also, the cell 

type may influence the propensity by which CGI58L interacts with PXA1. Results from 

Park et al. (2012) showed a cytosolic localization of CGI58L when expressed in BY-2 

cells (Figure 7), however, when CGI58L was Agro-infiltrated into tobacco leaves, the 

protein formed ring-like structures around the peroxisome 5 days post infiltration (Figure 

8). This suggests that the condition of the cell (e.g. prolonged stress) may prompt 

CGI58L to shift from an otherwise transient localization to peroxisomes to a more stable 

localization.   



84 
 

To explore the possibility of a transient, dynamic relationship between CGI58L 

and PXA1, bimolecular fluorescence complementation (BiFC) was employed. BiFC is 

similar to the split-ub assay, in that both assays are designed to assess protein-protein 

interactions in an in vivo system. The BiFC assay utilizes a fluorescent Venus protein that 

has been divided into its N- and C-terminal halves (nVenus and cVenus respectively) 

(Hwang et al., 2008), where reconstitution of these emits a fluorescent signal rather than 

activate reporter genes. 

To begin assessing the potential interaction between CGI58L and full-length 

PXA1 using the BiFC assay, cVenus-HA was fused to the N-terminus of CGI58L and 

this was co-expressed in BY-2 cells with either Myc-nVenus fused to the C-terminus of 

full-length PXA1 (PXA1-Myc-nVenus), or Myc-nVenus fused to the C-terminus of 

PXA1ΔNBD2-B (PXA1ΔNBD2-B-Myc-nVenus) along with a nuclear localization signal 

fused to a RFP to serve as a marker for transformed cells. In addition, to PXA1-Myc-

nVenus, the nVenus-Myc moiety was appended to the N-terminus of PXA1; however this 

will be discussed in more detail in section 3.3.  

As depicted in Figure 16A, PXA1-Myc-nVenus and PXA1ΔNBD2-B-Myc-

nVenus was co-expressed with cVenus-HA-CGI58L where 20/50 cells and 28/50 cells 

were positively identified as showing a BiFC signal respectively where cVenus-HA-

CGI58L relocalized to the peroxisome. Although the number of BiFC signals appears 

low, it may be indicative of an insufficient amount of protein being translated, but when 

PXA1-Myc-nVenus and PXA1Δ-Myc-nVenus was co-expressed with cVenus-HA-

empty, a total of 13/50 and 17/50 cells showed a BiFC signal respectively (Figure 16A).  



85 
 

  

85 



86 
 

This suggests that there is an over expression of the Venus constructs, resulting in non-

specific binding, or that the interaction between CGI58L and PXA1 is a weak interaction, 

similar to that shown in the split-ub assay (Figure 13A).  

Given the results in Figure 16A, one explanation for the BiFC signal observed in 

the empty cVenus control is over expression of the vectors, leading to non-specific 

binding of the two Venus moieties. As such, the concentrations of the cVenus plasmids 

were reduced during biolistic bombardment. Shown in Figure 16B are two different 

dilutions (1/2 or 1/8 of the original concentration) of the cVenus plasmids co-expressed 

with PXA1-Myc-nVenus, which was kept at a constant concentration. No BiFC signal 

was detected for either cVenus-HA-empty or cVenus-HA-CGI58L at 1/8
th

 the initial 

concentration, and immune-staining for the HA epitope revealed no expression of the 

cVenus plasmids (data not shown). However, a weak signal was detected at half the 

initial concentration for both the empty control and CGI58L. Since the number of 

fluorescent signals seen did not change significantly for the empty control (13/50 cells for 

cVenus-HA-empty at a 1:1 ratio to PXA1-Myc-nVenus compared to 9/50 cells for 

cVenus-HA-empty at a 1:2 ratio) compared to CGI58L (20/50 cells for cVenus-HA-

CGI58L at a 1:1 ratio to PXA1-Myc-nVenus compared to 2/50 cells for cVenus-HA-

CGI58L at a 1:2 ratio), the concentrations were kept at the original amounts. This large 

decrease in the number of observed CGI58L BiFC signals may be a result of the size 

difference between the cVenus-HA-empty plasmid compared to the cVenus-HA-CGI58L 

plasmid. Since both plasmids are controlled by the same promoter, the smaller protein 

would undergo more cycles of translation. In this case, the cVenus-HA-empty plasmid 

encodes a 6.6 kDa protein, which is approximately 7 times smaller than the cVenus-HA-
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CGI58L fusion protein, which encodes approximately a 48.5 kDa protein. This leads to 

more translated cVenus-HA-empty plasmid available for reconstitution with the PXA1-

Myc-nVenus construct compared to cVenus-HA-CGI58L. Also, Figure 16C shows a 

series of control experiments which tested the methodology of this BiFC analysis. 

nVenus-Myc-empty was co-bombarded with cVenus-HA-empty, along side nVenus-

Myc-PEX11b, a peroxisomal membrane protein part of the peroxin family (Lingard et al., 

2008), co-expressed with either cVenus-HA-empty or cVenus-HA-CGI58L. In all three 

cases, a BiFC signal was detected, indicating that a signal will be seen as long as the two 

Venus halves are within proximity to one another. This supports the notion that there is 

an over expression of the Venus constructs, resulting in the non-specific binding of the 

Venus halves seen in Figure 16C. Despite this discovery, a greater number of BiFC 

signals were observed when either PXA1-Myc-nVenus was co-expressed with cVenus-

HA-CGI58L or PXA1∆NBD2-B-Myc-nVenus co-expressed with cVenus-HA-CGI58L 

compared to their empty controls, suggesting that this interaction, at the very least, is 

weak. However, a comparable number of BiFC signals were seen when nVenus-Myc-

PEX11b, a protein that is not expected to interact with CGI58L, was co-expressed with 

cVenus-HA-CGI58L. This implies one of two things. The first is that PEX11b does in 

fact interact with CGI58L; however this seems unlikely as PEX11b was not identified in 

the initial screening of potential CGI58L binding partners carried out by Park et al. 

(2012). In addition, PEX11b is part of the peroxin family and evidence has been 

presented which implicates PEX11b to be involved in the biogenesis of peroxisomes 

(Lingard et al., 2008), a process that does not appear to be interrupted in cgi58 knockout 

plants (i.e. cgi58 knockout plants are able to develop normally (James et al., 2010)). The 
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second possibility is that the results from this BiFC analysis should be interpreted as 

preliminary data, and additional experiments concerning the interaction between CGI58L 

and full-length PXA1 should be carried out before any conclusions are drawn.  

3.3. Characterization of the peroxisomal localization signal of PXA1 

As mentioned in Section 3.2.2, nVenus-Myc was appended to the C-terminus of 

PXA1. Since the three dimensional conformation of PXA1 in the peroxisomal membrane 

in terms of the position of its N- and C-terminus is unknown, that is, given the relative 

size of PXA1 (~133.7 kDa), it is unknown whether the N-terminus of PXA1 is located 

spatially next to the C-terminus of the protein, the nVenus-Myc moiety was also 

appended to the N-terminus of PXA1 to ensure any interaction between CGI58L and 

PXA1 can be accurately documented. As shown in Figure 17, transient expression of 

PXA1-Myc-nVenus co-localized with endogenous catalase (white arrowheads in Figure 

17); however, transient expression of nVenus-Myc-PXA1 did not localize to 

peroxisomes, nor to the ER as evident by the lack of co-localization with either catalase 

or the ER stain ConA. Rather, nVenus-Myc-PXA1 localized to the cytosol, suggesting 

that the targeting information of PXA1 is found within the N-terminus of the protein. It is 

interesting to note that when just a Myc-epitope was appended to the N-terminus of 

PXA1, no disruption in localization was seen (Figure 15A), but when the nVenus-Myc 

moiety was appended to the N-terminus of this protein, PXA1 mislocalized to the 

cytosol. Given this observation, the final objective was to locate and characterize the 

peroxisomal targeting information of PXA1.  
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The targeting of PMPs has been extensively studied and several conserved motifs have 

been identified (Reviewed in Van Ael and Fransen, 2006; Ma et al., 2011). Briefly, 

peroxisomal targeting of PMPs is dependent on the presence of a membrane peroxisomal 

targeting signal (mPTS) (Sacksteder and Gould, 2000), and these mPTSs are found near 

hydrophobic domains such as TMDs, which serve as a means for permanent integration 

of the PMP into the peroxisomal membrane. In addition, almost all mPTSs consist of 

clusters of positively charged amino acid residues located near or around the TMD 

(Koller et al., 1999; Baerends, et al., 2000; Mullen and Trelease 2000).  mPTSs can also 

be divided into two distinct classes, those that are either Pex19-dependent (e.g. 

mammalian ABC transporters such as ALDP) (Biermanns M, Gartner J, 2001; Landgraf 

et al., 2003) or Pex19-independent (e.g. Pex3) (Jones et al., 2001, 2004).  

Pex19 is part of the peroxin family of proteins known to be involved in the 

biogenesis of peroxisomal membranes (Sacksteder and Gould, 2000), and evidence has 

shown that the binding site of Pex19 is located within or around a mPTS, and binding of 

Pex19 to the mPTS not only assists in the localization of the PMP, but also serves to 

protect the nascent protein’s hydrophobic domain from misfolding (Jones et al., 2001). 

As discussed in the Introduction (1.4.2.), PXA1 is composed of two equal 

“halves” (Figure 18A), so to begin to locate the mPTS within PXA1, the protein was first 

divided into its two halves (i.e. N-PXA1 and C-PXA1) (refer to Figure 18A). As shown 

in the first two rows of micrographs in Figure 18B, N-PXA1, like full-length PXA1 

(Figure 15A) localizes to peroxisomes, while C-PXA1 localizes to the cytosol, similar to 

that seen with the nVenus-Myc-PXA1 protein. Although the halves are functionally 

equivalent (i.e. both contain a NBD consisting of a Walker A and Walker B motif), it is  
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not surprising that the C-terminal half of PXA1 has lost its ability to target to 

peroxisomes. In other organisms such as mammals, their PXA1 homologue exists as 

separate halves (McGuinness et al., 2003; Takahashi et al., 2007), and these halves are 

able to localize to the peroxisomes and form homo- or heterologous pairs. In plants 

though, PXA1 exists as a single, continuous protein (Figure 6A), and over the course of 

evolution, mutations to the C-terminal half of PXA1 may have removed the redundant 

targeting sequence. 

Based on this observation, efforts have been focused toward the N-terminal end of 

PXA1, and as illustrated in Figure 18A, a truncational analysis was carried out on N-

PXA1. The first truncation, termed N- PXA1 1-280-mGFP, occurred just after the fourth 

predicted TMD (Figure 18A), and ectopic expression of this mutant in BY-2 cells showed 

that this particular truncation was able to maintain its peroxisomal targeting (Figure 18B 

3
rd

 row of micrographs). Similar targeting was seen for the next truncation, N-PXA1 1-

180-mGFP (Figure 18A) as both N-PXA1 1-280-mGFP and N-PXA1 1-180-mGFP co-

localize with the peroxisomal marker catalase (Figure 18B 3
rd

 and 4
th

 row of 

micrographs). When PXA1 was reduced to the first predicted TMD (Figure 18A), 

targeting of N-PXA1 to peroxisomes was disrupted. Rather than relocalizing to the 

cytosol like C-PXA1-HA-cVenus and nVenus-Myc-PXA1, N-PXA1 1-144-mGFP was 

found to localize to chloroplast (Figure 18B bottom row of micrographs), as evident by 

the ring-like structures around the chloroplast marker NAGK seen in the magnified 

images of Figure 18B. This concept of protein mistargeting is not new; however, due to 

the unique nature of plants having chloroplasts, little research has been investing in 

probing this phenomenon. Still, there has been substantial research in investigating the 
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mistargeting of peroxisomal proteins in other species such as mammals and yeast. For 

example, disruption of the peroxin binding site of PMPs (Fransen et al., 2011), or 

mutations to either Pex3 (Hettema et al., 2000; South et al., 2000), Pex16 (Honsho et al., 

20002) or Pex19 (Snyder et al., 1999) result in PMPs to either be degraded or mistarget to 

other organelles such as the ER or mitochondria (Ghaedi et al., 2000; Hettema et al., 

2000; Sacksteder et al., 2000). Altogether, these results suggest that the localization 

signal of PXA1 is located somewhere between amino acids 144-180 of the N-terminal 

end of PXA1. 

 

CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 

 CGI58 has been identified as one of the key regulators of lipolysis in mammals, 

yeast and plants (Ghosh et al., 2008; Bickel et al., 2009; Krahmer et al., 2009; James et 

al., 2010; Yamaguchi 2010); however, our understanding of the molecular mechanism by 

which CGI58 operates in these organisms, and in particular, in plant vegetative tissues, is 

relatively poor. As such, the research objectives of this thesis were as follows: i) generate 

stable Arabidopsis lines expressing RNAi targeted at either CGI58L or CGI58L and 

CGI58S transcripts; ii) assess the apparent interaction between CGI58L and the 

peroxisomal transporter PXA1 in both yeast and plant cells; and iii) identify the 

molecular targeting information in PXA1 using mutational analysis. 

As presented in Figures 9 and 10, stable transgenic Arabidopsis lines were 

generated expressing RNAi targeted against either CGI58L or CGI58L and CGI58S 

transcripts. The transgenic mutant plants were subsequently genotyped (via RT-PCR) to 
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confirm that they possessed varied reductions in the levels of CGI58 transcripts. Despite 

that these varied levels of transcript reduction was moderate, previous studies have 

shown that varying levels of RNAi efficacy (30%-95%) were sufficient in reducing 

protein levels (Cantu et al., 2001; Brown et al., 2010; Yamaguchi et al., 2007; Mitra, S., 

Baldwin, I.T., 2008; Pitino et al., 2011). As such, possible future experiments with the 

transgenic mutant lines generated in this study might include evaluating potential changes 

in protein level through western blot analysis using antibodies designed specifically 

against either CGI58L or CGI58S. Moreover, assessment of the LD hyper-accumulation 

in the mature leaves of the transgenic mutant plants (via nanospray mass spectrometry or 

lipid staining of mature leaves) relative to that of the wild-type and T-DNA insertional 

mutant lines will provide insight into the LD phenotype of the transgenic plants. It is also 

possible that, given the apparent reduction of CGI58L transcripts in the RNAi-CGI58L 

transgenic lines (Figure 12B), microarray analysis of the overall change in gene 

expression in these lines might help to identify other genes potentially involved in plant 

lipolysis. In particular, given the close sequence similarity between CGI58S and CGI58L 

transcripts, it would be interesting to know whether there is an increase in transcript 

levels of CGI58S when CGI58L transcript levels are reduced in the RNAi-CGI58L plant 

line. That is, with such a close similarity in their sequences, at least in the N-terminal 

portion of the two protein isoforms, is CGI58S able to functionally complement the role 

of CGI58L in plant lipolysis?  

As mentioned also in the Introduction, results presented previously have yielded 

several lines of indirect evidence supporting a physical and functional interaction 

between CGI58 and the PMP PXA1. For instance, leaves of both the cgi58 and pxa1 
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mutants possess an overabundance of LDs (Kunz et al., 2009; Slocombe et al., 2009; 

James et al., 2010). Moreover, recent evidence by Park et al. (2012) have showed 

elevated levels of 12-oxo-phytodeinoic acid, an intermediate in the plant response to 

wounding, and resistance to exogenously applied indole-3-butyric acid, a precursor to the 

plant hormone auxin, in these mutant plants. The elevation of these substrates in the 

cgi58 mutant background suggests that CGI58 is involved, at least in part, with either the 

transport of these substrates from other organelles to PXA1 on the peroxisomal surface, 

or as an activator of PXA1. Also, preliminary data from Park et al. (2012) using the 

traditional yeast two-hybrid assay identified a physical interaction between CGI58L and 

the C-terminal portion of PXA1, specifically the Walker B motif of NBD2 of PXA1. 

However, despite this, recent evidence by De Marcos Lousano et al. (2009) has shown 

that when taken from the context of full-length PXA1, the activity of the transporter’s 

NBDs are disrupted. This implies that the previously reported interaction between 

CGI58L and the Walker B motif of NBD2 of PXA1 (Park et al. 2012) may not be an 

authentic interaction when placed in the context of the full-length PXA1 protein.  

 As shown in Figures 13-16, an interaction between CGI58L and full-length PXA1 

was observed in both yeast and plant cells using the split-ub assay and BiFC. On the 

other hand, an interaction was also observed between CGI58L and PXA1 when the 

Walker B motif of NBD2 of PXA1 was removed. Taken together, these data suggest that 

the Walker B motif of NBD2 of PXA1 is sufficient, but not necessary for the interaction 

between CGI58L and PXA1 to occur. 

 The apparent conflicting data for the interaction between CGI58L and PXA1 in 

Figures 15 and 16 also may reflect the fact that these two proteins interact in a dynamic 
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and transient manner. Indeed, data presented by James et al. (2010), Park et al. (2012) 

and results presented in this thesis (see section 3.2.2) support the notion of a transient 

relationship as ectopic expression of CGI58L localizes the protein to the cytosol, yet in 

another study by Park et al. (2012), CGI58L formed ring-like structures around 

peroxisomes in the absence of any exogenous source of PXA1 in Argobacterium-

infiltrated tobacco leaves. This implies that the condition of the cell is able to influence 

the localization of CGI58L and that the protein’s localization to the peroxisome is 

dependent on a stimulus (e.g. stress). Future experiments designed to investigate this 

possibly could include inducing certain cellular pathways that CGI58L is thought to be 

involved in. For example, induction of lipolysis by incubating BY-2 cells with a free fatty 

acid such as linolenic acid may result in a more stable association of CGI58L to the 

peroxisomal surface. That is, if BY-2 cells are forced to utilize lipids (FFAs) as their 

primary energy source, rather than sucrose, and consequently the lipolysis pathway is 

activated, then CGI58L may be more readily recruited to PXA1 at peroxisomes, where it 

can serve as an activator of PXA1 or as a transporter of FFA molecules to the 

peroxisome.  

The results from the BiFC assay provided inconclusive data (e.g. the number of 

BiFC signals observed for the control samples were close to those observed for the 

experimental (Figure 16)). To rectify this, future experiments which assess protein-

protein interactions such as co-immunoprecipitation or modifying the BiFC assay could 

verify the BiFC results. Modifications to the BiFC assay would include using an 

endogenous promoter for gene expression. This could potentially avoid issues related to 

the over-expression of the proteins, which would reduce the amount of nonspecific 
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interactions (e.g. nVenus-Myc-PEX11b co-expressed with cVenus-HA-CGI58L). 

Moreover, the interaction may be mediated by additional factor(s) or the interaction 

between CGI58L and PXA1 requires certain stimuli, and the effects of which could be 

masked by over-expression.  

PXA1 has been studied extensively in terms of its function on the peroxisomal 

membrane (Dietrich et al., 2009; Kunz et al., 2009; Park et al., 2012); however no 

research has focused on the targeting information responsible for the localization of this 

protein to the peroxisomal membrane. Given PXA1’s role as a major peroxisomal 

transporter, understanding how this protein is targeted to and integrated into the 

peroxisomal membrane is crucial in gaining a more global understanding of PMP 

biogenesis, and the potential role(s) of PXA1 in cellular processes such as lipolysis. As 

such, data presented in Figures 17 and 18 have begun to shed light on identifying the 

peroxisomal targeting information of PXA1. In particular, C-terminal truncations to the 

N-terminal half of PXA1 have identified a stretch of 38 residues between the first and 

second TMD which may contain the localization information (Figure 18). That is, when 

this region was removed, the mutant PXA1 protein mislocalized from the peroxisome, to 

the chloroplast. This is similar to PXA1 homologues in mammals (e.g. ALDP) in which 

their targeting information is located in the N-terminal half of the protein. (McGuinness 

et al., 2003; Takahashi and Imanaka 2007) As such, future experiments involving 

mutational analysis of the PXA1 mutant N-PXA1 1-180 will help localize the 

peroxisomal targeting information. The initial focus will be on three basic clusters of 

amino acids (3-4 basic amino acids within a span of 5 residues) located either before, or 

just after the second TMD, as clusters of positively charged amino acids have been 
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shown to be key in the targeting of other peroxisomal membrane proteins (Koller et al., 

1999; Baerends, et al., 2000; Mullen and Trelease 2000). 
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APPENDIX I 

The recipes for solutions referenced in Materials and Methods are listed below. All 

solutions used ddH2O filtered through the Super-Q Water System (Millipore, Billerica, 

MA, USA) and were sterilized either through a 0.22 μM filter (Fisher Scientific) or were 

autoclaved for 30 minutes at 121°C.  All chemicals were purchased from Sigma-Aldrich 

Chemical Corporation (St. Louis, MQ, USA) unless otherwise stated. 

Bacteria Media and Antibiotics 

Luria-Bertani (LB) Medium (Sambrook et al., 1989) 

 To 800 mL ddH2O add: 

o 25 g LB Medium (Difco) 

o Stir to dissolve and adjust volume to 1 L 

o Autoclave as indicated above and store at 4°C 

 

LB Plates (Sambrook et al., 1989) 

 Prepare LB medium as described above, with the addition of 15 g of Bacto-agar 

(Difco) 

 Autoclave and stir to cool until 50°C before adding the appropriate antibiotic 

stock solution 

 Pour approximately 25 mL per 100 x 15 mm Petri plate (Fisher Scientific) 

 Invert after solidified and store at 4°C 

 

SOC Medium (Sambrook et al., 1989) 

 To 980 mL of ddH2O add: 

o 28 g of SOB medium (Difco) 

o Autoclave  

 Cool to 50°C and add: 
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 20% glucose 

 Filter sterilize and store at 4°C 

 

Antibioitic Stock Solution 

 Dissolve (via vortexing) all antibiotic salts (see below) in 8 mL of ddH2O (with 

the exception of rifampicin, which is dissolved in DMSO) and adjust the volume 

to 10 mL with ddH2O (or DMSO) 

 Filter sterilize and store as 1 mL aliquots at -20°C 

Antibioitic Salt Amount Dissolved Working 

Concentration 

Ampicilin sodium 

salt 

1.0 g 100 mg/mL 

Kanamycin 

sulphate (Gibco) 

0.5 g 50 mg/mL 

BASTA 

(phosphinothricin) 

(Gold Bio) 

0.3 g 30 mg/mL 

Gentamycin sulfate 0.5 g 50 mg/mL 

Spectinomycin 

dihydrochloride 

0.5 g 50 mg/mL 

Rifampicin* 0.25 g 25 mg/mL 
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Preparation of E. coli DH5α Competent Cells 

RF1 

 To 500 mL of ddH2O: 

o 100 mM RbCl 

o 50 mM MnCl2·4H2O 

o 30 mM KOAc 

o 10 mM CaCl2·2H2O 

o 15% glycerol 

 pH to 5.8 with acetic acid and filter sterilize 

 store at 4°C 

RF2 

 To 500 mL of ddH2O add: 

o 10mM MOPS 

o 10 mM RbCl 

o 75 mM CaCl2·2H2O 

o 15% glycerol 

 pH to 6.8 with 1 N NaOH, filter sterilize and store at 4°C 

 

General Cloning Recipes 

TAE Buffer (50x stock) 

 To 800 mL ddH2O add: 

o 242g Tris Base 

o 57.1 mL glacial acetic acid 

o 100 mL 0.5M EDTA (pH 8.0) 

 Adjust volume to 1L and store at 4°C 
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5x Cohesive Buffer 

 To 800 μL ddH2O add: 

o 250 mM of 1M Tris-HCl stock solution (pH 7.6) 

o 50 mM MgCl2 

o 25% (w/v) polyethylene glycol 8000 

o Vortex to dissolve (note: may need to heat sample to 37°C to dissolve) 

o Once vortexed, add: 

 5 mM adenine triphosphate (ATP) 

 5 mM dithiothreitol (DTT) from prepared stock solutions 

 Adjust volume to 1 mL with ddH2O, mix, then aliquot to 50 μL stocks and store at 

-20°C. 

 

Plant Cell Culture Reagents 

 

Murashige-Skoog (MS) Growth Medium (for culturing tobacco BY-2 cells) 

(Murashige and Skoog, 1962) 

 To 800 mL ddH2O add: 

o 4.3 g MS basal salt mixture 

o 30 g sucrose (J.T. Baker Inc., Paris, KY, USA) 

o 100 mg myo-inositol 

o 255 mg KH2PO4 

o 200 μL 2,4-dichlorophenoxyacetic acid (2,4-D) from a 1 mg/mL stock 

solution in 95 % (v/v) ethanol 

o 1 mL thiamine HCl from a 1mg/mL stock solution in ddH2O (ICN 

Biomedicals Inc.) 

 Adjust pH to 5.0 with 0.5 N KOH 

 Adjust volume to 1 L with ddH2O and aliquot 50 mL into 125 mL culture flasks 

o Autoclave 20 minutes 
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 Cool to room temperature and store at 4°C in the dark, bring to room temperature 

prior to sub-culturing 

 

MS Plates 

 To 800 mL ddH2O add: 

o 4.3 g MS basal salt mixture 

o 30 g sucrose (J.T. Baker Inc., Paris, KY, USA) 

o 12 g agarose (BioShop) 

 Autoclave 20 minutes 

 Cool to room temperature before adding desired antibiotics 

 Pour approximately 25mL per 100 mm x 15 mm Petri plate (Fisher Scientific) 

 Invert when solidified and store at 4°C 

 

Tobacco BY-2 Transformation Buffer 

 Prepare MS growth medium as above, without 2,4-D, but with: 

o 45.55 g sorbitol (250 mM) 

o 45.55 g mannitol (250 mM) 

 Adjust pH to 5.0 with 0.5 M KOH 

 Adjust volume to 1 L, autoclave and store at 4°C in the dark once cooled 

 

Fixation and Immunofluorescence Microscopy 

8% (w/v) Formaldehyde Stock Solution 

 To 800 mL ddH2O add: 

o 80 g paraformaldehyde (Ted Pella Inc., Redding, CA, USA) 

 In a fume hood, heat to 60 °C with continuous stirring and maintain at 60°C for at 

least 30 minutes 
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o Add 1-2 drops of 10 N NaOH. The solution will become almost clear 

o Filter through 1mm Whatman No. 4 paper (Fisher Scientific) 

o Adjust volume to 1 L and store as 45 mL aliquots at -20°C 

 

Fixation Buffer 

 1:1 (v/v) of 8% (w/v) formaldehyde and tobacco BY-2 transformation buffer 

 

1x Phosphate-Buffered Saline (PBS) 

 To 700 mL ddH2O add (Note: each component must dissolve completely before 

adding the next): 

o 80 g NaCl (137 mM) 

o 2 g KCl (2.7 mM) 

o 11.4 g Na2HPO4 (4.3 mM) 

o 2 g KH2PO4 (1.4 mM) 

 Adjust pH to 7.3 with 10 N KOH 

 Adjust volume to 1 L with ddH2O, autoclave and store at room temperature 

 

10% (v/v) triton X-100 

 To 9 mL of 1x PBS add 1mL of triton X-100 

 Mix by inversion overnight on a rocker 

 

Preparation of Tungsten Microcarriers 

 100 mg of tungsten M17 particles (Bio-Rad, Hercules, CA, USA) was placed in a 

100 x 13 mm glass test tube (Fisher Scientific) and heated in a 180°C oven for 12-18 

Hours. These particles were then transferred to a 1.7 mL microfuge tube with 1 mL of 
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isopropanol (stored with type 3 molecular sieves [BDH Inc., Toronto, ON, Canada]) and 

sonicated in a water bath for 3 x 10 second pulses, vortexed vigorously for 3 minutes then 

incubated at room temperature for 15 minutes. Next, the particles were centrifuged for 15 

seconds at 16 060 g at room temperature and the supernatant was removed. The tungsten 

particles were washed 3 times by adding 1 mL of ddH2O to the tungsten pellet, vortexing 

for 1 minute, incubating for 1 minute and then centrifuged as above. The particles were 

finally resuspended in 1 mL of 50% (v/v) glycerol, and aliquots of 50 μL in 0.7 mL 

microfuge tubes were stored at -20°C. 

 

DNA extraction buffer 

 To 20 mL of sterile ddH2O add: 

o 200 mM Tris pH 7.5 

o 250 mM NaCl 

o 25 mM EDTA 

o 0.5% SDS 

 

Yeast Media and Dropout Media 

SD Media 

 To 700 mL of ddH2O add: 

o 20 g dextrose (Difco) 

o 6.7 g yeast nitrogen base (Difco) 

 Adjust volume to 900 mL and split into 450 mL in 500 mL bottles 

 Autoclave, cool to room temp and store at 4°C in the dark 

 Warm to room temperature prior to use 
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SD Plates 

 Into 800 mL of ddH2O add: 

o 12 g dextrose 

o 4.02 g yeast nitrogen base 

 Adjust volume to 1080 mL and split into two 540 mL aliquots 

o Add 12 g of Bacto-Agar (Difco) to each bottle 

 Autoclave and cool to 50°C 

o Add 60 mL of desired 10x amino acid supplement 

 Pour out 25 mL into 100 x 15 mm Petri plates (Fischer Scientific), cool until 

solidify, invert and store at 4°C in the dark 

 

Amino acid supplements 

 Into 200 mL of water add: 

o 5 g of 10 x amino acid media (Bufferad Inc.) 

 Either dropout mix (Scm-leu-trp) or dropout mix (Scm-ade-his-

leu-trp) 

o Stir overnight 

 Adjust to 250 mL 

 Filter sterilize and store at 4°C in the dark 

 

YPAD Media 

 Into 800 mL of ddH2O add: 

o 20 g peptone (Difco) 

o 10 g yeast extract (Difco) 

o 20 g dextrose (Difco) 

o 40 mg adenine hemisulfate 

 Adjust to 1L and autoclave as outlined above 
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 Cool and store at  4°C in the dark 

 

Yeast Transformation Solutions 

1M Lithium Acetate 

 To 100 mL of ddH2O add: 

o 10.2 g lithium acetate 

 Autoclave and store at room temperature 

 

0.1 M Lithium Acetate 

 To 100 mL of ddH2O add: 

o 1.02 g lithium acetate 

 Autoclave and store at room temperature 

 

50% w/v PEG 3550 

 To 80 mL of ddH2O slowly add: 

o 50 g of polyethelene glycol 3550 

 Autoclave and store at room temperature 

 

Salmon Sperm DNA 

 Dissolve salmon sperm DNA in ddH2O at a concentration of 10 mg/mL 

 Adjust concentration of NaCl to 0.1 M 

o Extract once with phenol, once with phenol:chloroform 

 Aliquot out aqueous phase and shear the DNA by passing the liquid through a 17-

gauge hypodermic needle 
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 Add 2 volumes of ice-cold ethanol and centrifuge 

 Remove supernatant and dissolve pellet to a final concentration of 2 mg/mL in 

ddH2O 

 Store at -20°C, boil for 5 minutes and chill on ice before use 

 

Yeast Protein Extraction Recipes 

7.5% β-mercaptoethanol 

 For 1 mL add: 

o 75 μL β-mercaptoethanol 

o 925 μL 2.0 M NaOH 

o Vortex to mix 

 

55% Trichloroacetic acid  

 For 1 mL add: 

o 550 μL trichloroacetic acid 

o 450 μL ice cold water 

o Mix slowly by inversion 

 

Modified Sample Buffer 

 To 2.5 mL of 4X LDS sample buffer (Invitrogen) add 4.8g of urea 

 Add enough ddH2O to total 9 mL 

 Vortex vigorously and place in incubator/shaker at 30°C until urea dissolves 

 Divide into 1 mL aliquots and store at 4°C 
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1.5% DTT in Modified Sample Buffer 

 Add 100 μL of 0.5 M DTT to 900 μL modified sample buffer and store at 37°C 

until use 

 

Western Blot Media 

5% Stacking Gel 

 1.4 mL ddH2O 

 0.33 mL 40% acrylamide mix (BioShop) 

 0.25 mL 1 M Tris (pH 6.8) (Fisher Scientific) 

 0.02 mL 10% (w/v) SDS 

 0.02 mL 10% (w/v) ammonium persulfate 

 0.002 mL TEMED (BioRad) 

 

10% Resolving Gel 

 4 mL ddH2O 

 3.3 mL 40% acrylamide mix (BioShop) 

 2.5 mL 1.5 M Tris (pH 8.8) (Fisher Scientific)  

 0.1 mL 10% (w/v) SDS 

 0.1 mL 10% (w/v) ammonium persulfate 

 0.004 mL TEMED (BioRad) 

 

SDS Page Running Buffer (10x) 

 To 1 L of ddH2O add: 

o 30.3 g Tris 

o 144 g Glycine 
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o 10 g SDS 

 

Coomassie Brilliant Blue R-250 Stain 

 To 200 mL ddH2O add: 

o 0.2% (w/v) Comassie Brilliant Blue R-250 (BioRad) 

o 20% (v/v) methanol 

o 10% (v/v) acetic acid 

 

Destain Buffer 

 To 500 mL of ddH2O add: 

o 400 mL methanol (40% (v/v)) (Fisher Scientific) 

o 100 mL acetic acid (10% (v/v)) (Fisher Scientific) 

 

Semi-Dry Transfer Buffer 

 To 700 mL of ddH2O add: 

o 5.82 g Tris 

o 2.93 g Glycine 

o 3.75 mL 10% (w/v) SDS 

o 200 mL Methanol 

 Adjust volume to 1 L using ddH2O 

 

10x Tris-buffered saline (TBS) 

 To 800 mL of ddH2O add:   

o 24.2 g Tris 

o 80 g NaCl 
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o 38 mL 1M HCl 

 Adjust to pH 7.5 and adjust volume to 1 L 

 

1x TTBS 

 Add 500 μL of Tween 20 (BioRad) to 1L of TBS 

 

3% BSA-TBS, 5% milk powder 

 To 50 mL of TBS add: 

o 3% (w/v) Bolvine Serum Albumin (BSA)  

o 5% (w/v) milk powder 

 

β-Galactosidase Assay Reagents 

Working Solution 

 5 mL 2x β-Galactosidase assay buffer (Thermo Scientific) 

 5 mL Y-PER protein extraction reagent (Thermo Scientific) 
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APPENDIX II 

List of primers and plasmids described in this thesis 

Plasmid Primer Sequence (5’ to 3’) 

RNAi 

CGI58LS 
2933 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCCCTACACTCGTCATGGTTCAT 

GGTTATG 

 2934 
GGGGACCACTTTGTACAAGAAAGCTGGGTTCCATTCCTCAAAGGAGTCGATA 

AAC 

RNAi 

CGI58L 
2935 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCATCAGAGTGGAAAGTGCC 

AAC 

 2936 
GGGGACCACTTTGTACAAGAAAGCTGGGTTAAACTTGCGGCAAGCATAAAG 

CAC 

35s 

Terminator 
2942 GAGAGATAGATTTGTAGAGAG 

 2973 CATATACCAGTTAACGTGTCTC 

pPR3N-

Pxa1 
3289 CCGGCCGGATCCATGCCTTCACTTCAACTATTGC 

 3665 CCGGCCCCCGGGTCATGAATCAATTTCAGCATCCG 

 3556 CCGGCCCCCGGGGTGAAAAGTTCAGATACAGATCG 

 3557 CCGGCCGAATTCTCACTCTGTTGTCTGTTCGATCG 

pPR3N-

Pxa1-

NBD2-B 

3739 ATATACCCTCTATCTAAAGAATGAGAAGCAGAGAAAAGGGCAGCA 

 3740 TGCTGCCCTTTTCTCTGCTTCTCATTCTTTAGATAGAGGGTATAT 

pBT3N-

CGI58L 
3663 CCGGCCCCATGGATGAACTTGAGCCGTTTTGC 

 3664 CCGGCCCCGCGGCTAAACCAATCGTAGACC 

PBT3C-

CGI58L 
3291 CCGGCCTCTAGAATGAACTTGAGCCGTTTTGC 

 3292 CCGGCCAAGCTTGAAACCAATCGTAGACCATCTAGG 

pSAT4A-

Pxa1-Myc 
3537 GTTGATTTCTGAAGAAGATCTGTGAGGGATCCTGATGGTGAGC 

 3538 GCTCACCATCAGGATCCCTCACAGATCTTCTTCAGAAATCAAC 

pSAT4-

Myc-Pxa1 
3535 CACAACATCGAGGACAGATCTCCATGGAACAAAAGTTGATTTCTGAAG 
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 3536 CTTCAGAAATCAACTTTTGTTCCATGGAGATCTGTCCTCGATGTTGTG 

pSAT4-

cVenus-

HA-

CGI58L 

3138 CCGGCCGAATTCTATGAACTTGAGCCGTTTTGC 

 3139 CCGGCCCCCGGGCTAAACCAATCGTAGACC 

pSAT4A-

CGI58L-

HA-cVenus 

3041 CCGGCCGAATTCATGAACTTGAGCCGTTTTGC 

 3042 CCGGCCCCCGGGAACCAATCGTAGACCATCTAG 

pSAT4-

nVenus-

Myc-Pxa1 

3151 CCGGCCGAATTCTATGCCTTCACTTCAACTATTGC 

 3152 CCGGCCCCCGGGGTCACTCTGTTGTCTGTTCGATCG 

pSAT4A-

Pxa1-Myc-

nVenus 

3333 CGATCGAACAGACAACAGAGCCCGGGACCTGATCTAGAGTCCGC 

 3334 GCGGACTCTAGATCAGGTCCCGGGCTCTGTTGTCTGTTCGATCG 

pSAT4A-

Pxa1-

NBD2-B-

Myc-

nVenus 

3719 CTTTGCTGCCCTTTTCTCTGCTTCCCGGGTTCTTTAGATAGAGGGTATATAA 

 3720 TTATATACCCTCTATCTAAAGAACCCGGGGAAGCAGAGAAAAGGGCAGCAAG 

pSAT4-

nVenus-

Myc-

Pex11b 

3233 CCGGCCGAATTCTATGTCTTTGGACACTGTGG 

 3234 CCGGCCCCGCGGTCACGATGGCCAGTTCCTATACC 

pSAT4A-

N-terminal 

Pxa1-HA-

cVenus 

3327 CCGGCCCCCGGGTGAATCAATTTCAGCATCCGTC 

 3330 CCGGCCGAATTCATGCCTTCACTTCAACTATTGC 

pSAT4A-

C-terminal 

Pxa1-HA-

cVenus 

3328 

CCGGCCGAATTCATGGTGAAAAGTTCAGATACAGATCGG 

 

 3329 CCGGCCCCCGGGCTCTGTTGTCTGTTCGACTCG 
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pUC18-N-

terminal 

Pxa1-

mGFP 

3697 CCGGCCCCATGGGGCCTTCACTTCAACTATTGCAG 

 3698 CCGGCCCCATTGGGCCCGGGTGAATCAATTTCAGCATCCGTC 

pUC18-N-

terminal 

Pxa1 1-280-

mGFP 

3758 CCTTCTTTTGGGAAATTGATGCCCGGGTCCAAGGAACAGCAGTTAGAA 

 3759 TTCTAACTGCTGTTCCTTGGACCCGGGCATCAATTTCCCAAAAGAAGG 

pUC18-N-

terminal 

Pxa1 1-180-

mGFP 

3756 AGTTTGCGATTCAGAAAGATACCCGGGTTGACCAAGATTATCCATTCA 

 3757 TGAATGGATAATCTTGGTCAACCCGGGTATCTTTCTGAATCGCAAACT 

pUC18-N-

terminal 

Pxa1 1-144-

mGFP 

3754 TTCTTAAGGCGTGCGCCACTGCCCGGGTTTCTACGGCTCATCTCCGAG 

 3755 CTCGGAGATGAGCCGTAGAAACCCGGGCAGTGGCGCACGCCTTAAGAA 

 

 

 

 

 


