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PREFACE 

The ever-growing demand for wood and wood derived cellulose products coupled with the 

public concern about the clearance of natural flora or agricultural land to make way for the forest tree 

plantations has sparked a renewed interest in the genetic improvement of forest tree species. 

Conventional breeding of forest trees is time-consuming due to the long generation times of most 

forest trees and the expression of selective traits such as wood quality only at harvesting age. Two 

approaches have been considered to accelerate the domestication of forest trees. The first is through 

the genetic modification of trees by introducing new genes into existing genotypes to confer 

advantageous phenotypes and the second is through marker-assisted breeding of new variants. Both of 

these processes require an extensive knowledge of the cellular toolkit and the regulation thereof that 

forest trees utilize to generate the diversity prevalent in natural populations. With the onset of the 

post-genomic era researchers are overwhelmed by the plethora of newly identified genes. Yet the 

successful application of this knowledge to facilitate genetic improvement of forest trees requires the 

comprehensive analysis of the functions of these identified proteins.  

Sucrose synthase (SuSy) was recently identified as a promising target for genetic engineering 

in forest tree species. SuSy genes have been identified in many plant species including Arabidopsis 

thaliana and Eucalyptus grandis.  Sucrose synthase is responsible for the formation of activated 

glucose which can be channeled into sink processes such as cellulose biosynthesis. Cellulose is the 

most abundant biopolymer on earth and is an important commodity for the timber, pulp and paper 

industry. Cellulose is a cell wall polymer of chains of β- 1,4-linked glucose molecules that crystallize 

to form cellulose microfibrils in plant cell walls.  Biosynthesis of cellulose in plants occurs at the 

plasma membrane through the action of rosette-shaped cellulose synthase (CESA) protein complexes.   

Various models have been proposed for the regulation of carbon allocation to cellulose 

biosynthesis. One of these models suggests that the allocation of activated carbon generated by SuSy 

is regulated by the subcellular distribution of this protein. Contradicting evidence has accumulated on 

the regulation of SuSy localization. One model suggests that phosphorylation status at a conserved 
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SuSy amino acid residue determines its cellular distribution. In order to elucidate the role of SuSy in 

cellulose biosynthesis a number of questions surrounding the function and regulation of SuSy need to 

be addressed. These questions include: What is the nature of the association between SuSy and 

CESA? What cellular mechanism underlies the temporal and spatial regulation SuSy localization? 

How does the cellular distribution of SuSy does effects its functionality? 

Two general scientific questions were addressed in this study: (1) What is the predominant 

subcellular localization of Eucalyptus sucrose synthase 1 (EgSUSY1)? (2) Does the phosphorylation 

affect the membrane localization of Eucalyptus sucrose synthase? The effect of phosphorylation on 

the functionality EgSUSY1 were investigated in a parallel M.Sc. study by Mr. M. M. Mphahlele 

(University of Pretoria, Pretoria). The aim of this M.Sc study was to determine the effect of site 

directed modification of the conserved N-terminal serine residue on the subcellular localization of 

Eucalyptus grandis sucrose synthase 1 (EgSUSY1) fusion proteins expressed in Arabidopsis thaliana 

plants.   

Literature pertaining to the functional regulation of sucrose synthase is reviewed in Chapter 

1. Sucrose biosynthesis and degradation are discussed and the factors affecting sucrose synthase 

functional regulation is reviewed. Thereafter, the review is focused on the available methodologies 

that could be used to elucidate the subcellular localization of proteins in planta with special attention 

to confocal microscopy and intrinsically fluorescent reporter proteins.  

In Chapter 2 of this dissertation, questions regarding the subcellular localization of 

ectopically expressed GFP-EgSUSY1 fusions in Arabidopsis plants are addressed.  Three proteins 

will be explored in parallel: unmodified Eucalyptus EgSUSY1 and modified S11A and S11E versions 

of this protein, where the eleventh serine residue has been respectively converted to an alanine and a 

glutamate residue through site directed mutagenesis.   

Questions addressing the experimental design include: Are GFP-EgSUSY1 fusions expressed 

as intact proteins in transgenic Arabidopsis plants? Will the fusion of GFP to the N-terminus or C-

terminus of EgSUSY1 affect the localization of the protein? Questions addressing the research 
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outcomes of this study include: Will the GFP-EgSUSY1 proteins associate with specific subcellular 

compartments such as the cytosol, plasma membrane, extracellular matrix and cell wall? Is there an 

observable difference in the localization patterns of modified GFP-EgSUSY1 proteins compared to 

each other and unmodified GFP-EgSUSY1 proteins? General findings, conclusions and implications 

of this M.Sc study are summarized in the final section of this dissertation entitled Concluding 

Remarks. 

Outcomes from a study undertaken during August 2008 to August 2011 in the Department of 

Genetics, University of Pretoria, under the supervision of Prof. A.A. Myburg are presented in this 

dissertation.  Laser Scanning Confocal Microscopy analysis, described in Chapter 2, were carried out 

at the Centre of Electron Microscopy, University of Kwa-Zulu Natal, Pietermaritzburg, South Africa 

by the author under the supervision of Mrs. S. Mackellar. Preliminary results generated during this 

M.Sc study were presented at the following national conference: 

Sauer, J. and Myburg, A.A. 2009.  The subcellular localization of Eucalyptus grandis sucrose 

synthase 1 (EgSUSY1) fusion proteins expressed in Arabidopsis thaliana.  South African Genetics 

Society (SAGS) Congress, April 8-11, Bloemfontein, South Africa. 
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THESIS SUMMARY 

The subcellular localization of Eucalyptus grandis sucrose synthase 1 

(EgSUSY1) fusion proteins expressed in Arabidopsis thaliana 

Jamie-Lee Sauer 

Supervised by Prof. A.A. Myburg 

Co-supervised by Dr. S. Naidoo and Prof D. Berger 

Submitted in partial fulfilment of the requirements for the degree Magister Scientiae 

Department of Genetics 

University of Pretoria 

Sucrose is the major transported photoassimilate in plants and is degraded concurrently by two 

enzymes: invertases and sucrose synthase. Sucrose synthase catalyzes the reversible conversion of 

UDP and sucrose to form fructose and UDP-glucose, the latter being the activated substrate for many 

metabolic processes including cellulose biosynthesis. There is evidence that sucrose synthase is 

phosphorylated as a regulatory mechanism of carbon allocation at a conserved N-terminal serine 

residue. The phosphorylation or dephosphorylation at this specific site has also been found to shift the 

protein localization in a tissue and species specific manner. 

A literature study of the functional regulation of sucrose synthase in plants has highlighted 

several scientific questions:  Is sucrose synthase cellular localization regulated by phosphorylation of 

an N-terminal conserved serine residue? What are the regulatory mechanisms underlying within and 

between species variation in sucrose synthase localization? Does sucrose synthase associate with the 

cellulose synthase enzyme complex? Can cellulose biosynthesis be increased by over-expression of 

the membrane-associated form of sucrose synthase? The aim of this M.Sc study was to determine the 

subcellular localization of Eucalyptus grandis sucrose synthase 1 (EgSUSY1) fusion proteins 

expressed in Arabidopsis thaliana plants.   
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This was investigated through modifying the 11th serine residue of EgSUSY1 into either a 

non-polar alanine residue that cannot be phosphorylated (S11A), or into a negatively charged 

glutamic acid residue which may mimic phosphorylation at this site (S11E). The modified proteins 

were translationally fused to green fluorescent protein (GFP) and expressed in transgenic Arabidopsis 

thaliana. The proteins’ subcellular localization were analysed in planta using laser scanning confocal 

microscopy (LSCM).  

Findings in this study point to the peripheral localization of modified and unmodified GFP-

EgSUSY1 proteins with a prominent cytoplasmic component. No evidence was found for the 

localization of modified or unmodified GFP-EgSUSY1 proteins within the extracellular matrix. The 

current study did not establish nor negate plasma membrane association of any of the GFP-EgSUSY1 

fusion proteins. It was concluded that alternative methodologies need to be explored to further address 

issues surrounding subcellular localization of sucrose synthase. These studies will not only aid in 

defining the role of this enzyme in carbon allocation, but also add to our expanding knowledge of 

cellulose biosynthesis and cell wall formation. 
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Literature Review: 

Functional regulation of sucrose synthase in planta with 

reference to cell wall formation 
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1.1. Introduction 

Sucrose is the principal product of carbon fixation during photosynthesis. It is the 

major transport form of fixed organic carbon which is translocated from photosynthetic source 

tissues such as leaves to non-photosynthetic sink tissues such as roots, fruits and stems. In sink 

tissues, sucrose can be devoted to a number of metabolic destinations including storage in the 

form of starch, incorporation into structural polymers such as cellulose and hemi-cellulose or 

directed towards glycolysis for the generation of energy in the form of ATP (Déjardin et al., 

1997). 

The enzyme sucrose synthase (SUSY) is central not only to the synthesis of sucrose in 

the cell, but also to the metabolism of this molecule in sink tissues. It has been found that the 

spatial and temporal regulation of SUSY expression and activity determines sink strength and 

governs allocation of carbon to various metabolic processes such as starch and cellulose 

biosynthesis (Zrenner et al., 1995). Sucrose synthase also plays a role in stress response, where 

it has been shown to be up-regulated during osmotic stress and down-regulated during 

wounding (Springer et al., 1986; Salanoubat and Belliard, 1989; Maranã et al., 1990; Ricard et 

al., 1991; Hesse and Willmitzer, 1996; Kleines et al., 1999; Baud et al., 2004; Fernandes et al., 

2004).  

Sucrose synthase is highly regulated at both the transcriptional and post-translational 

levels (Winter and Huber, 2000; Wienkoop et al., 2008). At the protein level it can be found as 

two different isoforms within the cell, either as a soluble enzyme (S-SUSY) within the 

cytoplasm, or associated with the plasma membrane as a particulate form (P-SUSY) (Winter et 

al., 1997; Zhang et al., 1999; Winter and Huber, 2000). The allocation of SUSY to these 

cellular sites has been proposed to be regulated by several factors such as phosphorylation, 

sucrose concentration, proximal pH, multimeric form (dimers or tetramers) of the protein, or 
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even region of the leaf or stem (Huber et al., 1996; Hardin et al., 2003; Hardin et al., 2004; 

Hardin et al., 2006; Duncan and Huber, 2007). This partitioning of SuSy may allow for added 

functional plasticity where it is postulated that S-SUSY is responsible for general metabolic 

functions such as glycolysis and P-SUSY directs carbon assimilation to secondary processes 

such as cellulose biosynthesis (Ruan et al., 1997).  

1.2. Sucrose metabolism and transport in the plant cell 

1.2.1. Sucrose synthesis 

Sucrose is the major photoassimilate in plants and forms the source of carbon and 

energy for many metabolic processes. It has been found to be a major storage reserve in fruits 

and the storage organs of sugarcane (Saccharum officinarum) and sugarbeets (Beta vulgaris) 

(Lunn and MacRaey, 2003). Sucrose is also assumed to play a role in stress tolerance 

following exposure to drought and low temperatures (Yang et al., 2001; Strand et al., 2003). 

The accumulated sucrose in stressed plant cells is thought to act as a protein stabilizer and also 

forms an energy reserve to assist in the survival of the plant until the return of favourable 

conditions (Lunn and MacRaey, 2003). Sucrose has also been found to play a role in the 

regulation of the expression of numerous genes encoding enzymes, transporter proteins and 

storage proteins (Ciereszko et al., 2001; Stitt et al., 2002; Vaughn et al., 2002; Zourelidou et 

al., 2002). 

Sucrose is produced in autotrophic organs (leaves) during photosynthesis. Sucrose 

synthesis is restricted to the cytosol and synthesized sucrose is either stored in the cell vacuole 

or transported to various sink organs via the phloem. This biopolymer is synthesized through a 

two step synthesis reaction (Figure 1.1), whereby UDP-glucose (UDP-Glc) and fructose-6-

phosphate (Fru6P) are converted to sucrose-6-phosphate (Suc6P) and uridine diphosphate 
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(UDP) by the enzyme sucrose phosphate synthase (SPS; EC 2.4.1.14). Suc6P is then 

dephosphorylated under the action of sucrose-6-phosphate phosphatase (SPP; EC 3.1.3.24) to 

form sucrose (Lunn and MacRaey, 2003). 

 

Figure 1.1. Committed pathway of sucrose synthesis based on PlantCyc (http://plantcyc.org/) and Lunn 
and MacRaey (2003). 

The UDP-Glc precursor of sucrose biosynthesis can be provided by two alternative 

pathways. UDP-Glc can either be derived from glucose-1-phosphate and uridine triphosphate 

(UTP) via the enzyme UDP-glucose pyrophosphorylase (UGPase; EC 2.7.7.9, Figure 1.2) or 

from UDP and sucrose by the enzyme sucrose synthase (UDP-glucose: D-fructose 2-

glucosyltransferase, SUSY; EC 2.4.1.13, Figure 1.3). UGPase is responsible for the supply of 

UDP-Glc in source organs (leaves), whilst SuSy actively produces UDP-Glc in sink organs 

(Zrenner et al., 1995; Tang and Sturm, 1999). Both these reactions are reversible and therefore 

these enzymes play a central role in both sucrose synthesis and sucrose hydrolysis. It is 

believed that the hydrolysis of sucrose by SUSY is important for the formation of complex 

polysaccharides such as cellulose that make up cell walls of sink tissues (Schlüpmann et al., 

1994; Amor et al., 1995; Gibeaut, 2000; Johansson et al., 2002; Seifert, 2004). The metabolism 

of UDP-Glc by UGPase on the other hand is assumed to be essential for sucrose biosynthesis 

in photosynthetic source tissues (Huber and Akazawa, 1986). 
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Figure 1.2. Formation of UDP-D-glucose from α-glucose-1-phosphate and UTP precursors under the 
catalytic action of UDP-glucose pyrophosphorylase in plant cells. This reaction is freely reversible and 
the production of UDP-D-glucose as depicted above is usually associated with the biosynthesis of 
sucrose in photosynthetic source tissues. Image based on PlantCyc (http://plantcyc.org/) and 
Kleczkowski (1994). 

 

Figure 1.3. Freely reversible reaction performed by sucrose synthase in plant cells. Image based on 
PlantCyc (http://plantcyc.org/) and Römer et al. (2004). 

 

1.2.2. Sucrose transport and phloem unloading 

Sucrose is the ubiquitous source of carbon and energy in plants. This photoassimilate 

is synthesized in photosynthetically active source organs (leaves) characterized by the net 

export of carbohydrates. Sucrose is then transported to photosynthetically less active sink 

organs, such as roots, stems, tubers, flowers and fruits via the phloem (Godt and Roitsch, 

2006). These sink organs are characterized by the net import of sucrose which is channeled 

into a number of metabolic processes essential to plant cell growth, differentiation and 

integrity (Figure 1.4, Wobus and Weber, 1999; Godt and Roitsch, 2006). 
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Figure 1.4. Enzymes involved in sucrose biosynthesis and carbon allocation to various metabolic 
destinations in planta. Enzymatic reactions leading to sucrose biosynthesis are indicated in green and 
those devoted to the recycling of fructose through the fructose salvage pathway are indicated in pink. 
Solid line (single enzyme reaction), dashed line (multiple enzyme reactions). Pathway based on 
PlantCyc (http://plantcyc.org/) and Andersson-Gunneras et al. (2006).  
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Sucrose transport by the phloem is driven by solute concentration and osmotic 

potential (Evert, 1982; DeWald et al., 1994). The import of sucrose into sink organs via 

phloem unloading is governed by the immediate hydrolysis of sucrose by SUSY and invertases 

(Inv; EC 3.2.1.26). SUSY catalyzes the reversible conversion of sucrose and UDP to UDP-

glucose and fructose; whilst invertases are responsible for the irreversible cleavage of sucrose 

to glucose and fructose (Figure 1.4 and Figure 1.5). The removal of sucrose by these enzymes 

in sink organs is essential to ensure the flow of sucrose towards sink organs by maintaining a 

favourable sucrose gradient (Godt and Roitsch, 2006). The choice of enzyme (SUSY or Inv) 

defines the mechanism of phloem unloading where SUSY is involved in symplasmic phloem 

unloading of sucrose via the plasmodesmata and extranuclear invertases provide carbohydrates 

to sink organs via an apoplasmic pathway (the movement of water and dissolved solutes 

through the cell walls, Godt and Roitsch, 2006).  

 

Figure 1.5. A schematic illustration of the cleavage of sucrose to α-D-glucose and D-fructose under the 
catalytic activity of the enzyme invertase. Image based on PlantCyc (http://plantcyc.org/) and Lunn and 
MacRaey (2003). 
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The fructose formed from the hydrolysis of sucrose can either be utilised for glycolysis 

or can be channelled into the fructose salvage pathway (Figure 1.4). The fructose salvage 

pathway recycles fructose and UDP-glucose back to sucrose, UDP and inorganic phosphate 

(Pi) under the action of SPS and SPP (Geigenberger and Stitt, 1991; Geigenberger et al., 1997). 

This recycling of fructose after sucrose catabolism is thought to allow the cell to respond to 

variations in sucrose supply as well as the demand for carbon utilized by metabolic processes 

such as cell wall polysaccharide synthesis (Fernie et al., 2002). It is evident that sucrose 

metabolism and transport is highly regulated to ensure the balance between produced 

photosynthates and metabolic carbon demands. Sink strengths are thus not only determined by 

the importing capabilities of sink cells, but also by the rate of photoassimilate transport and the 

means of phloem unloading (Farrar, 1982; Junghans and Metzlaff, 1990; Balibrea Lara et al., 

2004).  

1.2.3. Invertases 

Plants contain three different types of invertases defined by their subcellular 

localization, pH optima and isoelectric points (Tymowska-Lalanne and Kreis, 1998; Roitsch 

and Gonzalez, 2004). Vacuolar invertases have an acidic pH-optimum and a low isoelectric 

point. These invertases are located in the vacuole where they function to regulate the level of 

sucrose stored in this compartment (Leigh et al., 1979; Lingle and Dunlap, 1987). Very little is 

known about cytoplasmic invertases other than that they commonly have neutral to alkaline 

pH-optima and are proposed to be of prokaryotic origin (Godt and Roitsch, 2006). 

Extracellular invertases form one of the key enzymes responsible for supplying carbohydrates 

to sink tissues. These invertases are characterised by highly acidic pH-optimum and very high 

isoelectric points (Roitsch and Gonzalez, 2004).  
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A study by Godt and Roitsch (2006) demonstrated the inverse regulation of invertase 

and sucrose synthase activity during tap root development in sugar beet (Beta vulgaris). 

Extracellular invertases were found to be predominantly active in the early stages of root 

development with sucrose synthase only becoming active at later stages. This supports the 

postulate that extracellular invertases are responsible for channelling carbohydrates into 

general cellular metabolism to support cell growth and division (Hubbard et al., 1989; Yelle et 

al., 1991; Weber et al., 2005), whilst SUSY is responsible for channelling sucrose into starch 

and cell wall polymer biosynthesis (Winter and Huber, 2000). 

Invertases also play an important role in the regulation of gene expression through 

sugar sensing systems. A number of genes, forming part of diverse metabolic activities such as 

stress responses and nitrogen metabolism, have been found to be up and down-regulated based 

on the sucrose and hexose status of the cell (Koch, 1996; Rolland et al., 2002). Invertases 

typically play a greater role in sugar signalling than sucrose synthase as they produce two 

hexoses for every hydrolysed sucrose molecule, whilst SUSY only generates one (Figure 1.3 

and Figure 1.5, Kingston-Smith et al., 1999; Sturm and Tang, 1999). The allocation of sucrose 

to various metabolic processes is thus governed by the developmental stage of the cell, the 

choice of hydrolysis by either invertases or SUSY and finally the carbohydrate status of the 

cell. This complex spatial and temporal regulation of sucrose metabolism makes it a very 

interesting field of study. 

1.3. Cellulose biosynthesis 

Cellulose is present universally in the cell walls of plants. It accounts for about 20% 

(by weight) of the primary cell walls and about 50% of the secondary cell walls. (Aspeborg et 

al., 2005; Zhou et al., 2005). This biopolymer is deposited in secondary cell walls of tracheary 

elements where it allows for the physical reinforcement of the cells. This is especially 
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important in xylem vessels, which have to withstand the tremendous turgor pressure enforced 

by the transport of water up the plant. Therefore it is vital that cellulose should be deposited in 

a correct and orderly manner to ensure that the plant cell can function (Taylor, 2008). Cellulose 

is a polymer composed of linear, unbranched β-1,4-linked glucan chains of repeating 

cellobiose units. Cellobiose is a disaccharide composed of two glucose molecules rotated at a 

180° angle to each other. Insoluble, crystalline cellulose is formed when these β-1,4-linked 

glucan chains bind together through extensive intra- and inter-molecular hydrogen bonding 

forming a cable-like microfibril (Taylor, 2008).  

Cellulose is catalysed by the membrane bound enzyme, cellulose synthase (CesA; EC 

2.4.1.12), from the monomer UDP-glucose (Figure 1.6). Freeze fracture studies have shown 

that the cellulose synthase enzyme complex is found in a hexameric rossete structure 

approximately 25 to 30 nm in diameter (Delmer, 1999). Based on the dimensions of produced 

microfibrils it is hypothesised that each of the six subunits of the cellulose synthase complex is 

composed of six CesA proteins, each of which produces a single 1, 4-β-D-glucan chain (Herth, 

1983). Three distinct CesA family members must be present to correctly form a functional 

rosette, and different family members make up rosettes in primary and secondary cell walls. 

The arrangement of these individual CesA proteins is still unknown and a number of 

postulated arrangements have been considered (Taylor, 2008).  

 

Figure 1.6. Incorporation of UDP-D-glucose monomers into a growing linear glucan chain of cellulose 
catalytic action of the enzyme cellulose synthase. Image based on PlantCyc (http://plantcyc.org/). 
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Figure 1.7.  Model of the hexameric cellulose synthase complex found traversing the plant cell 
membrane. The active sites of the cellulose synthase enzymes are cytosolic. UDP-glucose is recruited 
from the cytoplasm and is then incorporated into the growing 1, 4-β-D-glucan chain found within the 
periplasmic space. Crystalline cellulose is deposited on the inner surface of the cell wall in the form of 
compact microfibrils. Illustration  adapted from Doblin et al. (2002) and Taylor (2008). 

Cellulose synthase has glycosyl transferase activity, enabling this enzyme to catalyse the 

irreversible formation of β-1, 4 bonds between the glucose monomers to form unbranched 

cellulose molecules called 1, 4-β-D-glucans. The cellulose precursor UDP-glucose can be 

provided by two alternative pathways. UDP-glucose can be generated through the 

phosphorylation of glucose-1-phosphate by UDP-glucose pyrophosphorylase (UGPase) or 

provided through the reversible conversion of UDP and sucrose to UDP-glucose and fructose 

under the catalytic action of the enzyme sucrose synthase. Both these pathways can be 

potentially modified to result in the shifting of carbon flux to cellulose synthesis. For other 

aspects of cellulose synthesis, including biochemistry, structure, and microfibril orientation 

readers are referred to several recent reviews (Somerville, 2006; Lloyd and Chan, 2008; 

Taylor, 2008). 
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1.4. Sucrose synthase 

Sucrose synthase was first identified in 1953 in wheat germ (Leloir and Cardini, 1953). 

This enzyme can form homodimers or homotetramers composed of SUSY protein subunits 

each with a molecular mass between 80 and 94 kDa (Nguyen-Quoc et al., 1990; Sebková et al., 

1995; Tanase and Yamaki, 2000; Duncan and Huber, 2007). The UDP-glucose generated by 

SUSY forms the substrate for a number of physiological processes including the production of 

storage polymers (Chourey and Nelson, 1976), structural polymers (Amor et al., 1995) and as a 

source of energy for general metabolic activity (Figure 1.4)(Xu et al., 1989; Amor et al., 1995; 

Zhou et al., 2005). Sucrose synthase is the only enzyme capable of both sucrose catabolism 

and anabolism. In addition, this enzyme is capable of conserving the high-energy glycosidic 

bond of sucrose following hydrolysis in the form of UDP-glucose (Römer et al., 2004).  

Although sucrose synthase is found in all plant organs, it predominantly occurs within 

sink organs where it is mainly involved in the breakdown of the sucrose disaccharide (Sung et 

al., 1989; Kruger, 1990). SUSY has been found to be involved in a number of diverse 

pathways in sink tissues (Avigad, 1990). A considerable amount of evidence exists for the role 

of SUSY in carbon partitioning, sink-source relations and phloem loading and unloading in 

various carbohydrate storage organs and sink tissues (Sung et al., 1989; Zrenner et al., 1995; 

D’Aoust et al., 1999). Case studies for the role of SUSY in sink activities include studies on 

potato tubers (Zrenner et al., 1995), sunflower hypocotyls (Pfeiffer and Kutschera, 1995) and 

pea embryos (De´jardin et al., 1997). SUSY has also been found to be involved in the process 

of nitrogen fixation in legume nodules (Gordon et al., 1999; Horst et al., 2007).  

SUSY gene expression has been found to be differentially regulated in response to 

various abiotic stresses. Hypoxia, anoxia and osmotic stress have all been shown to trigger an 

increase in SUSY expression (Springer et al., 1986; Maran˜a et al., 1990; Maranã et al., 1990; 
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Ricard et al., 1991; Hesse and Willmitzer, 1996; Kleines et al., 1999; Baud et al., 2004; 

Fernandes et al., 2004). This response could be due to the energy conserving nature of sucrose 

hydrolysis by SUSY. SUSY conserves energy by saving ATP produced during alcoholic 

fermentation and also provides for the increased energy demands of stressed cells (Perata et al., 

1998; Ricard et al., 1998). Increase of SUSY expression is not the trend as it has been noted 

that SuSy transcript levels decline following wounding (Salanoubat and Belliard, 1989; Hesse 

and Willmitzer, 1996; Baud et al., 2004). It is thus important to note that the response of SUSY 

to various stresses is a function of the stress type, tissue type as well as the species in which the 

response is being tested as documented by Klotz and Haagenson (2008). 

1.4.1. SUSY multigene family  

To accommodate for the diverse roles SUSY has to perform, at least two sucrose 

synthase genes are encoded by the genomes of monocotyledon (Carlson et al., 2002) and 

dicotyledon plants (Sturm and Tang, 1999; Barratt et al., 2001). Some plant species have 

numerous SuSy gene loci with Arabidopsis thaliana having six SuSy genes (Baud et al., 2004) 

and poplar having 11 identified SuSy gene loci each with a distinct role in carbohydrate 

metabolism (Geisler-Lee et al., 2006). Amino acid alignments of SUSY sequences within and 

between species has shown that there is less homology between different SUSY proteins from 

the same species than SUSY proteins derived from different species. This trend is due to the 

numerous highly conserved amino acid regions between species such as a 55 residue conserved 

region found starting at residue 643 in rice, maize, wheat, and potato SUSYs. The highest 

amino acid sequence variation is found at the N and C-terminals of the SUSY protein (Wang et 

al., 1993). 

Although the pH optima and substrate affinities of the different SUSY family members 

within a species are similar, these SUSY family members exhibit distinct expression patterns, 
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some of which can overlap due to the partial redundancy of these enzymes (Nguyen-Quoc et 

al., 1990; Buczynski et al., 1993; Huang et al., 1996; De´jardin et al., 1997; Sturm and Tang, 

1999; Baud et al., 2004). For example, the maize (Zea mays) genome encodes three different 

SuSy genes, Sus1, Sh1, and Sus3 (Carlson et al., 2002). All three of these genes are expressed 

in developing maize kernels, yet Sh1 is thought to play an important role in cell wall synthesis, 

whilst Sus1 channels sucrose into starch biosynthesis (Chourey et al., 1998). Matic et al. 

(2004) derived a simplified model to account for the observed differences in cellular roles of 

these two encoded SUSY enzymes. In this model the two SUSY enzymes SuSy1 and SuSy2 

show a preference for different metabolic pathways, where SuSy1 plays a role in channelling 

sucrose into ATP production during periods of high energy demand and SuSy2 is involved in 

cell wall synthesis during low energy demanding conditions (Matic et al., 2004). The 

abundance and activity of these SUSY isoforms are thus dependent on environmental 

conditions experienced by various tissues and organs of the plant (De´jardin et al., 1997; Baud 

et al., 2004). 

1.4.2. Regulation of sucrose synthase by posttranslational modification and subcellular 

localization 

SUSY is regulated at the transcriptional level (reviewed in Winter and Huber 2000)  

and the posttranslational level (Winter and Huber, 2000; Hardin and Huber, 2004; Marino et 

al., 2008). Posttranslational modification of SUSY, for example phosphorylation, may assist 

SUSY in performing multiple cellular functions by changing the intracellular localization or 

the kinetics of this enzyme (Hardin et al., 2004). Sucrose synthase is a known phosphoserine 

(SerP)-containing enzyme and can be phosphorylated at either the major serine-15 (S15) or the 

minor serine-170 (S170) phosphorylation sites in maize (Zea mays L.) sucrose synthase by 

calcium-dependent protein kinases (Huber et al., 1996; Hardin et al., 2003). 
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Phosphorylation of S170 in maize is thought to regulate protein stability of SUSY by 

promoting ubiquitination of SUSY to produce a high molecular mass form (HMM) of SuSy. 

This HMM is then recognized by 26S-proteasomes for proteolysis (Hardin and Huber, 2004). 

A study by Röhrig et al. (2004) on early stages of soybean root nodule organogenesis during 

Rhizobium–legume interactions provided evidence that a 12 amino acid, cysteine containing 

peptide  encoded by the ENOD40 gene binds to sucrose synthase by means of a disulphide 

bond formation. S-thiolation of SUSY by this peptide activates the sucrose cleaving activity of 

SUSY, whilst the synthetic activity of SUSY remains unchanged. This increase in enzyme 

activity can either be contributed to a change in the conformation of SUSY or by the protection 

of SUSY against oxidation through the S-thiolation of the enzyme. Binding of peptide A to 

SUSY has also been shown to enhance the protein stability of SuSy by preventing the 

phosphorylation of SuSy at S170. Thus the non-enzymatic posttranslational modification of 

SuSy by S-thiolation through ENOD40 peptide A not only represents a novel means of 

regulating the enzyme activity of SuSy, but also acts as a protective mechanism against 

proteasomal cleavage of SUSY (Röhrig et al., 2004).  

Phosphorylation of maize SUSY at the major S15 residue at the N-terminal region is 

proposed to have effects on enzyme activity and subcellular localization. The corresponding 

dephosphorylated form of mung bean SUSY showed a lower affinity for sucrose, yet after in 

vitro phosphorylation of this enzyme, sucrose affinity increased (Nakai, 1998, 1999). These 

findings were supported by an independent study done on SUSY2 purified from maize leaves 

(Huber et al., 1996). A study performed by Zhang et al. (1999) revealed an opposite trend, 

where in vitro phosphorylation of soybean nodule SUSY altered the protein’s hydrophobicity 

rather than its substrate affinity. Phosphorylation of the enzyme increased hydrophylicity 

preventing the enzyme from associating with the plasma membrane and thus confining the 

enzyme to the cytosol. This subsequently stimulated further in vivo studies which revealed that 
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the phosphorylation and dephosphorylation of SUSY was responsible for the partitioning of 

SUSY to various regions within the cell. One isoform was found to be soluble in the 

cytoplasm, S-SUSY (soluble-SUSY) whilst the other isoform was associated with cellular 

membranes, P-SUSY (particulate-SUSY, Winter et al., 1997; Zhang et al., 1999; Winter and 

Huber, 2000). Posttranslational modification by seryl-phosphorylation of SUSY have also been 

observed in  tomato fruits (Lycopersicon esculentum, Anguenot et al., 1999)  and elongating 

cotton fibers (Gossypium hirsutum, Haigler et al., 2001).  

A study by Haigler et al. (2001) disputed the proposal made by Winter et al. (1997) 

and Winter and Huber (2000) which assumed that the reversible phosphorylation of SUSY was 

like a simple “on-off switch” which controlled the intracellular partitioning of this enzyme.  

Haigler et al. (2001) reported no major differences in the phosphorylation status of P-SUSY 

and S-SUSY isoforms isolated from cotton fibres radiolabeled in situ with 32P-

orthophosphate. Therefore the exact physiological role of SUSY phosphorylation at the 

conserved N-terminal seryl-residue remains unknown. Hardin et al. (2006) performed 

truncation and alanine substitution mutational analysis of SUS1 in maize to define the 

membrane binding domains within the protein and in vitro microsome binding assays to 

determine the microenvironment needed for membrane association. Based on their findings 

they proposed that the amino-terminal noncatalytic domain (residues 1–362) and a region 

showing similarity to the C-terminal pleckstrin homology domain of human pleckstrin 

contributed to SUS1’s membrane affinity (residues 360–457). Environmental factors that 

promote the binding of SUS1 to cellular membranes include the presence of sucrose and a low 

cytosolic pH. The exact physiological mechanism of membrane association still needs to be 

determined. Many questions remain unanswered such as does SUSY bind directly to cellular 

membranes or is membrane association facilitated by the formation of a protein complex. If 

binding to the membrane requires the interaction with additional proteins, what are these 
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proteins and how do they interact and facilitate the association of SUSY to cellular membranes 

(Hardin et al., 2006). 

The partitioning of sucrose synthase into various cellular compartments allows for the 

added functional plasticity of this enzyme (Figure 1.8, Ruan et al., 1997). It has been suggested 

that membrane bound P-SUSY is responsible for allocating activated glucose to the production 

of storage polymers such as cellulose and callose, whilst S-SUSY which interacts with the 

actin cytoskeleton in the cytosol channels UDP-glucose into the production of storage 

polymers like starch and as a source of energy for general metabolism (Amor et al., 1995; 

Haigler et al., 2001).  

 

 

Figure 1.8. Regulation of sucrose synthase (SUSY) activity by subcellular localization. The transient 
association of SUSY with various membranes, organelles and actin allows for the channeling of sucrose 
into special functions such as cellulose biosynthesis and xylan biosynthesis (in the plasma membrane 
and golgi bodies), starch biosynthesis (in amyloplasts), metabolic channeling of stored sucrose in the 
vacuole to cytosolic processes (involving the tonoplast). Diagram adapted from Koch (2004). 

 

Membrane boundCytoplasmic Plasma membrane

Golgi

Amyloplasts

Actin

Tonoplast

SUSY

Vacuole

Glycolysis

Cell wall 
biosynthesis

Starch 
biosynthesis

Metabolic
channeling

Storage or 
mobilization 
of vacuolar 

sucrose

 
 
 



Functional regulation of Sucrose Synthase in planta with reference to cell wall formation 

18 

 

Coleman (2006) tried to target carbon assimilation to cellulose biosynthesis through 

the overexpression of sucrose synthase in tobacco plants. Instead of getting increased cellulose 

content, plants were observed to have an overall increase in plant biomass. This finding could 

be attributed to an increase in the physiological concentrations of both P-SUSY and S-SUSY 

and thus an increase in the amount of UDP-glucose for cellulose synthesis and general 

metabolism. A subsequent study by Coleman et al. (2009) took an alternative approach to 

channel UDP-glucose assimilation from general metabolism to cellulose synthesis. In this 

study the same cotton SUSY was overexpressed in the model tree Populus. Transformants 

were found to have elevated levels of cell wall associated cellulose and thicker secondary cell 

walls in vascular cells. Thus Coleman et al. (2009) identified SUSY as a target for the 

manipulation of carbon allocation by successfully displaying directed the uptake of  UDP-

glucose to cellulose synthesis.          

Alternatively Nakai et al. (1998) attempted to mimic the N-terminal seryl 

phosphorylation by replacing the serine residue with a charged glutamic acid residue. They 

hypothesized that the acidic side chain of glutamic acid at position 11 of the mung bean 

sucrose synthase would activate the enzyme to cooperate with the membrane-bound cellulose 

synthase. Contrary to the findings by Zhang et al. (1999) this mutant mung bean SUSY was 

found to associate with the cell membrane. Following expression in the bacterial species 

Acetobacter xylinum it was noticed that there was an overall increase in cellulose content. 

Further expression of this modified mung bean SUSY in cotton and poplar by Konishi et al. 

(2004) further supported the findings by Nakai et al. (1998). It is evident that the exact 

mechanism determining the subcellular localization of SUSY remains elusive with contrasting 

regulatory mechanisms identified in different species. Attempts to engineer the P-SUSY form 

for controlled channeling of carbon from sucrose into cellulose biosynthesis will require 
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further species specific studies of the posttranslational regulation of SUSY activity and 

localization. 

1.5. Confocal microscopy as a tool for functional gene studies in 

planta 

The cellular localization of enzymes, substrates and their associated regulatory factors 

plays an important role in the temporal and spatial regulation of biological reactions. 

Subcellular localization assays involve the detection of target proteins within a cell to deduce 

the location, function and interactions of proteins. Proteins can be viewed indirectly using 

technologies such as subcellular fractionation and Western blotting or can be viewed directly 

using a number of advanced methods of microscopy. 

There has been a strong movement away from the use of epifluorescence scanning 

microscopy (ESM) towards confocal laser microscopy as a tool for subcellular localization of 

proteins. This shift is due to the limitations associated with ESM including its poor resolution 

and requirement for tedious sample fractioning during preparation. Confocal microscopy is a 

powerful alternative to ESM and allows for the visualization of a fluorescent signal within a 

narrow plane of focus (Paddock, 1999). This technique can exclude background noise and 

allows for the three-dimensional reconstruction of protein and cellular structures through 

analysis of a collection of optical sections (Paddock, 1999). Its deep tissue penetration allows 

for the use of live whole mounts, which expands the applications of this technology to the 

visualization of real-time protein dynamics within the cell.  

1.5.1. Reporter genes 

Reporter genes express chromogenic or fluorescent proteins that can be fused to target 

genes or proteins at the transcriptional or translational level, respectively. These genes have 
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numerous uses in functional genetic studies such as assisting in the cellular and subcellular 

localization of proteins, screening for mutants and protein-protein interaction studies. 

Traditionally, antibodies were used to visualize specific proteins via an immunoprecipitation 

assay. These antibodies have been replaced by chromogenic proteins such as GUS (Jefferson et 

al., 1987) and intrinsically fluorescent proteins such as GFP (Prasher et al., 1992). 

GUS (β-3-glucuronidase) was isolated from the bacterial species Escherichia coli 

(Jefferson et al., 1987). GUS is typically used for organ and tissue-specific expression analysis 

of plant transgenes and an assay for nuclear localization due its inability to passively diffuse 

into the nucleus. Its large molecular mass of 68kDa confers a higher risk of protein folding 

artefacts. GUS is visualized through a histochemical assay that requires sample fixation and 

staining. This procedure is not only tedious but could also result in the development of 

structural and functional protein artefacts that could confound study findings (Weigel and 

Glazebrook, 2002).  

1.5.2. Intrinsically fluorescent proteins (IFP’s) 

An alternative to GUS is the green fluorescent protein (GFP) isolated from the 

illuminescent jellyfish Aequorea victoria (Prasher et al., 1992). This small protein, consisting 

of only 238 amino acids, fluoresces bright green when visualized under UV and blue light 

(Shimomura et al., 1962). In 2008 Professors Osamu Shimomura, Martin Chalfie and Roger Y. 

Tsien  were awarded Nobel prize in Chemistry for their contributions towards the development 

of GFP as a reporter protein. GFP diffuses readily between the cytosol and nucleus making it 

capable of providing spatial and temporal information about the distribution of proteins within 

the cell. GFP is autoilluminescent circumventing the need for destructive staining techniques 

associated with GUS visualization (Chalfie, 2006). This reporter gene has undergone numerous 

modifications to make it applicable in a plant system. It was found that GFP had a cryptic 
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intron, which was recognised by plant spliceosomes and spliced out of the mRNA prior to 

translation. To prevent the incorrect splicing of GFP and subsequent loss of fluorescent 

activity, Haselhoff et al. (1997) removed this cryptic intron by changing the codon usage.  

GFP has been used in many applications from the simple screening of segregants for 

reporter gene expression  to high-resolution subcellular localization imaging (DeBlasio et al., 

2010). The visualization of GFP in live whole mounts expands the applications of this reporter 

system to the visualization of real-time protein dynamics in the cell. Some scepticism exists 

over the applicability of amino-terminal GFP fusion proteins as it has been found that the N-

terminus is essential for proper membrane-protein associations. A study by Hampton (1996) 

focused on assessing the affect of N-terminal GFP fusions on the localization of the yeast 

membrane protein hydroxymethylglutaryl-CoA reductase. It was found that this fusion protein 

showed characteristics that were consistent with that of the native protein suggesting that both 

C-terminal and N-terminal GFP fusion proteins can be utilized for subcellular localization 

studies.  

A number of GFP variants have been designed for optimisation of reporter gene 

activity (Table 1.1). These variants called intrinsically fluorescent proteins (IFPs) either 

fluoresce more brightly or emit light at a different spectral quality such as yellow fluorescent 

protein (YFP), cyan fluorescent proteins (CFP) and a red fluorescent protein (DsRED) isolated 

from corals. Newcomers to the ever growing spectral fluorescent variant list include 

“superfolder” GFP (Pédelacq et al., 2006), mRuby (Kredel et al., 2009) and mCherry (Shaner 

et al., 2004). Superfolder GFP as the name suggests was designed to fold even when fused to 

insoluble proteins. Superfolder GFP is also brighter and more acid resistant than EGFP and 

even the esteemed Emerald GFP (Pédelacq et al., 2006). mRuby has the potential to become 

very useful in the field of fluorescent reporters as it has a large Stokes shift (the difference 

between the excitation and emission maximums) of 47 nm, is resistant to denaturation at pH 
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extremes and has been found to be ten-fold brighter than enhanced GFP (EGFP, Kredel et al., 

2009). The bright red fluorescent protein, mCherry, has a short maturation time and much 

longer excitation and emission wavelengths. These features reduce the amount of 

autofluorescence and cellular damage produced during fluorescence imaging (Fan et al., 2008). 

For a comprehensive review of the developments in IFPs and the properties of specific spectral 

variants please refer to Day and Davidson (2009).  
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Table 1.1. Fluorescent protein variants with their associated excitation and emission wavelengths. Table 
based on Held et al. (2008), Dixit et al. (2006) and Shaner et al. (2004). 

Colour  IFP Excitation 
maximum (nm) 

Emission 
maximum (nm)  

Reference 

Blue  EBFP  380 440 (Patterson et al., 1997) 

Cyan  ECFP  433/452  475/505 (Rizzo et al., 2004) 

  Cerulean CFP 433 475 (Rizzo et al., 2004) 

Green  mGFP4 395/475 509 (Haselhoff et al., 1997) 

  EGFP 488 507 (Cormack et al., 1996) 

Lime  EYFP 515 528 (Nagai et al., 2002) 

  Citrine YFP 516 529 (Griesbeck et al., 2001) 

Yellow  Venus YFP 515 528 (Nagai et al., 2002) 

  mHoneydew 487/504  537/562 (Shaner et al., 2004) 

  mBanana 540 553 (Shaner et al., 2004) 

Orange  mOrange 548 562 (Shaner et al., 2004) 

Red dsRed 558 583 (Dixit et al., 2006)  

  mTangerine 568 585 (Shaner et al., 2004) 

  mStrawberry 574 596 (Shaner et al., 2004) 

  mRFP1 584 607 (Merzlyak et al., 2007) 

mRuby 558 605 

  mCherry 587 610 (Shaner et al., 2004) 

Far Red mRaspberry 596 625 (Shaner et al., 2004) 

  mPlum 590 648 (Shaner et al., 2004) 

The availability of numerous spectral variants allows for the simultaneous imaging of 

several reporter genes and facilitates in vivo studies of protein interactions by methodologies 

such as fluorescence resonance energy transfer (FRET) microscopy (Sekar and Periasamy, 
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2003) and bimolecular fluorescence complementation (BiFC, Bracha-Drori et al., 2004). For 

an in depth review on the various molecular and cellular techniques used to detect protein-

protein interactions refer to Lalonde et al. (2008).  

The choice of IFP is dependent on the experimental scenario. There are however some 

general requirements for the efficient use of fluorescent proteins in bioimaging. Firstly you 

would want an IFP that expresses efficiently such that the fluorescence signal is detectable. 

The chosen IFP should not be toxic to the organism in which it is expressed. It is suggested 

that the IFP should be bright enough to provide enough signal above autofluorescence 

especially when working in planta. The IFP should display sufficient photostability to be used 

for the duration of the imaging and should not oligomerize. It is recommended that the 

fluorescent protein should be insensitive to environmental effects such as acidity. In multi-

labelling where more than one fluorescent protein is imaged there should be minimal cross talk 

(overlap) in the emission and excitation channels (Shaner et al., 2005). 

The extensive use of GFP as a reporter protein has lead to a toolkit of markers specific 

to tissue-type, cell-type and subcellular localization. A marker is typically a fusion construct in 

which the transgene is fully characterized as being localized to a particular physiological niche. 

A repertoire of subcellular markers have been engineered for studies in plants specifically the 

model plant Arabidopsis thaliana (Table 1.2). Subcellular markers have also been engineered 

from fusions with different spectral variants and for different biological backgrounds such as 

mammalian cells (Day and Davidson, 2009; DeBlasio et al., 2010). These molecular markers 

can be used to study the temporal and spatial dynamics of their associated cellular structure or 

can be utilized in colocalization studies to determine the localization of proteins in vivo. The 

principles underlying colocalization and the recent advances in this innovative field are 

reviewed in Bolte and Cordelieres (2006), French et al. (2008), Waters (2009) and Zinchuk and 

Grossenbacher-Zinchuk (2009). 
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Table 1.2. Fluorescent protein fusion constructs targeting subcellular locations in planta. Table based on 
Cutler et al. (2000) and Dixit et al. (2006). 

Subcellular structure  Marker used  References 

Actin  fimbrin1-GFP (Sheahan et al., 2004) 

GFP-mouse talin (Wang et al., 2004) 

Cell membrane PIP1b-GFP (Cutler et al., 2000) 

PIP2a-GFP (Cutler et al., 2000) 

Centromere  Histone 3-GFP  (Fang and Spector, 2005) 

Chloroplast/Plastid  Stroma signal peptide-GFP (Kohler et al., 1997) 

Rubisco-GFP (Kwok and Hanson, 2004) 

Chromosomes Cry2-GFP (Cutler et al., 2000) 

Endoplasmic reticulum  ER retention signal-GFP  (Haselhoff et al., 1997) 

Golgi  N-acetylglucosaminyl transferase 1-GFP (Lu et al., 2005) 

Microtubules GFP-beta-tubulin 6 (Nakamura et al., 2004) 

GFP-mouse MAP4 (Granger and Cyr, 2001) 

Mitochondria  Mitochondrial signal peptide-GFP (Logan and Leaver, 2000) 

Nucleus  Histone 2B-GFP (Boisnard-Lorig et al., 2001) 

Ankyrin-like protein-GFP (Cutler et al., 2000) 

Ribosomal Protein S31-GFP (Cutler et al., 2000) 

Nuclear envelope RanGAP-GFP (Pay et al., 2002) 

Peroxisome  Peroxisomal targeting signal-GFP (Mathur et al., 2002) 

Vacuole  Vacuolar syntaxin-GFP (Uemura et al., 2002) 

Vacuolar membrane DIP aquaporin homolog-GFP (Cutler et al., 2000) 

Delta TIP-GFP (Cutler et al., 2000) 
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1.6. Conclusion 

Due to the rise in fuel costs and detrimental environmental effects of consuming fossil 

fuels there has been a shift of interest towards the use of renewable fuel resources. Cellulose is 

one of these fuel resources considered due to its abundance in woody plants. Therefore much 

research is focused on getting a better understanding of the spatial and temporal complexities 

of cellulose biosynthesis, to facilitate purification of cellulose as well as simplify the 

fermentation process required to produce cellulosic ethanol. Studies are also underway to 

identify and molecularly modify existing crops for use as bioethanol crops.  

Sucrose synthase plays an important role in the regulation of carbon allocation to 

general metabolism or to the synthesis of structural polysaccharides such as cellulose 

(Kleczkowski, 1994). It is evident that this enzyme is greatly regulated at both the 

transcriptional and posttranslational levels. The subcellular localization of SUSY is thought to 

channel the activated glucose produced by this enzyme into different sink metabolic processes. 

Drawing from literature one can hypothesize that through the up-regulation of the membrane-

bound P-SUSY form of sucrose synthase one can cause a corresponding increase in cellulose 

biosynthesis by channelling carbon allocation towards cell membrane associated processes 

(Konishi et al., 2004; Coleman et al., 2006). This is of particular interest to the pulp and paper 

industry as this engineered P-SUSY form can be utilized to genetically engineer a crop of 

forest trees capable of producing higher cellulose content. The effect of this shift in carbon 

allocation towards cellulose synthesis in vivo is still to be determined. Future studies need to 

determine whether genetically modified plants remain physiologically indistinctive or show 

increased biomass or severely disrupted cellular homeostasis resulting in reduced viability.  A 

better understanding of the regulation of sucrose synthase activity and source-sink relations in 

vivo is thus essential to making this hypothesis a reality.  
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2.1. Abstract  

The temporal and spatial distribution of sucrose synthase in the cellular milieu has been found 

to influence the channelling of sucrose into specific sink processes such as cellulose 

biosynthesis and subsequently sink strength. Sucrose synthase catalyzes the formation UDP-

glucose, the activated substrate for cellulose biosynthesis. In this study, we investigated the 

subcellular localization of a Eucalyptus sucrose synthase 1 (EgSUSY1) protein. We generated 

transgenic Arabidopsis plants that constitutively expressed unmodified and translationally 

modified Eucalyptus sucrose synthase (EgSUSY1) proteins fused to green fluorescent protein 

(GFP). Contradicting evidence has accumulated on the role of phosphorylation in the 

regulation of sucrose synthase subcellular localization and carbon allocation. Two modified 

EgSUSY1 transgenes (S11A and S11E) were engineered to investigate the effects of 

phosphorylation as a post-translational regulator of EgSUSY1 localization. The proteins’ 

subcellular localization were analysed in planta using laser scanning confocal microscopy 

(LSCM). Findings in this study point to the peripheral localization of modified and 

unmodified EgSUSY1 proteins with a prominent cytoplasmic component. No evidence was 

found for the localization of modified or unmodified GFP-EgSUSY1 proteins within the 

extracellular matrix. Although there was qualitative colocalization evidence of EgSUSY1 

association with the plasma membrane quantitative colocalization analysis could not establish 

nor negate plasma membrane association of any of the EgSUSY1 proteins.  
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2.2. Introduction  

Plants are autotrophic organisms capable of synthesizing their own organic energy 

from inorganic resources via photosynthesis. This energy is typically transported through the 

phloem in the form of sucrose which is utilized in a number of metabolic processes 

throughout the plant. One of the sinks that sucrose is channeled into is cellulose biosynthesis 

(2004). Cellulose is an organic polymer that prominently occurs within the cell wall 

especially in the thick secondary cell walls found in vascular cells. This polymer aids to 

strengthen and support the cell wall and facilitates the movement of water in the plant to 

various organs such as the leaves, stems and flowers (Plomion et al., 2001). Cellulose is also 

widely exploited by humans in the form of wood, which forms the raw material for textiles, 

furniture, pulp and paper (Plomion et al., 2001). Recent fossil fuel shortages have triggered a 

renewed interest in wood as a possible form of renewable energy where the cellulose within 

wood can be broken down to form cellulosic ethanol. Wood is an attractive energy resource as 

it does not impede on food resources.  

Sucrose synthase (SUSY) catalyzes the reversible conversion of UDP and sucrose to 

form fructose and UDP-glucose. This reaction allows sucrose via UDP-glucose and fructose 

to enter multiple cellular metabolic pathways (Winter and Huber, 2000). Furthermore SUSY 

gene family members may divert sucrose carbon to different sink tissues (Fu, 1995; Barratt, 

2001; Matic, 2004). SUSY has been identified as a key enzyme associated with cell wall 

biosynthesis (Ruan, 1997; Chourey, 1998; Nakai, 1999; Salnikov, 2003; Curatti, 2008; 

Coleman et al., 2009), starch synthesis (De´jardin et al., 1997), and overall sink strength 

(Zrenner et al., 1995; Tang and Sturm, 1999). A recent study by Coleman and colleagues 

found that hybrid poplar trees overexpressing cotton SUSY presented with increased levels of 
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crystalline cellulose production. Thus identifying SUSY as a key candidate to alter sucrose 

carbon allocation into secondary metabolic processes such as cellulose biosynthesis.  

SUSY was traditionally thought to occupy the cytosol, but Amor et al. (Amor et al., 

1995) demonstrated that SUSY associates with the membrane fraction in cotton fibre cells. 

This association of SUSY with the cell membrane is proposed to reduce competition for 

activated glucose between cytosolic and cell wall related biosynthetic pathways (Haigler, 

2001; Konishi, 2001; Salnikov, 2001) and also to ensure rapid turnover of UDP, which is 

known to be an feedback inhibitor of this process (Ross, 1991). The presence of two 

functional sucrose synthase isoforms, soluble SUSY (S-SUSY) and particulate SUSY (P-

SUSY) has been postulated to play a regulatory role in the allocation of activated carbon to 

specific metabolic processes. S-SUSY is found soluble in the cytosol whilst the particulate 

isoform, P-SUSY, is associated with the cell membrane (Carlson et al., 2002). Where S-

SUSY is responsible for directing UDP-glucose into the assimilation of the glycosidic 

pathway and secondary metabolite synthesis and P-SUSY is thought to play a role in the 

channelling of UDP-glucose specifically towards cellulose and callose biosynthesis (Amor et 

al., 1995; Ruan et al., 1997; Haigler et al., 2001).  
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Figure 2.1. Schematic illustration of the functional regulation of sucrose synthase through subcellular 
compartmentation. Sucrose synthase predominantly occurs as a cytosol soluble S-SUSY where it can 
channel UDP-glucose towards glycolysis and other cytoplasmic processes. Plasma membrane bound P-
SUSY has been proposed to direct UDP-glucose towards the hexameric cellulose synthase complex 
found traversing the plant cell membrane. UDP-glucose is then incorporated into the growing 1, 4-β-D-
glucan chain found within the periplasmic space. Crystalline cellulose is deposited on the inner surface 
of the cell wall in the form of compact microfibrils. Illustration adapted from Haigler et al., 2001 and 
Salnikov et al., 2001. 

The allocation of SUSY to these various subcellular sites is regulated by a number of 

processes including phosphorylation, sucrose concentration, oligomerization and tissue 

specificity (Hardin et al., 2004; Hardin et al., 2006; Duncan and Huber, 2007; Huber, 2007).  

Post translational regulation of sucrose synthase activity by phosphorylation occurs at 

numerous sites along the protein. The phosphorylation of SUSY at a non-catalytic N-terminal 

serine phosphorylation domain conserved among monocot and dicot species (Figure 2.9) has 

been proposed to be involved in the subcellular localization of this protein (Huber, 1996; 

Zhang et al., 1999). A number of studies have accumulated contradicting evidence alluding to 

the possible role of phosphorylation on the cellular distribution of SUSY. Anguenot et al. 

(2006) demonstrated that a protein kinase inhibitor increased the membrane activity of SUSY, 

whereas Winter et al. (1997) demonstrated decreased membrane activity of SUSY due the 

presence of a phosphatase inhibitor. A study Zhang et al. (1999) showed that phosphorylation 

of SUSY decreased its surface hydrophobicity resulting in a change in the conformation of the 

protein.  

Studies involving the site-directed modification of this conserved serine 

phosphorylation site have resulted in altered properties of the SUSY protein. The 

modification of the N-terminal serine residue of the mung bean SUSY to a charged amino 

acid, glutamate (S11E, Nakai et al., 1998) was proposed to mimic the properties of the 

phosphorylated wild-type SUSY protein (Nakai, 1999; Konishi, 2004). Although S11E 

activity in transgenic poplar trees was demonstrated in both the membrane and the soluble 

fraction, there was a significant increase in activity in the soluble fraction of stem tissue 
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compared to the membrane fraction (Konishi, 2004). This is consistent with the suggestion 

that phosphorylation of SUSY specifically at the N-terminal serine residue may in part 

influence its sub-cellular localization by promoting cytosolic association.  

 

Figure 2.9. Amino acid alignment of 18 Dicot sucrose synthases, including EgSUSY1 (GenBank 
accession number DQ227993.1). All 18 sucrose synthases show a highly conserved N-terminal serine 
phosphorylation site (arrow) within the phosphorylation domain LTRVHSLRERL (Amor et al., 1995; 
Huber et al., 1996; Zhang et al., 1999; Komatsu et al., 2002). Alignment generated using CLC bio CLC 
Main Workbench 5.0.2. (·) indicates identical amino acid to EgSUSY1 and (–) a gap or the absence of 
an amino acid at this site. 

The Myburg laboratory previously isolated two sucrose synthase genes, EgSuSy1 and 

EgSuSy3, from immature xylem tissues of the forest tree species Eucalyptus grandis. 

Expression profiling of these genes revealed that both genes were predominantly expressed in 

xylem, immature xylem, mature flowers and young leaves. All of these tissues are 

characterized by high levels of primary cell wall deposition and, in mature xylem, secondary 

cell wall thickening. Quantitative real-time PCR showed that EgSuSy1 had much higher 

expression levels than that of EgSuSy3 (Zhou et al., 2005). Based on this evidence we 

hypothesised that EgSuSy1 is the predominant gene responsible for the flux of sucrose 

 
 
 



The subcellular localization of EgSUSY1 fusion proteins expressed in Arabidopsis thaliana. 

45 

 

towards cellulose biosynthesis. The functional regulation of EgSuSy1, its cellular distribution 

and its involvement in cellulose biosynthesis is yet to be investigated. 

This study characterized the cellular distribution of wild-type Eucalyptus sucrose 

synthase enzyme, EgSUSY1 and evaluated the role of its phosphorylation status on the 

subcellular localization of this enzyme when ectopically expressed in Arabidopsis. Two 

modified versions of this gene were examined EgSUSY1-S11A, with a phosphorylation 

insensitive alanine at the N-terminal serine residue, and EgSUSY1-S11E, with a positively 

charged glutamate at this site to mimic phosphorylation. These modified enzymes were 

translationally fused to green fluorescent protein (GFP) reporter gene and visualized in vivo 

using laser scanning confocal microscopy (LSCM). LSCM is a powerful tool for bioimaging 

proteins in vivo due to the availability of various spectral variants of fluorescent reporter 

proteins and subcellular markers. Confocal microscopy also allows for the direct real-time 

imaging of proteins in vivo without the need for destructive sample preparation steps 

(DeBlasio et al., 2010). 

It was hypothesised that EgSUSY1-S11A would have putative increased cytosolic distribution 

towards the membrane fraction, due to the absence of a charged residue at S11. Whilst 

EgSUSY1-S11E would have increased association with the plasma membrane due to the 

negative charge of the glutamate residue. We showed that the Arabidopsis Col-0 plants 

overexpressing wt-EgSuSy1, EgSuSy1-S11A and EgSuSy1-S11E had recordable levels of GFP 

fluorescence. Wild-type EgSUSY1 was found to be associated with the cytoplasm with a 

strong concentration at the periphery of the cells suggesting either direct or indirect 

association with the plasma membrane. There were no quantitative differences in the cellular 

localizations of EgSUSY1-S11A and EgSUSY1-S11E and both were found to have similar 

localization patterns to that of wild-type EgSUSY1.  
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2.3. Materials and Methods 

2.3.1. Biological Materials 

Arabidopsis thaliana growth conditions 

Arabidopsis thaliana L. Heynh. ecotype Columbia (Col-0 and Col-2) (Nottingham 

Arabidopsis Stock Centre) untransformed and transgenic lines were grown using standard 

Arabidopsis growth conditions. Arabidopsis Col-2 plants transformed with PIP2a-pEGAD 

were obtained from the Arabidopsis Biological Resource Centre (ABRC, Germplasm 

number CS84725) (Cutler et al., 2000). Arabidopsis Col-0 plants transformed with 

pCAMBIA1302 were kindly provided by Mr. M. Ranik (Table 2.3).  

Table 2.3. Plant lines used during subcellular localization and immunoblotting studies.  

Plant Linea Descriptionb 

Col-0 Untransformed Arabidopsis thaliana Ecotype Col-0 
GFP Arabidopsis Col-0 transformed with pCAMBIA1302. Constitutive 

expression of mGFP6 under the action of a double cauliflower mosaic 
virus promoter 

GFP-EgSUSY1 Arabidopsis Col-0 transformed with EgSuSy1-pMDC43. Constitutive 
expression of mGFP6-EgSUSY1 C-terminalc fusion under the action of a 
double cauliflower mosaic virus promoter  

GFP-EgSUSY1-S11A 
(S11A) 

Arabidopsis Col-0 transformed with EgSuSy1-S11A-pMDC43. 
Constitutive expression of mGFP6-EgSUSY1-S11A C-terminalc fusion 
under the action of a double cauliflower mosaic virus promoter 

GFP-EgSUSY1-S11E 
(S11E) 

Arabidopsis Col-0 transformed with EgSuSy1-S11E-pMDC43. 
Constitutive expression of mGFP6-EgSUSY1-S11E C-terminalc fusion 
under the action of a double cauliflower mosaic virus promoter 

EgSUSY1-GFP Arabidopsis Col-0 transformed with EgSuSy1-pMDC83. Constitutive 
expression of EgSUSY1-mGFP6 N-terminalc fusion under the action of a 
double cauliflower mosaic virus promoter 

GFP-PIP2a 
(PIP2a) 

Arabidopsis Col-2 transformed with PIP2a-pEGAD. Constitutive 
expression of PIP2a-eGFP C-terminalc fusion protein under the action of a 
double cauliflower mosaic virus promoter (Cutler et al., 2000) 

a. The naming conventions of all wild-type, transgenic and marker Arabidopsis thaliana Columbia 
plant lines used during this research project 
 

b. A brief description of each plant line indicating the genetic background of each plant line. The 
identity of the transgene and fluorophore as well as the orientation of the translational fusion.  
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c. Fusions were denoted as C-terminal or N-terminal based on the naming convention stipulated in 
(Cutler et al., 2000) where a C-terminal fusion is identified by the protein being translationally fused to 
the C-terminus of GFP and a N-terminal is identified by the protein being translationally fused to the 
N-terminus of GFP 

Seeds were surface sterilized in 70% (v/v) ethanol for five minutes followed by 30 

minute incubation in 10% (v/v) bleach solution containing 0.1% (v/v) tritonX. The seeds were 

then repeatedly washed followed by resuspension in 0.1% (w/v) bacteriological agar and 

plated on 90 mm plates containing a minimal plant growth media consisting of 0.7% (w/v) 

bacteriological agar and 1 mM potassium nitrate supplemented with 100 µg/ml cefotaxime. In 

addition 20 µg/ml hygromycin was added to the media for transgenic plants transformed with 

expression constructs. The seeds were incubated at 4°C for 48 hours and then at 22 to 25°C 

under a 16-hour day and 8-hour night cycle for ten to 12 days. Arabidopsis plants were 

fertilized weekly with multifeed-19:8:16 classic (http://www.plaaskem.co.za/). At the four 

leaf stage young seedlings were transferred to soil medium (http://www.jiffypot.com) and 

grown in a plant growth chamber at 22°C to 25°C with a 14-hour photoperiod (light exposure 

period). 

Escherichia coli growth conditions 

Two different Escherichia coli cell lines were used during the propagation of various 

vectors. E.coli DB3.1 cell lines were used to multiply empty pMDC43 and pMDC83 

destination vectors (Curtis and Grossniklaus, 2003), whilst One Shot® chemically competent 

E.coli TOP10 cell lines (Invitrogen, Carisbad, California, USA) were used for the propagation 

of entry vectors and recombinant expression constructs. All cell lines were cultured in luria-

bertani (LB) media [1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) sodium chloride] 

for 48 hours at 37°C. For the propagation of recombinant entry vectors in TOP10 cells 

(Invitrogen), 100 µg/ml spectinomycin was supplemented in the culture media. E.coli DB3.1 

cells containing destination vectors were propagated in LB-media supplemented with 20 
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µg/ml chloramphenicol. In addition 50 µg/ml kanamycin was added to the medium for 

propagation of E.coli TOP10 cell lines containing recombinant destination vectors.   

Agrobacterium tumefaciens growth conditions 

LBA4044 Agrobacterium tumefaciens strain was selected for floral dip transformation of 

Arabidopsis plants (Clough, 1998). Empty A. tumefaciens LBA4044 cells where propagated 

in preparation for transformation with recombinant destination vectors in yeast extract 

peptone (YEP) media [1% (w/v) yeast extract, 1% (w/v) bacto-peptone, 0.5% (w/v) sodium 

chloride] supplemented with 50 µg/ml rifampicin and 30 µg/ml streptomycin. Transformed 

cells were cultured prior to floral dipping in the same YEP-media with an additional 50 µg/ml 

kanamycin. All positive bacterial stocks were stored at -80°C in a 50% (v/v) glycerol stock. 

2.3.2. Vector construction 

Primer design and PCR amplification of full-length EgSuSy1 

Primers were designed based on the cDNA sequence of the Eucalyptus grandis 

sucrose synthase 1 (EgSuSy1) gene (GenBank accession number DQ227993.1) identified and 

isolated by Zhou (2005). Three alternative primers were designed namely EgSUSY1_Stop, 

EgSUSY1_NoStop and EgSUSY1_Start (Table 2.4). The primers were used to amplify two 2 

400 base-pair DNA fragments corresponding to the coding sequence (CDS) of EgSuSy1, with 

and without a stop codon, from Eucalyptus grandis x urophylla hybrid late tension wood 

cDNA samples (kindly provided by Mr. M. Ranik). The PCR reaction mixture included 0.8 

units of ExSel Taq polymerase (Southern Cross Biotechnology Ltd.), 1X Reaction buffer (1X 

Exsel buffer, 20 mM MgSO4), and 1200 ng of cDNA as template, 0.2 mM dNTPs and 0.4 µM 

of each primer in a 20 µl reaction volume. Touchdown PCR reactions were carried out using 

the following cycling parameters: one cycle of denaturing at 94°C for 5 min, ten cycles of 
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denaturing at 95°C for 30 sec, annealing at 65°C for 30 sec decreasing the temperature by 

0.7°C with each cycle and extension at 72°C for two min, 30 cycles of denaturing at 95°C for 

30 sec, annealing at 55°C for 30 sec and extension at 72°C for two min increasing the 

duration by one sec per cycle, followed by one cycle of extension at 72°C for 30 min. All 

PCR and RT-PCR reactions were carried out in a BioRad iCycler thermocycler (Bio-Rad, 

Hercules, California, USA). All PCR products were resolved on 1% (w/v) agarose gel stained 

with ethidium bromide via gel electrophoresis. 

Table 2.4. Primers used during the cloning of EgSuSy1 into GFP fusion binary vectors. 

Primer Name Gene  Primer Sequence (5' → 3') 

EgSuSy1_Starta,b EgSuSy1 ATGGCTGATCGCATGTTGAC 

EgSuSy1_NoStopa,b EgSuSy1 CTCGACAGCCGGAGGAACAG 

EgSuSy1_Stopa,b EgSuSy1 TTACTCGACAGCCGGAGGAA 

EgSUSY1-138-Rb,c,d EgSuSy1 GTGTGGTTCATGGCGATGAG 

EgSUSY1-396-Fb,c,d EgSuSy1 TGTGGCCAGCGCCTTGAGAA 

SuSy_94Rb EgSuSy1 GAAGGCCACAATATCGTTGC 

SUSY1SEQ1-486-Fb EgSuSy1 ATTGGCAATGGCGTCGAGTT 

5'SUSY-GSP2-214b,c,d EgSuSy1 GTCATGGAAGAGCTTAGCTTAGCGGAGAG 

EuSUSY1-5'RACE209b EgSuSy1 ATAGCCGGTTGAACGAAGAC 

EgSuSy1_1813b EgSuSy1 GTCGTGGTTGGAGGTGACAG 

EgSuSy1_2283b EgSuSy1 GAACCTGACTGCCGTGTATG 

M13 F-Narrowb Vector Backbone CACGACGTTGTAAAACGAC 

M13 R-Narrowb Vector Backbone GGAAACAGCTATGACCATG 

mGFP5_36c,d mGFP6  CACTGGAGTTGTCCCAATTC 

mGFP5_322Cc,d mGFP6  CGTCGTCCTTGAAGAAGATG 

eGFP_283c,d eGFP and mGFP6  CAGGAGCGCACCATCTTCTT 

eGFP_647Cc,d eGFP CGCTTCTCGTTGGGGTCTTT 

ACT2-48-Fd AtActin2 TCTCGTTGTCCTCCTCACTT 

ACT2-289-Rd AtActin2  AATCCAGCCTTCACCATACC 

UBQ-Fd AtUbiquitin CCGGATCAGCAGAGGCTTAT 

UBQ-Rd AtUbiquitin CACGGAGCCTGAGAACAAGA 
 
a. Oligonucleotide primers used for the amplification of EgSuSy1 full-length gene fragments 
 

b. Oligonucleotide primers used to screen and sequence recombinant entry vectors carrying full-length EgSuSy1 gene fragments. 
Primer binding sites are indicated in Supplemental Figure S2.  
 
c. Oligonucleotide primers used to screen and sequence recombinant destination vectors. Primer binding sites are indicated in     
Supplemental Figure S5.  
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d. Oligonucleotide primers used during PCR and RT-PCR screening of transgenic Arabidopsis plants 

TA- cloning into TOPO donor vector and sequence analysis of entry clones 

The amplified EgSuSy1 CDS fragments (EgSuSy1Stop and EgSuSy1NoStop) were 

excised and purified from the 1% (w/v) agarose gel  using the PCR Purification Kit (Qiagen, 

Hilden, Germany) following the manufacturer’s instructions. The fragments were TA-cloned 

into the TOPO donor vector pCR®8/GW/TOPO® (Figure S1, Invitrogen) as per the 

manufacturer’s instructions. The recombinant EgSuSy1-pCR®8/GW/TOPO® entry vectors 

were transformed into One Shot® TOP10 chemically competent E. coli cells (Invitrogen) as 

per the manufacturer’s instructions.  

Colony screening was performed on plates containing 1.5% (w/v) agar-LB medium 

supplemented with 100 µg/ml spectinomycin. Putative positive colonies were selected for 

colony PCR verification of inserted EgSuSy1-pCR®8/GW/TOPO® entry vectors. A 380 base-

pair EgSuSy1 fragment was amplified using primers EgSUSY1-138-R and EgSUSY1-396-F. 

The PCR reaction mixture included 0.8 units of ExSel Taq polymerase (Southern Cross 

Biotechnology Ltd.), 1X reaction buffer (1X Exsel buffer, 20 mM MgSO4), 0.2 mM dNTPs, 

0.4 µM of each primer and DNA as template in a 20 µl reaction volume. Standard PCR 

reactions were carried out using the following cycling parameters: 1 cycle of denaturing at 

94°C for 1 min, 32 cycles of denaturing at 94°C for 30 sec, annealing at 55°C for 30 sec and 

extension at 72°C for 1 min, followed by one cycle of extension at 72°C for 5 min.  

E. coli  transformants containing recombinant plasmids were cultured in LB- medium 

supplemented with 100 µg/ml spectinomycin. Plasmid DNA was isolated using a GeneJet™ 

Plasmid Miniprep Kit (Fermentas). To determine the orientation of EgSuSy1 transgenes, 

recombinant EgSuSy1-pCR®8/GW/TOPO® were double digested with EcoRV (Roche) and 
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SacI (Roche) restriction endonucleases according to manufacturer’s instructions. 

Recombinant plasmids were sequenced (Macrogen, USA) using the primers listed in Table 

2.4 to ensure that the sequence integrity of inserted EgSuSy1 transgenes. Sequences were 

aligned and analysed using CLC Bio and BioEdit Sequence Alignment Editor (Tom Hall) 

software. 

LR-recombination of EgSuSy1 into Gateway compatible destination vectors and sequence 

analysis of expression clones. 

The Gateway® compatible pMDC43 and pMDC83 (Figure S3) destination vectors, 

with double 35S cauliflower mosaic virus (CaMV) constitutive promoter  driven expression 

of C-terminal and N-terminal Green Fluorescent protein (GFP) fusions were chosen for 

expression of transgenes in Arabidopsis plants (Curtis and Grossniklaus, 2003). A C-terminal 

fusion arises through the in-frame insertion of the transgene on the C-terminus of mGFP6 in 

pMDC43. Similarly, an N-terminal fusion arises through the in frame insertion of the 

transgene on the N-terminus of mGFP6 in pMDC43. To generate EgSuSy1-GFP translational 

fusions, LR-recombination was performed between EgSuSy1-pCR®8/GW/TOPO® entry 

plasmids and the destination vectors pMDC43 and pMDC83 (Curtis and Grossniklaus, 2003). 

The LR-recombination reaction is schematically illustrated in Figure 2.2.3.  LR-

recombination was performed using the Gateway® LR Clonase™ Enzyme Mix (Invitrogen) 

and a 3:1 insert-to-vector molar ratio as per the kit manual. Vector maps of the resulting 

recombinant destination vectors are schematically represented in Supplemental Figure S4. 

The entire reaction mix was subsequently used to transform One Shot® TOP10 chemically 

competent E. coli cells (Invitrogen) as per manufacturer’s instructions. Colony screening was 

performed on selective 1.5% (w/v) agar-LB medium supplemented with 50 µg/ml kanamycin.  
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Figure 2.2.3. Schematic representation of the Gateway® cloning (Invitrogen Co.) reaction used to 
produce EgSUSY1-mGFP6 fusion expression constructs. Gateway® cloning involved a two-step 
process where the initial step was to insert the transgene (EgSuSy1) into an entry vector 
(pCR®8/GW/TOPO®) via TA-cloning. In the entry clone (EgSuSy1- pCR®8/GW/TOPO®) the 
transgene (EgSuSy1) is flanked by two recombination sites attL1 and attL2. The Gateway compatible 
destination vector (pMDC43) contains corresponding attR1 and attR2 sites flanking the ccdB and Cmr 
genes. The Cmr gene encodes for chloramphenicol resistance whilst the ccdB gene encodes a protein 
which interferes with E. coli DNA gyrase and inhibits growth of most E. coli strains, e.g. TOP10 and 
DH5α™ (Bernard and Couturier, 1992).  The second step involves recombination between the attL and 
attR sites thus facilitating the exchange of DNA fragments between these sites in the presence of the 
enzyme LR clonase. During recombination new attB1 and attB2 as well as attP1 and attP2 are formed 
on the recombinant destination vector and entry vector respectively. pUC ori: Origin of replication for 
E. coli. pVS1 ori: Origin of replication for Agrobacteria. 2X35S: Double Cauliflower mosaic virus 
promoter. SpecR: Spectinomycin resistance gene KanR: Kanamycin resistance gene. RB: T-DNA right 
border. LB: T-DNA left border. attL, attR, attB, attP: recombination sites. Schematic adapted from Xu 
and Quinn (2008) 

E. coli transformants identified by screening were cultured and plasmid DNA isolated 

as described above. Plasmids were screened for the presence of the integrated EgSuSy1 

fragments by double digesting the recombinant plasmids with AscI (New England Biolabs, 

NEB) and SacI (NEB) restriction endonucleases as per manufacturer’s instructions. 

Additional vector (mGFP6, Haseloff et al. , 1999) ,  EgSuSy1 and linker-specific regions were 

PCR amplified to further screen destination vectors (Table 2.5). To verify the sequence 

integrity of the linker region between EgSuSy1 and mGF6P, recombinant plasmids were 

sequenced (Macrogen USA) using primers 5'SUSY-GSP2-214 for EgSuSy1-pMDC43 

EgSuSy1attL1 attL2 SpecRpUC ori

EgSuSy1 attB2attB1 RBLB mGFP62X35SpVS1 ori tNos HygR KanR

Cmr SpecRpUC ori ccdB attP2attP1

attR2 RBLB mGFP62X35S KanRpVS1 ori attR1 Cmr ccdB tNos HygR

Entry Clone EgSuSy1-pCR®8/GW/TOPO®

Destination Binary Vector pMDC43

Recombinant Destination Vector EgSuSy1-pMDC43

Entry Clone following LR Recombination

+
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expression constructs and mGFP5_322C for EgSuSy1-pMDC83 expression constructs (Table 

2.4). Sequences were aligned and analysed as described above. 

Table 2.5. Vector, EgSuSy1 and linker-specific regions PCR amplified during screening of 
recombinant destination vectors and transgenic Arabidopsis plants. 

Regiona Fragment Size (Base-pairs)b Primersc 

Vector  (mGFP6)  287 mGFP5_36 

mGFP5_322C 
Transgene (EgSuSy1) 380 EgSUSY1-396-F 

EgSUSY1-138-R 
pMDC43 Linker 1005 eGFP_283 

5'SUSY-GSP2-214 
pMDC83 Linker 1771 EgSUSY1-396-F 

mGFP5_322C 
a. The identity of the region amplified by the respective primers. 
b. The expected size of the amplified region of true transformants where the transgene is in the correct 
orientation. 
c. The primers used to amplify the indicated region. Oligonucleotide primers sequences found in Table 
II and primer binding sites in Supplemental Figure S5.  
 

2.3.3. Agrobacterium transformation of Arabidopsis plants 

Chemically competent Agrobacterium cells were prepared by centrifuging 50 ml 

aliquots of mid-log phase cultures for 15 minutes at 3000 x g and resuspending the pellet in 1 

ml ice-cold CaCl2.  The solution was aliquoted in 100 µl volumes and rapidly frozen in liquid 

nitrogen. Recombinant expression vectors were transformed into chemically competent 

LBA4404 Agrobacterium tumefaciens cells. This procedure included aliquoting 3 µg of 

vector DNA onto 100 µl of frozen competent LBA4404 cells. The DNA-bacteria mixture was 

then incubated in a 37°C waterbath for 5 minutes followed by resuspension and a further 

incubation at 28°C with shaking for 4 hours. Thereafter the culture was centrifuged at 12 000 

x g for one minute and the resulting pellet was resuspended in 50 µl YEP medium. Colony 

screening was performed on 1.5 % (w/v) YEP-agar medium supplemented with 50 µg/ml 
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kanamycin, 50 µg/ml rifampicin and 30 µg/ml streptomycin. Putative positive Agrobacterium 

transformants were screened through colony PCR amplification of a 380 base-pair EgSuSy1 

fragment using the primers EgSUSY1-138-R and EgSUSY1-396-F (Table 2.4).  

Positive Agrobacterium transformants were cultured as described above and the 

EgSuSy1 specific screening PCR was repeated to ensure that Agrobacterium remained 

recombinant for expression constructs. Positive overnight cultures were used to inoculate four 

250 ml flasks of YEP medium supplemented with antibiotics. The resulting cultures were 

incubated at 28°C for three days with shaking at 250 rpm until cultures reached a log growth 

phase after which cultures were centrifuged at 5000 ×g for 20 min. Pelleted cells were 

resuspended in a 5% (w/v) sucrose (Sigma) solution to an OD600  of 1.0 (NanoDrop® ND-

1000 spectrophotometer). Prior to dipping Arabidopsis Col-0 inflorescence stems, 0.05% 

(v/v) of surfactant, Silwett L-77 (LETHEL, Round Rock, U.S.A.) was added.  

Dipping was performed as per Clough and Bent (1998) and was repeated after seven 

days to increase the transformation efficiency. In brief: Arabidopsis seedlings were 

propagated for two weeks on soil Jiffy® pots (http://www.jiffypot.com). After two weeks 

all inflorescence stems were cut to synchronise flower development. Approximately one week 

later when all plants had immature flowers, dipping commenced. Dipping involved 

submersing Arabidopsis inflorescence stems in the Agrobacteria mixture for 30 seconds with 

gentle agitation. The plants were then placed horizontally in a humid, dark environment 

overnight. Hereafter plants were grown under standard conditions until maturation of siliques 

at which time T1 seeds were collected. 
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2.3.4. Analysis of transgenic plants 

T1 seeds were dried at room temperature for one week followed by sieving and 

sterilization as described above. Seeds were selectively grown on 0.8% (w/v) agar plates 

containing 1 mM (w/v) KNO3 and 20 µg/ml hygromycin. Putative positive seedlings were 

transplanted to Jiffy® pots (http://www.jiffypot.com) and propagated under controlled 

conditions. Plants were allowed to self-pollinate and T2 seed were collected once silique 

maturation had commenced. GFP-PIP2a transgenic plants were grown on nonselective 

minimal media and transplanted directly onto Jiffy® pots. Two weeks after transplanting, 

GFP-PIP2a plants were selectively screened by spraying leaf surfaces with 230 µM (v/v) 

BASTA (phosphinothricin-3-D-glufosinate ammonium in detergent) three times every 48 

hours. Surviving plants that showed no wilting or chlorosis of the leaves were transplanted to 

Jiffy® pots and propagated under controlled conditions. 

Putative positively transformed plants were screened for integration of the T-DNA 

into the plant genome through a series of PCRs. At two weeks post transplantation, leaf 

samples were collected for genomic DNA isolation. Genomic DNA was isolated from leaf 

samples by homogenizing samples in a FastPrep FP120 followed by extraction using the 

NucleoSpin III Plant DNA Extraction Kit (Machery-Nagel, Düren, Germany) as per 

manufacturer’s instructions. Transgenic plant lines were screened with a multiplex PCR 

amplifying the Arabidopsis Actin2 (GenBank accession number AT3G18780.1) internal 

control fragment of 700 base-pairs, using primers ACT2-48-F  and ACT2-289-R,  and a 286 

base-pair mGFP6 fragment, amplified by primers mGFP5_36 and mGFP5_322C (Table 2.4). 

Multiplex PCR reactions were carried out using the following cycling parameters: 1 cycle of 

denaturing at 94°C for 1 min, 32 cycles of denaturing at 94°C for 30 sec, annealing at 55°C 

for 30 sec and extension at 72°C for 2 min, followed by one cycle of extension at 72°C for 5 
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min. The PCR reaction mixture included 0.8 units of ExSel Taq polymerase (Southern Cross 

Biotechnology Ltd.), 1X reaction buffer (1X Exsel buffer, 20 mM MgSO4), and 1200 ng of 

cDNA as template, 0.2 mM dNTPs and 0.4 µM of each primer in a 20 µl reaction volume. To 

ascertain wether plant lines were positive transformants for the EgSUSY1-GFP expression 

constructs an additional PCR was perfomed to amplify a 380 base-pair EgSuSy1 fragment 

using primers EgSUSY1-396-F and EgSUSY1-138-R. PIP2a-GFP plants were screened for 

the presence of PIP2a-pEGAD expression constructs by the PCR amplification of a 365 base-

pair eGFP (GenBank accession number 255710028) fragment using primers eGFP_283 and 

eGFP_647C (Table 2.4). T1 plants confirmed to contain the T-DNA insert with an intact 

EgSuSy1 transgene were advanced to T2. The above mentioned PCR screens were repeated 

on subsequent T2 to Tn generations to ensure integrity of the inserted T-DNA in the plant 

genome. 

2.3.5. Reverse transcription PCR analysis 

Plants were propagated for six weeks prior to tissue sampling for RNA isolation. At 

six weeks the above ground organs of four plants per line were collected and immediately 

ground in liquid nitrogen and stored at -80°C. Total RNA was isolated using the 

NucleoSpin® RNA Plant extraction kit (Machery-Nagel, Düren, Germany) as per 

manufacturer’s instructions. This kit has an incorporated DNase digestion step to ensure that 

RNA samples are DNA free.  

Isolated total RNA was used to synthesise first strand cDNA using Improm-II™ 

Reverse Transcriptase (Invitrogen) according to the manufacturer’s guidelines. The resulting 

cDNA was screened for contaminating DNA through the amplification of an intron spanning 

UBIQUITIN 10 (GenBank accession number AT4G05320.1) gene fragment. Amplification of 

a single 580bp fragment indicated pure cDNA. Genomic DNA contamination would be 
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indicated by an additional larger fragment of 920 base-pairs. Samples contaminated with 

genomic DNA were passed through a second DNase digestion step and rescreened prior to 

RT-PCR. 

To ensure that transgenic plant lines contain an integrated fully transcribed expression 

construct, vector, EgSuSy1 and linker specific RT-PCRs were performed (Table 2.5). The 

following cycling parameters were used for RT-PCRs: 1 cycle of denaturing at 94°C for 1 

min, 32 cycles of denaturing at 94°C for 30 sec, annealing at 55°C for 30 sec and extension at 

72°C for 2 min, followed by one cycle of extension at 72°C for 5 min. To verify the sequence 

integrity of the linker region between EgSuSy1 and GFP, positive transformants were 

sequenced (Macrogen USA) using primers 5'SUSY-GSP2-214 for GFP-EgSuSy1 (C-terminal 

fusions) transgenic plant lines and mGFP5_322C for EgSuSy1-GFP (N-terminal fusions) 

transgenic plant lines. 

2.3.6. Confocal microscopy analysis and imaging 

Live plant specimens were imaged using an inverted LSM710 META Laser Scanning 

Confocal Microscope (CLSM, Zeiss) equipped with an LCl Plan-Neofluar 63x/1.3 Imm Korr 

DIC (Zeiss) water immersion objective and an Argon ion laser source (Zeiss). Arabidopsis 

seedlings were grown on minimal growth agar plates for 6 days prior to imaging. Intact plants 

or sectioned plant organs were placed on glass slides, immersed in distilled water and gently 

covered with a coverslip. Coverslips were secured in place using non-reactive dental wax 

(Cavex® set up modelling wax, Dental Wax). Membrane staining was done prior to slide 

preparation and involved suspending seedlings in 8.2 µM FM4-64 (SynaptoRedTM, Sigma) 

solution for 15 minutes (Speth et al., 2009). Seedlings were then rinsed with distilled water 

and prepared for imaging. Preparation of plasmolysed cells involved incubating seedlings in 
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1M KNO3 for 5 min. Plasmolysed seedlings were then placed on slides immersed in a 1M 

KNO3 solution and imaged immediately. 

Three plant lines were obtained for use as imaging controls (Table 2.3). 

Untransformed Arabidopsis thaliana Col-0 was used as a negative control for GFP 

fluorescence and for determining the range of autofluorescence. GFP-PIP2a plant line 

(ABRC: Q8, Germplasm stock CS84723, Cutler et al., 2000) was used as a membrane 

localisation positive control. The 35S::GFP line (Col-0 transformed with pCAMBIA 1302), 

kindly donated by Mr.  M. Ranik was used as a free GFP control.  

For GFP fluorescence and autofluorescence analysis, the 488 nm excitation line of the 

argon ion laser was used with a 505 nm to 530 nm band-pass emission filter. FM4-64 and 

chloroplast autofluorescence imaging was performed by exciting samples with a 488 nm 

excitation line and capturing fluorescence signals with a 601 nm to 757 nm band-pass 

emission filters. Colocalization of FM4-64 membrane staining and GFP fusions was 

performed through the sequential scanning of FM4-64 stained leaf epidermal cells excited by 

a 488 nm Argon laser line and capturing a z-stack of GFP fluorescence, collected with a 505- 

to 530-nm band-pass filter, and FM4-64 fluorescence, collected with a 615-nm long-pass 

filter (Supplemental Figure SP4). Image stacks were passed through a Manders Coefficients 

Plugin (Manders et al., 1993) in the ImageJ public domain image processing software 

(http://rsbinfo.nih.gov.ij/) to calculate colocalization coefficients and create scatter plots. 

Time series were taken of single focal planes subtending hypocotyl stems over a period of 11 

seconds at 0.3 second intervals.  

Digital images were captured and prepared as graphics using Zeiss LSM Image 

Browser version 4.2.0.121 software and ImageJ public domain image processing software 

(http://rsbinfo.nih.gov.ij/). Computational prediction of the subcellular localization of 
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EgSUSY1-GFP fusions based on amino acid sequence was determined using YLoc, an 

interpretable web server for predicting subcellular localization (www.multiloc.org/YLoc, 

Briesemeister at al., 2010, 2010). 

2.3.7. Protein extraction and subcellular fractionation 

Total proteins were extracted by grinding approximately 500 mg (fresh weight) of 

fresh or frozen Arabidopsis leaf tissue with a pestle and mortar in the presence of 1 ml of 

Hypotonic Buffer [0.1 M Tris- HCl, 10mM MgCl2, pH8.0 and Protease Inhibitor Cocktail 

(Roche)]. Samples were incubated on ice for 15 minutes and centrifuged for 10 min at 1000xg 

at 4°C to remove debris. To separate soluble and membrane fractions the resultant supernatant 

was centrifuged (Beckman Ultracentrifuge) at 100 000xg for one hour at 4°C in a SW55Ti 

rotor (Beckman).  The resultant supernatant constituting the soluble fraction was acetone 

precipitated by incubating in four volumes of ice cold acetone at -70°C for an hour and 

centrifuging at 15 000xg for 20 minutes at 4°C. The soluble fraction pellet and the 100 000xg 

pellet constituting the membrane fraction where resupended in 1X protein buffered saline 

(PBS, 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4.7H2O, 1.4 mM KH2PO4; pH 7.3) 

prior to analysis via sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis 

(PAGE). 

2.3.8. SDS polyacrylamide gel electrophoresis  

Proteins were visualised by SDS-PAGE under denaturing conditions as described by 

Sambrook and Russel (2001). This method separates the proteins based on their molecular 

size. The sizes of the heterologously expressed proteins were determined by depositing amino 

acid sequence data for the proteins into the ProtParam tool of the ExPASy Proteomics Server, 

Swiss Institute of Bioinformatics (http://au.expasy.org, Gasteiger at al., 2005). Protein 
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samples were denatured prior to gel electrophoresis by mixing samples (v/v) in 2X protein 

solvent buffer (PSB, 4% (v/v) SDS, 20% (v/v) Glycerol, 10% (v/v) 2-mercaptoethanol, 

0.005% (w/v) Bromophenol Blue, 0.125% (w/v) Tris-HCl, pH 6.8) and heating at 95°C for 5 

min. Equal volumes of each sample were resolved using SDS-PAGE on a 12% separating gel 

[12% (v/v) polyacrylamide, 0.375M Tris-HCl, pH8.8, 0.1% SDS, 0.01% (v/v) TEMED, 0.1% 

(v/v) ammonium persulphate] and a 5% stacking gel [5% (v/v) polyacrylamide, 0.125M Tris-

HCl, pH8.8, 0.1% SDS, 0.01% (v/v) TEMED, 0.1% (v/v) ammonium persulphate]. 

PageRulerTM prestained protein ladder (Fermentas, Catalog No. SM0671) was used as a 

protein molecular weight standard. Gels were run in 1X TGS buffer (0.3% tris; 1.44% 

glycine, 0.1% SDS) in the HoeferTM II SE 250 mini-vertical gel electrophoresis unit 

(Amersham Biosciences) at 130V for three hours. Protein gels were either used in 

immunoblots or immediately stained with coomassie blue staining solution [0.125% (w/v) 

coomassie blue, 50% (v/v) methanol, 10%  (v/v) acetic acid] followed by destaining overnight 

in destain solution [5% (v/v) methanol, 5% (v/v) acetic acid].  

2.3.9. Immunoblotting 

For immunoblotting, proteins were transferred from polyacrylamide gels to Hybond-C 

Extra nitrocellulose membranes (Amersham Biosciences, Cat no. RPN303E) in semi-dry 

transfer buffer [0.025 M Tris, 0.15 M Glycine, 20% (v/v) Methanol, pH 8.3]. Blots were 

rinsed with 1X PBS and incubated with blocking solution [1% (w/v) non-fat milk powder, 1X 

PBS] for one hour to block any non-specific binding sites.  The membranes were then 

incubated in Ant-GFP N-terminal primary antibody (Sigma, Cat no. G1544 100UG, raised in 

rabbit, diluted to 1 in 4000 in blocking solution) at room temperature overnight. Blots were 

rinsed repeatedly with wash buffer [0.05% (v/v) tween in 1X PBS] and reacted with protein A 

peroxidase conjugated anti-rabbit IgG secondary antibody (Calbiochem, Cat no. 539 253, 
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diluted to 1 in 10 000 in blocking solution) for an hour. Blots were rinsed repeatedly with 

wash buffer and finally with 1X PBS for five minutes each. Localization of the immune 

complex was achieved by incubating the blot in horseradish peroxidise substrate (60 mg 4-

chloro-1-naphthol, BIO-RAD, Cat no. 170-6534 in 20 ml ice-cold methanol mixed just prior 

to use with 60 µl hydrogen peroxide in 100 ml 1X PBS). The membrane was then washed 

with distilled water and allowed to air dry. A mammalian SF9 protein sample containing 

constitutively expressed free eGFP (Gift of Miss S. L. Ungerer) was used as a positive control 

for immunoblotting. 

2.4. Results  

2.4.1. Genetic engineering of transgenic Arabidopsis plants 

Cloning EgSuSy1 into entry vector and screening of recombinant clones    

Two EgSuSy1 fragments were successfully amplified from Eucalyptus grandis x 

urophylla immature xylem cDNA. The first fragment, EgSuSy1-Stop, included the complete 

2418bp EgSuSy1 CDS ending in a 3’ stop codon. The second fragment EgSuSy1-NoStop 

lacked the 3’ stop codon and was thus 2415bp in size. These EgSuSy1 PCR fragments were 

resolved on an agarose gel, excised and purified (Figure 2.10). Purified EgSuSy1 fragments 

were then TA-cloned into pCR®8/GW/TOPO® (Invitrogen) entry vectors and recombinant 

entry vectors (EgSuSy1-Stop-pCR®8/GW/TOPO® and EgSuSy1-NoStop-

pCR®8/GW/TOPO®) were transformed into competent TOP10 E.coli cells (Invitrogen). Two 

recombinant entry clones containing modified EgSuSy1 transgenes, EgSuSy1-S11A and 

EgSuSy1-S11E, were provided by Mr. M. M. Mphahlele (MSc. Study, University of Pretoria). 

EgSuSy1-S11A is a 2418bp EgSuSy1 CDS fragment with a codon specific modification of the 

11th serine codon to an alanine codon (Figure 2.11). EgSuSy1-S11E is a 2418bp EgSuSy1 
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CDS fragment with a codon specific modification of the 11th serine codon to a glutamate 

codon (Figure 2.11). The presence of the full-length modified EgSuSy1 transgenes in 

recombinant entry vectors was established through amplification of a 2418bp fragment 

corresponding to the full-length EgSuSy1 CDS (Figure 2.12).  

 

Figure 2.10. EgSuSy1 gene fragments amplified from Eucalyptus cDNA. Lane 1 contains the 2415bp 
EgSuSy1 gene fragment lacking a stop codon (EgSuSy1-NoStop) amplified using primers 
EgSuSy1_Start and EgSuSy1_NoStop. Lane 2 contains the 2418bp EgSuSy1 gene fragment with a stop 
codon (EgSuSy1-Stop) amplified using the EgSuSy1_Start and EgSuSy1_Stop primer pair. Lane 3 
contains a distilled water negative control for the PCR. M is a 100 bp DNA size standard (Fermentas).  

 

 

 

 

Figure 2.11. The 5’ DNA and protein sequence corresponding to N-terminal phosphorylation domain 
of EgSuSy1, EgSuSy1-S11A and EgSuSy1-S11E. Indicated by an arrow is the eleventh serine 
modification site showing the conversion to an alanine residue in EgSUSY1-S11A and a glutamine 
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residue in EgSUSY1-S11E. Alignment A shows the nucleotide modifications, while alignment B 
shows the corresponding amino acid modifications. 

 

Figure 2.12. PCR amplification of full length EgSuSy1 gene fragments to confirm the presence of 
modified EgSuSy1 fragments in recombinant EgSuSy1-pCR®8/GW/TOPO® entry vectors kindly 
received from Mr. M. M. Mphahlele. Lane 1 contains EgSuSy1-S11A gene fragment. Lane 2 contains 
EgSuSy1-S11E gene fragment. Lane M is a 100bp DNA size standard (Fermentas). Lane 3 is the 
amplification of unmodified EgSuSy1 from Eucalyptus cDNA as a positive size control. Lane 4 
contains a distilled water negative control for the PCR. 

Recombinant EgSuSy1-pCR®8/GW/TOPO® clones were screened through colony 

PCR amplification of a 380bp EgSuSy1 fragment (Figure 2.14.). To determine the orientation 

of the inserted EgSuSy1 transgene, recombinant entry clones were double digested with 

restriction endonucleases EcoRV and SacI and excised fragments were resolved on an agarose 

gel (Figure 2.15.). A 584bp excised fragment was expected if the EgSuSy1 transgene was in 

the sense orientation and a 2094bp excised fragment in the antisense orientation. Two 

EgSuSy1-NoStop- pCR®8/GW/TOPO® clones (N22 and N28) and three EgSuSy1-Stop- 

pCR®8/GW/TOPO® clones (S2, S4 and S6) were found to contain the EgSuSy1 transgene in 

the correct sense orientation.  
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Figure 2.13. Colony PCR products amplified from EgSuSy1- pCR®8/GW/TOPO® modified and 
unmodified entry vectors. A 380bp EgSuSy1 fragment was amplified as evidence of successful 
insertion of EgSuSy1 coding sequences (CDS) into the pCR8/GW/TOPO entry vector using primers 
EgSUSY1-138-R and EgSUSY1-396-F.  Lane 1 shows the absence of a 380bp amplified product from 
empty pCR8/GW/TOPO. Lane 2 to 5 shows successful amplification of the gene fragment from 
EgSuSy1-NoStop- pCR®8/GW/TOPO® (Lane 2), EgSuSy1-Stop-pCR®8/GW/TOPO® (Lane 3), 
EgSuSy1-S11A-pCR®8/GW/TOPO® (Lane 4) and EgSuSy1-S11E-pCR®8/GW/TOPO® (Lane 5). Lane 6 
contains a distilled water negative control for the PCR. Lane M is a 100bp DNA size standard 
(Fermentas) 

 

 

 

Figure 2.14. SacI and EcoRV restriction endonuclease digestion of recombinant entry vectors to 
confirm insertion and orientation of EgSuSy1 CDS in pCR8/GW/TOPO. A 584bp excised fragment 
was expected if the EgSuSy1 transgene was in the sense orientation and a 2094bp excised fragment in 
the antisense orientation. Odd lanes represent undigested products whilst even lanes represent the 
corresponding double digested products. Lane 1 and 2 contains empty pCR8/GW/TOPO while Lanes 3 
to 10 show successful excision of the 584bp fragment from EgSuSy1-NoStop-pCR®8/GW/TOPO® 
(Lane 3 and 4), EgSuSy1-Stop-pCR®8/GW/TOPO® (Lane 5 and 6),  EgSuSy1-S11A-
pCR®8/GW/TOPO® (Lane 7 and 8) and EgSuSy1-S11E-pCR®8/GW/TOPO® (Lane 9 and 10). Lane M 
is a 1kbp DNA size standard (Fermentas). 
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Full-length sequence analysis of the positive EgSuSy1- pCR®8/GW/TOPO® clones including 

the modified EgSuSy1- S11A and EgSuSy1- S11E entry clones confirmed the integrity of the 

serine codon modifications but also revealed several background PCR induced bp changes 

(Supplemental Figure S6). Translation of the consensus sequences of the entry clones 

identified a number of nonsynonymous mutations. None of these were nonsense mutations 

(Supplemental Figure S7). Nonsynonymous mutations were analyzed for physiochemical 

differences compared to the original protein (Supplemental Figure S8), conservation 

(Supplemental Figure S9 and S10) and effect on in silico secondary structure predictions 

(Supplemental Figure S11 and Table S1). Based on these findings, EgSuSy1-NoStop- 

pCR®8/GW/TOPO® clone N22, EgSuSy1-Stop- pCR®8/GW/TOPO® clone S6 and 

modified EgSuSy1- S11A and EgSuSy1- S11E entry clones were chosen for recombination 

into destination vectors (Supplemental Table S2).Gateway cloning into GFP fusion binary 

vector 

Gateway enabled binary vectors pMDC43 and pMDC83 (Curtis and Grossniklaus, 

2003) were chosen to construct EgSUSY1-GFP expression constructs. EgSuSy1-Stop and 

modified EgSuSy1-S11A and EgSuSy1-S11E transgenes were successfully recombined into 

pMDC43 to form C-terminal GFP-EgSUSY1 expression constructs. The EgSuSy1-NoStop 

transgene was LR-recombined into pMDC83 to form an N-terminal EgSUSY1-GFP 

expression construct. Recombinant destination vectors were successfully transformed into 

competent TOP10 E. coli cells (Invitrogen). Positive recombinants were identified through 

double digestion of the destination vector by AscI and PacI restriction endonucleases (Figure 

2.15). A 2526bp excised fragment was expected if the EgSuSy1 transgene was incorporated in 

the destination vector and a 1730bp excised fragment in empty destination vectors. In addition 

to restriction endonuclease digestion, positive recombinant destination clones were confirmed 

to contain the EgSuSy1 transgenes in the correct orientation, as well as intact linker regions 
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through PCR amplification of EgSuSy1, mGFP6 and linker specific fragments (Figure 2.16). 

Sequence analysis of the linker region between EgSuSy1 and mGFP6 concluded that the 

linker regions remained intact and in frame with no missense or nonsense induced mutations 

(Data not shown). The positive recombinant EgSUSY1-GFP expression constructs were 

isolated and successfully transformed into competent Agrobacterium LBA4404 cells for use 

in plant transformation and confirmed by colony and culture PCR amplification of an 

EgSuSy1 specific fragment (Figure 2.17).  

 

Figure 2.15. AscI and PacI restriction endonuclease digestion of recombinant entry vectors to confirm 
LR recombination of EgSuSy1 CDS in pMDC43 and pMDC83. Indicated are the final positive 
destination vectors used for transformation into competent Agrobacterium. Odd lanes represent 
undigested products while even lanes represent the corresponding double digested products. Lane 1 and 
2 represent empty pMDC83 while Lanes 5 and 6 represent empty pMDC43. Lanes  3 and 4 as well as 
lanes 7 to 12 show successful excision of the 2526bp fragment from EgSuSy1-pMDC83 (Lane 3 and 4), 
EgSuSy1- pMDC43 (Lane 7 and 8),  EgSuSy1-S11A-pMDC43 (Lane 9 and 10) and  EgSuSy1-S11E- 
pMDC43 (Lane 11 and 12). Lane M is a 1kbp DNA size standard (Fermentas). 

  

10 000 bp

1000 bp

2000 bp

1M 2 3 4 5 6 7 8 9 10 M

1730 bp

10 730 bp

2526 bp

11 12

 
 
 



The subcellular localization of EgSUSY1 fusion proteins expressed in Arabidopsis thaliana. 

67 

 

 

 

 

Figure 2.16. PCR screening of recombinant destination vector colonies. Gel A shows the amplification 
of a 287bp vector-specific mGFP6 fragment using primers mGFP5_36 and mGFP5_322C. In gel B a 
380bp EgSuSy1 fragment was amplified as evidence of successful recombination of EgSuSy1 CDS into 
either pMDC43 or pMDC83 destination vectors using primers EgSUSY1-396-F or EgSUSY1-138-R. 
Gel C shows the amplification of a 1771bp fragment spanning the linker region between EgSuSy1 and 
mGFP6 in pMDC83 using primers EgSUSY1-396-F x mGFP5_322C. To confirm the integrity of the 
linker region between EgSuSy1 and mGFP6 in pMDC43 a 1005bp fragment was PCR amplified as 
seen in Gel D using primers 5'SUSY-GSP2-214 and eGFP_283. Lane 1 and 3 represent empty 
pMDC83 and pMDC43 destination vectors respectively. Lanes 2 and 4 to 6 contains the final positive 
recombinant destination vectors EgSuSy1- pMDC83 (Lane2), EgSuSy1- pMDC43 (Lane 4), EgSuSy1-
S11A- pMDC43 (Lane 5) and EgSuSy1-S11E- pMDC43 (Lane 6). Lane 7 contains a distilled water 
negative control for the above PCRs. Lane M is a 100bp DNA size standard (Fermentas).  

 

Figure 2.17. PCR confirmation of the presence of the EgSuSy1 transgene in LBA4404 Agrobacterium 
cells prior to floral dipping of Arabidopsis plants. A 380bp EgSuSy1 fragment was amplified as 
evidence of successful transformation of LBA4404 Agrobacterium cells with EgSuSy1-mGFP6 
expression constructs using primers EgSUSY1-138-R and EgSUSY1-396-F. Lanes 1 to 4 contains the 
final positive Agrobacteria cultures transformed with EgSuSy1-mGFP6 expression constructs EgSuSy1- 
pMDC83 (Lane 1), EgSuSy1- pMDC43 (Lane 2), EgSuSy1-S11A- pMDC43 (Lane 3) and EgSuSy1-
S11E- pMDC43 (Lane 4). Lane 5 contains a recombinant entry clone positive control and Lane 6 
contains a distilled water negative control for the above PCRs. Lane M is a 100bp DNA size standard 
(Fermentas).  
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Transformation and screening of Arabidopsis plants 

T1 generation A. thaliana Col-0 plants transformed with EgSUSY1-GFP expression 

constructs were selectively screened on Hygromycin supplemented media (Figure 2.18.A.). 

Positive transformants were transplanted to Jiffy® pots for propagation until maturation under 

controlled growth conditions (Figure 2.18.B.). Genomic DNA was isolated from leaf samples 

and the integration of T-DNA into the plant genome was established through mulitplex PCR 

amplification of a mGFP6 (expression construct specific) and genomic DNA positive control 

an Actin2 (Arabidopsis) fragment (Figure 2.19). The presence of an intact expression 

construct was successfully established in T2 and subsequent generation transgenic plants 

through leaf PCR amplification of an mGFP6, Actin2 and EgSuSy1 specific fragments (Figure 

2.20). Positive PIP2a-GFP transgenic plants were identified through the amplification of a  

365bp eGFP fragment in PIP2a-GFP plants using primers eGFP_283 and eGFP_647C. There 

was evidence of non-specific amplification of a similar sized fragment from EgSUSY1-GFP 

plants due to the nucleotide similarities between eGFP and mGFP6 (Figure 2.20.C lane 3). 

The final positive transgenic plant lines used for RT-PCR and subcellular localization analysis 

included EgSUSY1-GFP line 1-5.7, GFP-EgSUSY1 line 3-1, GFP-EgSUSY1-S11A line 5-5, 

GFP-EgSUSY1-S11E line 7-2, GFP lines 6-1 and 7-1, GFP-PIP2a lines Q8-2 and Q8-8 and 

untransformed Arabidopsis Col-0 plants as a negative control. 
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Figure 2.18. Selective screening of T1 transgenic seeds based on Hygromycin resistance. (A) Putative 
positive transgenic seedlings show enhanced growth and root development (arrow) compared to 
adjacent non-transgenic seedlings when plated on a hygromycin selective agar plate. (B) Putative 
positive seedlings were transplanted to Jiffy® pots for propagation until maturation under controlled 
growth conditions. 

 

Figure 2.19. Screening of putative positive T1 lines via leaf multiplex PCR. To ascertain whether T1 
plant lines were positive transformants for the EgSUSY1-GFP expression constructs two DNA 
fragments were amplified. A 700bp  Arabidopsis Actin2 fragment was amplified using primers ACT2-
48-F and ACT2-289-R to test for the succesful isolation of genomic DNA from Arabidopsis leaf 
samples. To confirm transformation of T1 lines an additional 287 bp Expression construct specific 
mGFP6 fragment was amplified using primers mGFP5_36 and mGFP5_322C. Lanes 1 to 19 contains 
the putative positive T1 plant lines where lanes 3, 6, 9, and 10 are false positives and do not contain the 
expression constructs. The presence of a 287 bp band in lanes 1, 2, 4, 5, 7, 8, 11, 12, 13, 14, 15, 16, 17, 
18, and 19 confirm that these lines are true transformants and have integrated the expression construct 
into their genomic DNA. Lane 20 contains an untransformed Arabidopsis Col-0 negative control and 
lane 21 is a water control for the above PCR. Lane M is a 100 bp DNA size standard (Fermentas).  
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Figure 2.20. Screening of final positive plant lines used for subcellular localization. To ascertain 
wether plant lines were positive transformants for the EgSUSY1-GFP expression constructs two PCRs 
were perfomed on isolated genomic DNA from T2 generation plants. (A) First a multiplex PCR was 
perfomed to amplify a 700bp  Arabidopsis Actin2 fragment using primers ACT2-48-F and ACT2-289-
R and an additional 287bp expression construct specific mGFP6 fragment was amplified using primers 
mGFP5_36 and mGFP5_322C. (B) The second PCR involved the amplification of a 380bp EgSuSy1 
fragment using primers EgSUSY1-396-F and EgSUSY1-138-R. (C) An additional PCR was performed 
to test for the presence of  365bp eGFP fragment in PIP2a-GFP plants using primers eGFP_283 and 
eGFP_647C. Lanes 1  to 8 contains the final positive transgenic plant lines EgSUSY1-GFP line 1-5.7 
(Lane 1), GFP-EgSUSY1 line 3-1 (Lane 2), GFP-EgSUSY1-S11A line 5-5 (Lane 3) and GFP-
EgSUSY1-S11E line 7-2 (Lane 4), GFP lines 6-1 (Lane 5) and 7-1 (Lane 6) and GFP-PIP2a lines Q8-2 
(Lane 7) and Q8-8 (Lane 8) . Lane 9 contains an untransformed Arabidopsis Col-0 negative control, 
lane 10 in gel B is a plasmid DNA positive control and the last lane in each gel is a water control for 
the above PCRs. Lane M is a 100bp DNA size standard (Fermentas).  
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Reverse transcriptase (RT)-PCR analysis of transgenic lines 

Total RNA was successfully isolated from six week-old transgenic plant samples and 

resolved on an ethidium bromide agarose gel (Figure 2.21 A). RNA isolates ranged from 0.3 

µg/µl and 0.7 µg/µl in concentration and the presence of prominent intact 28S and 18S rRNA 

bands confirmed RNA quality. Synthesized cDNA was tested for the presence of 

contaminating genomic DNA through the amplification of an intron spanning UBIQUITIN 10 

gene fragment. Analysis of PCR products found that all samples showed the amplification of 

a single 580bp fragment indicative of pure cDNA (Figure 2.21 B).  

 

Figure 2.21. Gel electrophoresis analysis of extracted RNA followed by cDNA screening from final 
positive plant lines used for subcellular localization. (A) RNA isolated from plant lines was separated 
using gel electrophoresis to determine concentration and integrity. Optimal RNA will separate into a 
multiple bands with two prominent bands corresponding to the 28S rRNA and 18S rRNA. Synthesised 
cDNA was screened for integrity and the presence of contaminating genomic DNA by amplifying an 
Arabidopsis AtUbiquitin10 fragment spanning an intron region using primers UBQ-F and UBQ-R. Pure 
cDNA will show only the amplification of a 580bp fragment lacking the intron region. Should there be 
any genomic DNA contamination an additional larger fragment of 920 base-pairs will be amplified.  
Lanes 1  to 8 contains the final positive transgenic plant lines EgSUSY1-GFP line 1-5.7 (Lane 1), GFP-
EgSUSY1 line 3-1 (Lane 2), GFP-EgSUSY1-S11A line 5-5 (Lane 3) and GFP-EgSUSY1-S11E line 7-
2 (Lane 4), GFP lines 6-1 (Lane 5) and 7-1 (Lane 6) and GFP-PIP2a lines Q8-2 (Lane 7) and Q8-8 
(Lane 8) . Lane 9 in Gel A contains an untransformed Arabidopsis Col-0 control and in Gel B a 
genomic DNA negative control. Lane 10 is a water control for the above PCRs. Lane M is a 100bp 
DNA size standard (Fermentas).  
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To ensure that transgenic plant lines contain a fully transcribed expression construct; 

vector, EgSuSy1 and linker-specific RT-PCR analyses were performed. RT-PCR products 

were analyzed using ethidium bromide agarose gel electrophoresis (Figure 2.22). An mGFP6 

specific fragment was successfully amplified from EgSUSY1-GFP line 1-5.7, GFP-EgSUSY1 

line 3-1, GFP-EgSUSY1-S11A line 5-5, GFP-EgSUSY1-S11E line 7-2 and GFP lines 6-1 and 

7-1 supporting the transcription of mGFP6 from these lines. GFP-PIP2a lines Q8-2 and Q8-8 

showed the absence of an amplified mGFP6 fragment as they contained an enhanced GFP 

variant (eGFP) (Figure 2.22 A). Amplification of a 380bp EgSuSy1 fragment from cDNA 

samples of EgSUSY1-GFP line 1-5.7, GFP-EgSUSY1 line 3-1, GFP-EgSUSY1-S11A line 5-

5 and GFP-EgSUSY1-S11E line 7-2 provided evidence of the successfully transcription of 

EgSuSy1 from T-DNA inserts (Figure 2.22 B). The amplification of a 1005bp fragment 

spanning the linker region between EgSuSy1 and mGFP6 showed that GFP-EgSuSy1 was 

transcribed as an intact fusion in GFP-EgSUSY1 line 3-1, GFP-EgSUSY1-S11A line 5-5 and 

GFP-EgSUSY1-S11E line 7-2 (Figure 2.22 C). Sequence analysis of this linker region 

confirmed the sequence integrity of the linker region and also confirmed the modification 

status of GFP-EgSUSY1-S11A line 5-5 and GFP-EgSUSY1-S11E line 7-2 (Data not shown). 
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Figure 2.22. RT-PCR screening of final positive plant lines used for subcellular localization. (A) To 
test for the transcription of the inserted expression constructs a 287bp vector specific mGFP6 fragment 
was amplified using primers mGFP5_36 and mGFP5_322C. (B) To test for the transcription of 
EgSuSy1 from EgSUSY1-GFP expression constructs a 380bp EgSuSy1 fragment was amplified using 
primers EgSUSY1-396-F and EgSUSY1-138-R. (C) A 1005bp fragment spanning the linker region 
between EgSuSy1 and mGFP6 in C-terminal GFP fusion expression constructs was amplified to 
determine the integrity of the linker region using primers 5'SUSY-GSP2-214 and eGFP_283. Lanes 1  
to 8 contains the final positive transgenic plant lines EgSUSY1-GFP line 1-5.7 (Lane 1), GFP-
EgSUSY1 line 3-1 (Lane 2), GFP-EgSUSY1-S11A line 5-5 (Lane 3) and GFP-EgSUSY1-S11E line 7-
2 (Lane 4), GFP lines 6-1 (Lane 5) and 7-1 (Lane 6) and GFP-PIP2a lines Q8-2 (Lane 7) and Q8-8 
(Lane 8) . Lane 9 contains an untransformed Arabidopsis Col-0 control, Lane 10 a plasmid DNA 
positive control and Lane 11 a water control for the above PCRs. Lane M is a 100bp DNA size 
standard (Fermentas).  

2.4.2. Microscopy and image analysis of transgenic lines 

To determine the subcellular localization and distribution of GFP-EgSUSY1 fusions; 

various transgenic and reference plant lines (Figure 2.23) were imaged using an inverted 
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LSM710 META Laser Scanning Confocal Microscope (CLSM, Zeiss) equipped with an LCl 

Plan-Neofluar 63x/1.3 Imm Korr DIC (Zeiss) water immersion objective and an Argon ion 

laser source (Zeiss). Plant cell plasma membranes were stained prior to slide preparation by 

suspending seedlings in FM4-64 solution. Confocal images of live plant tissues were captured 

by preparing live whole or sectioned plant samples for CLSM imaging. Three different 

Arabidopsis plant tissues were imaged concurrently namely roots, leaf epidermal cells and 

hypocotyls (Supplemental Figure SP2).   

 

Figure 2.23. Expression cassettes for Col-0, GFP, PIP2a, GFP-EgSUSY1, S11A, S11E and EgSUSY1-
GFP Arabidopsis plant lines. 2X35S: Double cauliflower mosaic virus promoter, mGFP6: modified 
Green Flourescent Protein version 6, EGFP: Enhanced Green Fluorescent Protein. 

 

Localization of GFP-EgSUSY1 in root tissues of transgenic plants  

Confocal live cell images of root cells of Arabidopsis Col-0 untransformed plants 

showed the presence of FM4-64 stain associated with the plasma membrane, but the absence 

of GFP signal in the GFP emission spectrum (Figure 2.24 A). Confocal live cell images of 

root cells of Arabidopsis plants, stably expressing GFP, show the presence of FM4-64 stain 

associated with the plasma membrane and GFP fluorescence in the cytoplasmic regions of 

root cells (Figure 2.24 B). These results provide evidence that the CLSM imaging setup 

selectively detected GFP fluorescence signal whilst excluding plant autofluorescence 

(Supplemental Figure SP3).  
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Figure 2.24. Verification of confocal imaging in root cells of Arabidopsis plants. (A) Confocal live cell 
images of root cells of Arabidopsis Col-0 untransformed plants show the presence of FM4-64 stain 
associated with the plasma membrane and the absence of GFP signal in the GFP emission spectrum. 
Differential Interference Contrast (DIC) image of the morphology of Arabidopsis Col-0 root cells. (B) 
Confocal live cell images of root cells of Arabidopsis Col-0 stably expressing GFP. Images show the 
presence of FM4-64 stain associated with the plasma membrane and GFP in the cytoplasmic regions of 
root cells. All images are of single focal planes. Scale bars 20 µm. 

Confocal images of root sections from all GFP-EgSUSY1 fusion lines showed 

recordable levels of GFP fluorescence and partial colocalization of GFP-EgSUSY1 fusion 

proteins and FM4-64 membrane stain in merged images (Figure 2.25). This is evidence of 

cytosolic localization of the fusion protein found preferentially within the vascular bundles of 

root sections (Figure 2.25, indicated by arrows). A similar pattern of cytoplasmic localization 

was observed when viewing animations through a z-stack of the confocal optical sections of 

S11A root samples (Supplemental Figure SP5 and SP6). 

 

A- Col-0 B - GFP 

Merged 

DIC No GFP 

Merged 

FM4-64 GFP 

 
 
 



The subcellular localization of EgSUSY1 fusion proteins expressed in Arabidopsis thaliana. 

76 

 

 

A - EgSUSY1-GFP   B - GFP-EgSUSY1 

C - S11A   D - S11E 

FM4-64 GFP FM4-64 GFP 

FM4-64 GFP FM4-64 GFP 

Merged Merged 

Merged Merged 

 
 
 



The subcellular localization of EgSUSY1 fusion proteins expressed in Arabidopsis thaliana. 

77 

 

 

Figure 2.25. The subcellular localization and distribution of GFP-EgSUSY1 fusion proteins in 
Arabidopsis root tissues. (A) Confocal live cell images of root cells of Arabidopsis plants stably 
expressing EgSUSY1-GFP (A), GFP-EgSUSY1 (B), S11A (C), S11E (D). All fusion lines showed 
partial colocalization (yellow pixels) of GFP-EgSUSY1 fusion proteins and FM4-64 membrane stain in 
merged images. This is evidence of cytosolic localization of the fusion protein found preferentially 
within the vascular bundle (indicated by arrows). All images are of single focal planes. Scale bars 
20µm. 

Localization of GFP-EgSUSY1 in epidermal tissues of transgenic plants  

The second Arabidopsis plant tissue to be imaged was leaf epidermal cells. Leaf epidermal 

cells have a unique cellular architecture which makes them informative in terms of subcellular 

localization. There exists two main types of cells namely thin epidermal plate cells and kidney 

shaped guard cells which surround the stomatal pores (Figure 2.26). 

 

Figure 2.26 Schematic representation of the subcellular architecture of Arabidopsis leaf epidermal 
tissues. Illustration based on Confocal live cell images of Arabidopsis leaf epidermal cells. Scale bar 20 
µm. 

Transgenic GFP and PIP2a marker lines were imaged as references for cytoplasmic 

and plasma membrane fluorescence localization respectively. Confocal images of GFP lines 

revealed the presence of GFP signal in the green channel within nuclear (indicated by red 

arrows) and cytoplasmic (indicated by white arrows) regions of leaf epidermal cells (Figure 
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2.27 A). On the other hand, confocal images of PIP2a leaf epidermal cells showed a distinct 

association of GFP-PIP2a proteins with the plasma membrane, indicated by a high level of 

colocalization with membrane stain FM4

Figure 2.27. Live cell imaging of 
Arabidopsis Col-0 leaf epidermal cells. 
Arabidopsis plants stably expressing 
nuclear distribution (indicated by red arrows). (B) Whereas c
cells of Arabidopsis plants stably expressing 
by colocalization (yellow pixels) with membrane stain FM4
single focal planes. Scale bars 20

Confocal images of leaf epidermal sections from 

recordable levels of GFP fluorescence and varying degrees colocalization of GFP

fusion proteins and FM4-64 membrane stain in merged images (

evidence of cytosolic localization of the fusion proteins seen preferentially within the guard 

cells of leaf epidermal sections (
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A). On the other hand, confocal images of PIP2a leaf epidermal cells showed a distinct 

PIP2a proteins with the plasma membrane, indicated by a high level of 

colocalization with membrane stain FM4-64 in merged images (Figure 2.27 B

Live cell imaging of the cytosolic and plasma membrane specific subcellular markers in 
0 leaf epidermal cells. (A) Confocal live cell images of leaf epidermal cells 

plants stably expressing GFP showed a typical cytosolic (indicated by white arrows) and 
nuclear distribution (indicated by red arrows). (B) Whereas confocal live cell images of 

stably expressing PIP2a showed plasma membrane localization supported 
by colocalization (yellow pixels) with membrane stain FM4-64 in merged images. All images are of 

Scale bars 20 µm. 

Confocal images of leaf epidermal sections from all GFP-EgSUSY1 fusion lines showed 

recordable levels of GFP fluorescence and varying degrees colocalization of GFP

64 membrane stain in merged images (Figure 2.

ce of cytosolic localization of the fusion proteins seen preferentially within the guard 

cells of leaf epidermal sections (Figure 2.28, indicated by arrows). 
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Figure 2.28. Subcellular localization and distribution of GFP-EgSUSY1 fusion proteins in Arabidopsis 
leaf epidermal cells. (A) Confocal live cell images of leaf epidermal cells of Arabidopsis plants stably 
expressing EgSUSY1-GFP (A), GFP-EgSUSY1 (B), S11A (C) and S11E (D). All fusion lines showed 
varying degrees of colocalization (yellow pixels) of GFP-EgSUSY1 fusion proteins and FM4-64 
membrane stain in merged images. There was evidence of cytosolic localization of the fusion protein 
found preferentially within the guard cells surrounding stomatal pores. All images are of single focal 
planes. Scale bars 20µm. 

On closer examination of leaf epidermal guard cells it was found that GFP marker 

lines showed recordable levels of GFP fluorescence in both the nucleus and cytoplasm of 

guard cells (Figure 2.29 B, indicated by arrows). Contrary to this observation, it was observed 

that PIP2a and all GFP-EgSUSY1 lines had recordable levels of GFP fluorescence in the 

cytoplasm of guard cells but not the nucleus (Figure 2.29 C and  Figure 2.30). 
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Figure 2.29. Live cell imaging of the cytosolic and plasma membrane specific subcellular markers in 
Arabidopsis leaf epidermal guard cells compared to untransformed cells. Confocal live cell images of 
leaf epidermal cells of untransformed Arabidopsis plants (A) and transformed marker lines stably 
expressing GFP (B) and PIP2a (C). GFP lines showed a cytosolic and nuclear distribution (indicated by 
arrows) typical of the localization of free GFP in vivo. Whereas Confocal live cell images of PIP2a 
plants showed the absence of fluorescence in the nucleus. Differential Interference Contrast (DIC) 
images give an indication of the morphology of Arabidopsis leaf epidermal cells in which the 
fluorescence signal was found. All images are single focal planes. Scale bars 20 µm. 
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Figure 2.30. Subcellular localization and distribution of GFP-EgSUSY1 fusion proteins in Arabidopsis 
leaf epidermal guard cells. Confocal live cell images of leaf epidermal cells of Arabidopsis plants lines 
stably expressing EgSUSY1-GFP (A), GFP-EgSUSY1 (B), S11A (C) and S11E (D). All fusion lines 
showed varying degrees of cytoplasmic localization of GFP-EgSUSY1 fusion proteins especially 
within guard cells. There was no evidence of the nuclear localization of GFP-EgSUSY1 fusion proteins 
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supported by the lack of GFP fluorescence signal in the nuclear region of guard cells (indicated by 
arrows). This verifies that the fusion proteins are expressed in an intact form. Differential Interference 
Contrast (DIC) images give an indication of the morphology of Arabidopsis leaf epidermal cells in 
which the fluorescence signal was found. All images are single focal planes. Scale bars 20µm. 

Co-localization of GFP-EgSUSY1 and FM4-64 in epidermal tissues of transgenic plants  

Qualitative and quantitative colocalization analysis was performed to determine 

whether unmodified EgSUSY1 protein and modified EgSUSY1 proteins (S11A and S11E) 

showed any evidence of differential association with the plasma membrane. Qualitative 

colocalization was achieved through the sequential scanning of FM4-64 stained leaf 

epidermal cells with an Argon laser line and capturing a z-stack of GFP fluorescence and 

FM4-64 fluorescence. These image stacks were then passed through a Manders’ Coefficients 

Plugin in the ImageJ public domain image processing software to create scatter plots 

illustrating the colocalization pattern present (Figure 2.31). 

Figure 2.31. Scatter plots illustrating the various patterns indicative of the possible colocalization 
events in a biological sample. (A) Schematic Model of a scatter plot illustrating the regions in which 
colocalisation, channel bleedthrough and basal noise would be found. In the scatter plots, the first (red 
channel) image component is represented along the x-axis, whilst the second image (green channel) is 
represented along the y-axis. The x- and the y-coordinates of the scatter plot point is determined by the 
intensity of a given pixel in the first image (red channel) and the intensity of the corresponding pixel in 
the second image (green channel) respectively. (B) During a complete colocalization event under 
perfect conditions (i.e. no noise, bleedthrough and equal fluorophore intensities) it is expected that the 
pixels should be distributed along a straight line intersecting the axis at a 45° angle. (C) Biological 
samples are dynamic therefore the scatter plots generated usually appear as a cloud of pixels 
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surrounding this straight line due to noise corruption. (D) In the event that no colocalization of the two 
fluorophores is present, complete exclusion will be indicated by the distribution of the pixels remaining 
near the channel axis similar to the bleed through patterns illustrated in the schematic A. (D*) 
Complete exclusion under perfect conditions would result in the distribution of pixels along a straight 
line with a negative slope. (E) Partial colocalization is indicated by the distribution of the pixels in a 
fan like manner away from the axis. Biological samples often differ in intensity values for the two 
fluorescence channels resulting in the diversion of the straight line towards the axis of the channel with 
the highest intensity value. Scatter plots serve as a representation of each event and it should be noted 
that there is a measure of variability in observed patterns due to biological and experimental 
parameters. Schematic and scatter plots based on Bolte (2006) 

To test the colocalization setup two marker lines were imaged concurrently. These 

included a GFP marker line to represent cytoplasmic compartmentation and a PIP2a marker 

line as a reference for plasma membrane localization.  Colocalization images of the GFP 

marker line showed the absence of colocalized yellow pixels in merged confocal images and 

an exclusive localization pattern in the generated scatter plots (Figure 2.22 A). Colocalization 

images of the PIP2a marker line showed the presence of colocalized yellow pixels in merged 

confocal images and a partial colocalization pattern in the generated scatter plots (Figure 2.32 

B). 

Qualitative colocalization analysis of unmodified N-terminal (EgSUSY1-GFP) and 

C-terminal (GFP-EgSUSY1) EgSUSY1 fusion lines showed the presence of colocalized 

yellow pixels in merged confocal images and a partial colocalization pattern in the generated 

scatter plots (Figure 2.32 C and D). It was found that both modified EgSuSy1 proteins, S11A 

and S11E, showed similar colocalization patterns as observed for unmodified lines with the 

presence of colocalized yellow pixels in merged confocal images and a partial colocalization 

pattern in the generated scatter plots (Figure 2.33). 
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Figure 2.32. Qualitative colocalization analysis of subcellular marker references and 
unmodified GFP-EgSUSY1 Arabidopsis plant lines. Merged confocal images of leaf 
epidermal cells of Arabidopsis plants lines stably expressing GFP (A), PIP2a (B), EgSUSY1-
GFP (C) and GFP-EgSUSY1 (D). Scatter plots correspond to the colocalization events as 
shown in merged confocal images. Green pixels indicate non-colocalized GFP signal and red 
pixels indicate non-colocalized FM4-64 stain signal. Qualitative colocalization is indicated by 
yellow pixels. Frequency scatter plots indicate high frequency signal events as hot colours 
(red) and low frequency signal events as cold colours (blue). Scatterplots were performed on 
no less than 10 slice thick z-stacks of leaf epidermal images. Three biological repeats were 
performed for each transgenic event of which only one is presented. Scale bars 20 µm. 

 

 

Figure 2.33. Qualitative colocalization analysis of modified GFP-EgSUSY1 Arabidopsis plant lines. 
Merged confocal images of leaf epidermal cells of Arabidopsis plants lines stably expressing S11A (A) 
and S11E (B). Scatter plots correspond to the colocalization events as shown in merged confocal 
images. Green pixels indicate non-colocalized GFP signal and red pixels indicate non-colocalized 
FM4-64 stain signal. Qualitative colocalization is indicated by yellow pixels. Frequency scatter plots 
indicate high frequency signal events as hot colours (red) and low frequency signal events as cold 
colours (blue). Scatterplots were performed on no less than 10 slice thick z-stacks of leaf epidermal 
images. Three biological repeats were performed for each transgenic event of which only one is 
presented. Scale bars 20µm. 
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Quantitative colocalization was assessed through the statistical analysis of scatter 

plots generated. Pearson correlation and Mander’s overlap coefficients were calculated as a 

measure of the level of colocalization found in imaged Arabidopsis lines using the same 

Manders’ Coefficients Plugin in ImageJ.  The mean of three biological repeats was calculated 

for each transgenic event. It was found that the marker lines GFP and PIP2a generated 

uncharacteristic Pearson correlation (P) and Manders overlap (M) coefficients with the GFP 

coefficients (P mean = 0.675, M mean = 0.787) being higher than that of the PIP2a (P mean = 

0.448, M mean = 0.621; Table 2.6). This suggests that there were more quantitative pixel 

colocalization events occurring in GFP lines than in PIP2a lines. 

N-terminal EgSUSY1-GFP fusion line recorded high colocalization coefficients with 

a P mean of 0.915 and an M mean of 0.963 (Table 2.6). This suggests a high degree of 

colocalization and possible evidence of plasma membrane localization. It was found that C-

terminal GFP-EgSUSY1 had a P mean of 0.621 and an M mean of 0.827 suggesting partial 

colocalization in this case (Table 2.6). Both modified S11A and S11E generated high 

Pearson’s correlation and Mander’s overlap coefficients above 0.8 suggesting a high level of 

colocalization and possible evidence of plasma membrane association of these fusion proteins 

(Table 2.6).  
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Table 2.6. Quantitative colocalization coefficients as determined using the Mander’s coefficients 
Plugin in the ImageJ public domain image processing software. Two coefficients are shown the 
Pearson’s correlation coefficient and the Mander’s Overlap coefficient for triplicate biological repeats 
of each plant line. Coefficients were calculated for no less than 10 slice thick z-stacks of leaf epidermal 
images.  

Plant linea Imageb Channelsc Pearson'sd Meane Mander’sf Meang 

Col-0 Col-0 L7.lsm Red : Green 0.199 0.568 

GFP GFP6-1 LZ (5).lsm  Red : Green 0.923 
0.674 

0.958 
0.787 GFP6-1 LZ (6).lsm  Red : Green 0.558 0.691 

GFP6-1 LZ (7).lsm  Red : Green 0.540 0.712 

GFP-EgSUSY1 P3-1 LZ (1).lsm  Red : Green 0.557 
0.621 

0.753 
0.827 P3-1 LZ (2).lsm  Red : Green 0.792 0.895 

P3-1 LZ (3).lsm  Red : Green 0.515 0.832 

S11A P5-5 LZ (1).lsm  Red : Green 0.883 
0.888 

0.935 
0.942 P5-5 LZ (6).lsm  Red : Green 0.888 0.950 

P5-5 LZ (7).lsm  Red : Green 0.894 0.942 

S11E P7-2 LZ (1).lsm  Red : Green 0.850 
0.834 

0.936 
0.908 P7-2 LZ (7).lsm  Red : Green 0.850 0.904 

P7-2 LZ (10).lsm  Red : Green 0.803 0.883 

EgSUSY1-GFP 1-5.7 LZ (1).lsm  Red : Green 0.894 
0.915 

0.962 
0.963 1-5.7 LZ (2).lsm  Red : Green 0.923 0.963 

1-5.7 LZ (3).lsm  Red : Green 0.929 0.965 

PIP2a Q8-2 LZ (1).lsm  Red : Green 0.403 
0.448 

0.592 
0.621 Q8-8 LZ (2).lsm  Red : Green 0.379 0.577 

  Q8-2 LZ (6).lsm  Red : Green 0.562 0.694 
a. The identity of the plant line from which samples were prepared for quantitative colocalization 
analysis. 
 
b. The identity of the image used to generate quantitative colocalization coefficients. The image name 
correlates with the raw image found within the image database on the supplemental DVD. Arabic 
numerals in brackets indicate the identity of the three biological repeats for each plant line. Each 
optical slice in the z-stack of no less than 10 slices acts as a technical repeat. 
 
c.Two channels were considered during quantitative colocalization. The red channel was dedicated to 
FM-4-64 fluorescence readings and the green channel for GFP emissions. 
 
d. The determined Pearson’s correlations coefficient for each biological sample. The Pearson’s 
correlation coefficient value can range from 1 to -1. Complete colocalization or a positive correlation 
between the two fluorophores is indicated by a value of 1. During complete exclusion or a negative 
correlation between the two fluorophores you would expect a value of -1. A value of zero would 
indicate that no correlation exists between the two fluorophore pixel distributions suggesting that there 
is partial colocalization (Bolte and Cordelieres, 2006).  
 
e. The mean of the Pearson’s correlation coefficient calculated for three biological samples per plant 
line. 
 
f. The calculated Mander’s overlap coefficient represents the fraction of overlap of the signal in the 
respective images. A value of 1 indicates 100% overlap and complete colocalization, whilst a value of 
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0 indicates the absence of signal overlap and therefore complete exclusion (Manders et al., 1993). 
 

g. The mean of the Mander’s overlap coefficient calculated for three biological samples per plant line. 

Localization of GFP-EgSUSY1 in hypocotyl of transgenic plants 

The third and final Arabidopsis tissue to be imaged was hypocotyl, which is 

characterised by large brick shaped palisade cells which have sparsely located chloroplasts on 

the cell periphery (Figure 2.34 A). To investigate the subcellular localization of fusion 

proteins a z-stack of GFP fluorescence and chloroplast autofluorescence was captured over a 

number of optical slices. A y-projection was then generated using Zeiss LSM Image Browser 

version 4.2.0.121 software to create a three dimensional representation of the cellular 

architecture.  

The GFP marker line showed an irregular hypocotyl surface topology indicative of 

cytoplasmic compartmentation (Figure 2.34 C and Supplemental Figure SP7). Contrastingly 

PIP2a marker line showed a solid cell surface topology of the EGFP-fusion protein indicative 

of plasma membrane association of the fusion protein (Figure 2.34 D and Supplemental 

Figure SP8). Unmodified EgSUSY1-GFP fusion proteins appeared to take on an irregular 

surface topology similar to that of GFP marker lines indicating that EgSUSY1-GFP fusion 

protein has a cytoplasmic component (Figure 2.34 B and Supplemental Figure SP9).  

  

 
 
 



The subcellular localization of EgSUSY1 fusion proteins expressed in Arabidopsis thaliana. 

90 

 

 

C - GFP 

Projection 

D - PIP2a 

DIC GFP + Chloroplast 

GFP + Chloroplast 

GFP + Chloroplast Projection 

A - Col-0 B - EgSUSY1-GFP 

 
 
 



The subcellular localization of EgSUSY1 fusion proteins expressed in Arabidopsis thaliana. 

91 

 

Figure 2.34. Live cell imaging of the subcellular localization and distribution of GFP-EgSUSY1 fusion 
proteins in Arabidopsis hypocotyl cells. (A) Differential Interference Contrast (DIC) images of 
untransformed Arabidopsis Col-0 plants give an indication of the morphology of hypocotyl cells in 
which the fluorescence signal was found. Confocal live cell images of hypocotyl tissues of Arabidopsis 
plant lines stably expressing EgSUSY1-GFP (B), GFP (C), and PIP2a (D). GFP plant lines showed a 
cytoplasmic distribution of GFP signal typical of free GFP. PIP2a plant lines had a smooth cell 
periphery localization of GFP signal indicative of the localization of the plasma-membrane. There was 
evidence that the EgSUSY1-GFP line has a cytoplasmic component due to the rough surface cell 
periphery morphology of GFP signal in this plant line. Single optical sections through hypocotyl tissues 
are indicated on the left and y-projections through z-stacks are indicated on the right. Chloroplast 
autofluorescence is indicated in the red channel. Scale bars 20µm. 

 Confocal live cell images of hypocotyl cells of Arabidopsis plants lines stably 

expressing GFP-EgSUSY1 (Figure 2.35 A), S11A (Figure 2.35 B, Supplemental Figure SP10 

and SP11) and S11E (Figure 2.35 C and Supplemental Figure SP13) showed similar irregular 

peripheral morphologies of the GFP signal and the presence of budding vesicles and 

transvacuolar plasmic strands. This alludes to the cytoplasmic compartmentation of all GFP-

EgSUSY1 fusion lines. Time series imaging of a single optical plane of S11A and S11E plant 

lines showed evidence of cytoplasmic streaming and vesicle budding characteristic of 

cytoplasmic association of the fusion proteins (Supplemental Figure SP12 and SP14 

respectively. 
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Figure 2.35. Live cell imaging of the subcellular localization and distribution of GFP-EgSUSY1 fusion 
proteins in Arabidopsis hypocotyl cells. (Confocal live cell images of hypocotyl cells of Arabidopsis 
plants lines stably expressing GFP-EgSUSY1 (A), S11A (B) and S11E (C). The rough peripheral 
morphology of the GFP signal and the presence of transvacuolar plasmic strands is evidence that all 
GFP-EgSUSY1 fusion lines have a cytoplasmic component. Single optical sections through hypocotyl 
tissues are indicated on the left and y-projections through z-stacks are indicated on the right. 
Chloroplast autofluorescence is indicated in the red channel. Scale bars 20µm. 

 

Effect of osmotic stress on the localization of GFP-EgSUSY1 in hypocotyl stems of transgenic 

plants 

To ascertain if GFP-EgSUSY1 fusion proteins possess an extracellular component, 

hypocotyl tissues of marker and transgenic Arabidopsis lines were incubated in a 1M KNO3 

solution for 5 min. Hereafter a CLSM z-stack of GFP fluorescence and chloroplast 

autofluorescence was captured over a number of optical slices. A y-projection was then 

generated using Zeiss LSM Image Browser software to create a three dimensional 

representation of the cellular architecture.  

Differential interference contrast images of Arabidopsis Col-0 hypocotyl tissues, after 

exposure to hypertonic potassium nitrate solution, indicated that cells were effectively 

plasmolysed and that the plasma membrane had retracted from the cell wall (Figure 2.36 B). 

Confocal images of plasmolysed GFP and PIP2a marker lines showed recordable levels of 

GFP associated with the retracted cell and the absence of GFP signal on the cell wall side of 

the membrane (Figure 2.36 B and C). PIP2a hypocotyl cells also showed the formation of 

hechtian strands composed of fibrillar plasma membrane structures attached to cell wall 

adhesion sites (Figure 2.36 C and Supplemental Figure SP15).  

Examination of confocal images of plasmolysed GFP-EgSUSY1 hypocotyl tissues showed 

the absence of GFP signal associated with the extracellular matrix (Figure 2.36 D). Similarly 

modified S11A and S11E fusion proteins were also found to lack association with the 
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extracellular matrix, yet there was evidence of GFP signal associated with hechtian strands 

adhering to the cell wall (Figure 2.37).  

 

Figure 2.36. Live cell imaging of the subcellular localization and distribution of GFP-EgSUSY1 fusion 
proteins subcellular markers in plasmolysed Arabidopsis hypocotyl cells. (A) Differential Interference 
Contrast (DIC) images of normal Arabidopsis Col-0 plants before plasmolysis and plant lines after 
plasmolysis give an indication of the morphology of hypocotyl cells in which the fluorescence signal 
was found. Confocal live cell images of leaf epidermal cells of Arabidopsis plants lines stably 
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expressing GFP (B), PIP2a (C), and GFP-EgSUSY1 (D).Y-projections through the z-stacks and single 
focal plane images show no association of the GFP signal with the cell wall. Hechtian strands are 
indicated by arrows. Chloroplast autofluorescence is indicated in the red channel. Scale bars 20 µm. 

 

Figure 2.37. Live cell imaging of the subcellular localization and distribution of modified GFP-
EgSUSY1 fusion proteins in plasmolysed Arabidopsis hypocotyl cells. Confocal live cell images of 
leaf epidermal cells of Arabidopsis plants lines stably expressing S11A (A) and  S11E (B). Differential 
Interference Contrast (DIC) images of Arabidopsis plant lines after plasmolysis give an indication of 
the morphology of hypocotyl cells in which the fluorescence signal was found. Y-projections through 
the z-stacks and single focal plane images show no association of the GFP signal with the cell wall. 
Chloroplast autofluorescence is indicated in the red channel. Hechtian strands are indicated by arrows. 
Scale bars 20 µm 

Computational prediction of the subcellular localization of EgSUSY1-GFP fusions 

based on amino acid sequence was determined by using YLoc an interpretable web server for 

predicting subcellular localization (www.multiloc.org/YLoc, (Briesemeister et al., 2010, 

2010). Subcellular localization predictions for unmodified EgSUSY1 and modified S11A and 

S11E were determined based on protein sequences (Query ID: 

DIC GFP  DIC GFP  

A - S11A B - S11E 
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1b5b124e7ca6d91b88025a9fc70c9e63, Query Date: 03/09/2010 08:26:48,  

Prediction based on model YLoc-HighRes Plants). These predictions were compared to the 

respective protein sequences without the induced basal mutations that occurred during cloning 

of EgSUSY1-GFP expression constructs.  

It was predicted that all proteins would be located to the cytoplasm with high 

probability (between 0.9415 and 0.8654) and high confidence values (between 0.95 and 0.87). 

It was also noted that the cloning induced background mutations did not change the predicted 

locations, probability or confidence levels of unmodified and S11E modified EgSUSY1 

sequence queries. Predicted values for the modified S11A EgSUSY1 sequence including 

background mutations dropped in probability from 0.9332 to 0.8654 and a confidence of 0.94 

to 0.87 compared to mutation free S11A sequence query. These discrepancies’, YLoc 

continued to predict a strong association of the S11A protein with the cytoplasm. 

Table 2.7. Subcellular localization predictions of EgSUSY1-GFP fusions determined using YLoc an 
interpretable web server for predicting subcellular localization. Query sequences highlighted as +BM 
include the cloning induced background mutations prevelant in the final expression constructs. Query 
sequences without the subfix BM were obtained from GenBank (EgSuSy1, GenBank accession number 
DQ227993.1) and modified according at the eleventh serine residue. 

Query Sequencea  Predicted Locationb  Probabilityc  Confidenced  
EgSUSY1  Cytoplasm  0.9014 strong (0.90)  
EgSUSY1+BM  Cytoplasm  0.9014 strong (0.90)  
EgSUSY1_S11A  Cytoplasm  0.9332 strong (0.94)  
EgSUSY1_S11A+BM  Cytoplasm  0.8654 strong (0.87)  
EgSUSY1_S11E  Cytoplasm  0.9415 very strong (0.95)  
EgSUSY1_S11E+BM  Cytoplasm  0.9415 very strong (0.95)  
a. Name of the sequence extracted from the given fasta format. 
b. The most probable subcellular localization(s) predicted by YLoc. 
c. The probability of the predicted subcellular localizations(s).  
d. The confidence score that the predicted subcellular localizations(s) are correct. Proteins which are 
typical for YLoc can be predicted with a higher reliability and therefore are assigned with a higher 
confidence score. 
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2.4.3. Protein Extraction and Immunoblotting 

Total proteins were successfully isolated from the eight transgenic plant lines and 

untransformed Arabidopsis thaliana Col-0 leaf tissue samples. Samples were resolved on a 

denaturing SDS-PAGE gel and stained using Coomassie Brilliant Blue to reveal protein 

profiles (Figure 2.38 A and C). Profiles were analysed for the presence of protein bands 

corresponding to the predicted size of heterologously expressed fusion proteins (Table 2.8). A 

distinguishable 29 kDa band was observed for the mammalian SF9 cell line corresponding to 

the size of free eGFP (Figure 2.38 Lane A1). Similar 27 kDa bands were observed for line 

GFP 6-1 (Figure 2.38 Lane A6) and GFP 7-1 (Figure 2.38 Lane A7) expressing free mGFP6.  

A single distinguishable 121 kDa band was found exclusively for line GFP-EgSUSY1-S11E 

7-2 (Figure 2.38 Lane A5) corresponding to the expected size of an intact mGFP6-EgSUSY1 

fusion. No distinguishable bands were visible for EgSUSY1-GFP line 1-5.7 (Lane 2), GFP-

EgSUSY1 line 3-1 (Lane 3), GFP-EgSUSY1-S11A line 5-5 (Lane 4), GFP-PIP2a lines Q8-2 

(Lane A8 and C7) and Q8-8 (Lane A9 and C8). 

Replicas of the total protein SDS-PAGE gels were blotted onto a nitro-cellulose 

membrane and incubated with primary antibody targeting eGFP (Figure 2.38 B and D). 

Western Blot profiles revealed a single band approximately 27kDa in size for the mammalian 

SF9 cell line and GFP lines 6-1 and 7-1 (Figure 2.38 Lanes 1, 6 and B7). This band 

corresponds to the predicted size of free eGFP and mGFP6 proteins respectively. A single 

distinguishable 121 kDa band was found exclusively for samples GFP-EgSUSY1-S11A line 

5-5 and GFP-EgSUSY1-S11E 7-2 (Figure 2.38 Lanes B4 and 5) corresponding to the 

expected size of an intact mGFP6-EgSUSY1 fusion. The GFP-PIP2a samples Q8-2 and Q8-8 

both showed a multiple banding pattern in the region of 27kDa (Figure 2.38 Lanes B8, D7, 

 
 
 



The subcellular localization of EgSUSY1 fusion proteins expressed in Arabidopsis thaliana. 

98 

 

B9 and D8). No distinguishable bands were visible for samples EgSUSY1-GFP line 1-5.7 and 

GFP-EgSUSY1 line 3-1 (Figure 2.38 Lanes 2 and 3). 
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Figure 2.38. SDS-PAGE and Western Blot profiles of proteins extracted from wild-type (Col-0) and 
transgenic GFP fusion Arabidopsis thaliana plant lines. A and C, Coomassie Brilliant Blue-stained gels 
representing total proteins; the arrowheads indicate bands that seem to be exclusive to the transgenic 
GFP fusion lines. B and D, Western Blot detection of heterologously expressed GFP fusion proteins 
using an anti-eGFP primary antibody. Eight different samples representing the final positive transgenic 
plant lines are shown: EgSUSY1-GFP line 1-5.7 (Lane 2), GFP-EgSUSY1 line 3-1 (Lane 3), GFP-
EgSUSY1-S11A line 5-5 (Lane 4) and GFP-EgSUSY1-S11E line 7-2 (Lane 5), GFP lines 6-1 (Lane 6) 
and 7-1 (Lane A/B7) and GFP-PIP2a lines Q8-2 (Lane A/B8 and C/D7) and Q8-8 (Lane A/B9 and 
C/D8) . Lane 1 is a protein sample from mammalian SF9 cell line expressing free eGFP used as a 
positive control for antibody detection. Lane A/B10 and C/D9 contains an untransformed Arabidopsis 
Col-0 control. Lane M is a prestained protein size standard (Fermentas).  

 

 

 

Table 2.8. Summary of the predicted molecular weight, size and number of amino acids found within 
heterologously expressed proteins in transgenic Arabidopsis thaliana plants. Protein parameters were 
calculated using the ProtParam tool of the ExPASy Proteomics Server, Swiss Institute of 
Bioinformatics. 

Proteina  Number of Amino Acidsb Molecular Weight g/molec Size (kDa)d  

mGFP6   240 26952.3 27 

eGFP 265 29256.0 29 

EgSUSY1  805 92685.2 92 

PiP2a   287 30474.2 30 

mGFP6-EgSUSY1 1062 121491.7 121 

EgSUSY1-mGFP6   1077 123413.9 123 

eGFP-PIP2a 552 59712.2 59 
a. The protein identity of the FASTA sequence  queried using  the ProtParam tool of the ExPASy 
Proteomics Server. 
b. The determined number of amino acids found within the queried proteins. 
c. The predicted molecular weight in grams per mole based on the amino acid sequence of the 
respective proteins. 
d. The size of the protein in kiloDaltons used for the identification of protein bands on SDS-PAGE and 
western blots. 
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Total protein (C) samples were separated into soluble (S) and membrane (M) 

fractions to determine whether heterologously expressed proteins were soluble or membrane 

associated.  Equal volumes of each fraction were resolved and analysed on a SDS-PAGE gel 

(Figure 2.39 A and C) followed by blotting on a nitrocellulose membrane and 

immunolabelling with an anti-eGFP primary antibody (Figure 2.39 B and D). A clear 29 kDa 

band was seen for control mammalian Sf9 cells expressing free eGFP in SDS-PAGE gels and 

immunoblots (Figure 2.39 Lane 1). GFP-PIP2a samples Q8-2 and Q8-8 were included as 

positive controls for membrane localization. Multiple bands were found in the soluble 

fractions in the region of 27 kDa and a single band of approximately 40 kDa was found in the 

membrane fraction (Figure 2.39 Lanes B2 and D7). GFP samples 6-1 and 7-1 were included 

as positive controls for cytoplasmic localization. A band approximately 27 kDa in size 

corresponding to the expected size of mGFP6 was found in the soluble fraction of sample 7-1 

but was absent from membrane fractions (Figure 2.39 Lane B3). A 121 kDa band was found 

in the soluble fraction of GFP-EgSUSY1 line 3-1, but not in the membrane fraction (Figure 

2.39 Lane B4). The GFP-EgSUSY1-S11E 7-2 had 121 kDa bands in both soluble and 

membrane fractions and an additional 27 kDa band in the soluble fraction (Figure 2.39 Lane 

B5 and D7). No bands were found for EgSUSY1-GFP line 1-5.7, GFP-EgSUSY1-S11A line 

5-5 and GFP lines 6-1 (Figure 2.39).  
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Figure 2.39. SDS-PAGE and Western blot profiles of soluble and membrane fractions separated by 
ultracentrifugation. A and C, Coomassie Brilliant Blue-stained gels representing total proteins; the 
arrowheads indicate bands that seem to be exclusive to the transgenic GFP fusion lines. B and D, 
Western Blot detection of heterologously expressed GFP fusion proteins using an anti-eGFP primary 
antibody. Eight different samples representing the final positive transgenic plant lines are shown: 
EgSUSY1-GFP line 1-5.7 (Lane C/D2), GFP-EgSUSY1 line 3-1 (Lane A/B4 and C/D3), GFP-
EgSUSY1-S11A line 5-5 (Lane C/D4) and GFP-EgSUSY1-S11E line 7-2 (Lane 5), GFP lines 6-1 
(Lane C/D6) and 7-1 (Lane A/B3) and GFP-PIP2a lines Q8-2 (Lane A/B2) and Q8-8 (Lane C/D7) . 
These samples were separated into two fractions (S) soluble fraction and (M) membrane fraction. 
Lanes indicated by (C) represent unfractionated crude protein extracts. Equal volumes of each fraction 
were loaded on SDS-PAGE gels. Lane 1 is a total cell lysate of mammalian SF9 cells expressing free 
eGFP used as a positive control for antibody detection. Lane 8 contains an untransformed Arabidopsis 
Col-0 control and Lane M is a prestained protein size standard (Fermentas). 

2.5. Discussion 

This study investigated the subcellular localization of unmodified and modified GFP-

EgSUSY1 fusion proteins constitutively expressed in the dicot model plant Arabidopsis 

thaliana. Transgenic Col-0 plant lines heterologously expressing GFP-EgSUSY1 fusion 

proteins, were generated using Gateway cloning technology (Curtis and Grossniklaus, 2003) 

and Agrobacterium mediated plant transformation (Clough and Bent, 1998). The final 

transgenic plant lines were imaged using a Laser Scanning Confocal Microscope (CLSM) to 

determine the subcellular localization patterns of the GFP-EgSUSY1 fusion proteins in 

comparison with cytoplasmic and plasma membrane marker lines. Three plant tissues were 

imaged concurrently namely roots, leaf epidermis and hypocotyls. Single optical plane 

images, z-stack projections and time series confocal images were obtained to accurately 

deduce protein localization patterns. Hypocotyl tissues were also exposed to osmotic stress, 

and plasmolysed samples were imaged to determine whether GFP-EgSUSY1 fusions 

possessed an extracellular matrix associated component. 

In addition to standard CLSM, quantitative and qualitative colocalization analysis was 

performed utilizing the Manders Coefficients Plugin (Manders et al., 1993) in the ImageJ 

public domain image processing software (http://rsbinfo.nih.gov.ij/). FM4-64 membrane 
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specific stain was used as a membrane marker with which colocalization of the GFP-fusions 

was established. To elucidate microscopy findings further, in silico prediction of the 

subcellular localization of GFP-EgSUSY1 fusions based on amino acid sequence was 

determined using YLoc (www.multiloc.org/YLoc, Briesemeister et al., 2010, 2010). Finally 

isolated GFP-EgSUSY1 proteins were resolved using SDS-PAGE and immediately imaged 

using Coomassie blue stain (Sambrook and Russel, 2001) or immunoblotted with Ant-GFP N-

terminal primary antibody following membrane fractionation.  

Two modified versions of the EgSUSY1 protein, EgSUSY1-S11A and EgSUSY1-

S11E were analysed in parallel. It has been suggested in other plant species that a conserved 

N-terminal serine residue in sucrose synthase plays an integral role in the subcellular 

localization and thus functional regulation of sucrose synthase (Huber et al., 1996; Zhang and 

Chollet, 1997; Hardin et al., 2004). We hypothesised that the site directed modification of 

EgSUSY1 at this conserved eleventh serine residue to an alanine residue (EgSUSY1-S11A) 

or glutamate residue (EgSUSY1-S11E) would shift the subcellular localization of EgSUSY1 

to the plasma membrane or cytoplasm, respectively. The functional ramifications of these 

modifications were investigated in a parallel M.Sc. study by Mr. M. M. Mphahlele 

(University of Pretoria, Pretoria) through the constitutive expression of the modified 

EgSUSY1 proteins in Arabidopsis plants, followed by chemical analysis and phenotypic 

characterisation.  

Findings in this study (Table 2.9) point to the peripheral localization of modified and 

unmodified GFP-EgSUSY1 proteins with a prominent cytoplasmic component. No evidence 

was found for the localization of modified or unmodified GFP-EgSUSY1 proteins within the 

extracellular matrix. The current study did not establish nor negate plasma membrane 

association of any of the GFP-EgSUSY1 fusion proteins despite extensive microscopy 
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analysis and supporting SDS-PAGE, immunoblotting and in silico localization predictive 

methodologies. 

Table 2.9. Summary of the subcellular localization of GFP-EgSUSY1 proteins ectopically expressed in 

Arabidopsis. 

Proteina Subcellular localizationb Schematic representationc 

GFP Cytoplasmic distribution with a noticeable 
presence in the nucleus which was expected 
of free GFP. Colocalization analysis proved 
to be confounding as there was a high degree 
of colocalization with membrane marker 
FM4-64 and colocalization coefficients 
suggested membrane association. 
 

PIP2a Confocal images showed a smooth surface 
topology typical of membrane association. 
Colocalization analysis proved to be 
contradicting as there was very little overlap 
with FM4-64 and colocalization coefficients 
suggested cytosol association. The presence 
of multiple bands in the soluble fractions of 
western blots also suggests that this fusion 
protein is degraded during plant protein 
isolations. 
 

 

GFP-EgSUSY1 Confocal images supported a typical 
cytoplasmic distribution of the protein 
although there was a strong colocalized 
component suggesting that that the fusion 
protein is either directly or indirectly 
associated with the plasma membrane. 

 

S11A This fusion protein had very high observable 
levels of expression. The cellular 
distribution was similar to that of 
unmodified GFP-EgSUSY1 constructs with 
cytoplasmic distribution and a noticeable 
concentration of the signal at the plasma 
membrane. S11A was also found to be 
strongly associated with vesicles trafficking 
through the vacuolar space. 
 

 

Cytoplasm

Vacuole

Vessicles

Plasma membrane

Extracellular matrix

Nucleus

Cell wall
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S11E S11E had the highest observed expression of 
all of the fusion constructs studied. This 
protein was found to be associated with the 
cytoplasmic compartments of the cell. The 
scatterplot generated pointed to partial 
colocalization of the protein with the plasma 
membrane. Quantitative colocalization 
coefficients gave very high statistical 
support for association of this protein with 
the plasma membrane. 

 

EgSUSY1-GFP EgSUSY1-GFP had very low levels of 
expression which confounded further 
localization analysis. All lines of evidence 
pointed to a very weak association with the 
cytosol but a very strong association with 
the plasma membrane. 

  

a.  The fusion protein under investigation. Details of construct design can be found in Figure 2.23. 

b.  A brief description of the assumptive subcellular localization based on the cumulative findings in 
this study. 

c. Schematic model of the subcellular localization of fusion proteins investigated. 

 

2.2.1. Constitutive expression of EgSUSY1-GFP fusion proteins in Arabidopsis thaliana  

Expression of GFP-EgSUSY1 fusion proteins was confirmed for all transgenic lines 

(EgSUSY1-GFP line 1-5.7, GFP-EgSUSY1 line 3-1, GFP-EgSUSY1-S11A line 5-5, GFP-

EgSUSY1-S11E line 7-2, GFP lines 6-1 and 7-1, GFP-PIP2a lines Q8-2 and Q8-8 compared 

to untransformed Arabidopsis Col-0 plants as a negative control) at the transcriptional and 

translational level. Screening of transformants confirmed the incorporation of the transgenes 

into the genome of Arabidopsis thaliana plant lines (Figure 2.19) and the stable propagation 

of the transgenes in subsequent generations of the particular lines (Figure 2.20). RT-PCR 

analysis confirmed that the incorporated transgenes were fully transcribed into mRNA (Figure 

2.21 and Figure 2.22). Translation of mRNA transcripts to protein was confirmed through 

CLSM imaging of  recordable GFP emission levels in all transgenic lines (Figure 2.25) as 
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well as the presence of a 121 kDa band in Western blots (Figure 2.38 and Figure 2.39) 

corresponding to the predicted size of the GFP-EgSUSY1 chimeric proteins (Table 2.8). 

 Sequence analysis of the GFP-EgSuSy1 transgenes (Supplemental Figure S6 and 

Figure S7) identified a number of background mutations other than the intended modification 

at the conserved eleventh serine residue. None of these were nonsense mutations which would 

have resulted in the truncation of the protein product (Supplemental Figure S7). 

Nonsynonymous mutations were analyzed for physiochemical differences compared to 

original amino acid (Supplemental Figure S8), conservation (Supplemental Figure S9 and 

S10) and effect on secondary structure predictions (Supplemental Figure S11 and Table S1) in 

silico.  

It was found that a missense (L636P) mutation occurred in the conserved catalytic C-

terminal region (amino acid 546 to 753) representing the glycosyltransferase active region 

(Supplemental Table S1,(Baud et al., 2004)). This PCR induced mutation was restricted to 

EgSuSy1 Clone N22 which was used to create the N-terminal EgSUSY1-GFP plant line (P1-

5.7). This line was used to determine whether there was any variation in the localization 

pattern induced by the terminal position of the GFP fusion protein. No PCR-induced 

background mutations were found in the conserved N-terminal non-catalytic phosphorylation 

domain (amino acid 8 to 17). It was also found that computational prediction of the 

subcellular localization of EgSUSY1-GFP fusions based on amino acid sequence using YLoc 

(www.multiloc.org/YLoc, (Briesemeister et al., 2010, 2010) was not altered by the 

incorporation of these background mutations (Table 2.7).  

It was also found that the overexpression of identical (with the same PCR induced 

background mutations) unmodified EgSuSy1 and modified EgSuSy1-S11A transgenes in 

Arabidopsis plants during a parallel M.Sc. study by Mr. M. M. Mphahlele (University of 
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Pretoria, Pretoria) showed increased growth and biomass of the transgenic plants compared to 

wild-type plants. This finding is consistent with the overexpression phenotype observed by 

Coleman, (2006) in transgenic tobacco lines overexpressing cotton SUSY, suggesting that the 

unmodified EgSuSy1 and the modified EgSuSy1-S11A proteins form functional sucrose 

synthase catalytic units despite the induced background mutations. Regardless of the above 

findings, the physiological effect of the mutations on the functionality and subcellular 

localization of EgSuSy1 is yet to be established.   

 Numerous positive transformants were generated yet only a single plant line, per 

transgenic event, showed recordable GFP expression levels (Figure 2.25). These findings are 

in accordance with a study by Cutler, (2000) who recorded an observed Agrobacterium 

mediated transformation rate of ~0.5–4% with only 0.1–1% of these transformed plants 

expressing GFP at recordable levels. Low emission intensities of the chosen intrinsically 

fluorescent protein, mGFP6, the imaging setup (Supplemental Figure SP4) enabled the 

localization of GFP fusions with no recordable cross talk between the GFP and FM4-64 

emission spectra and low levels of observed photobleaching even during time series 

acquisitions of a single optical plane (Supplemental Figure SP12 and Figure SP14). 

GFP is a 27 kDa protein which readily diffuses throughout the cytoplasm and into the 

nucleus of plant cells (Hanson and Köhler 2001). When fused to the 92 kDa EgSUSY1 

protein, the resulting chimera is incapable of diffusing into the nucleus (Table 2.8). Therefore 

accumulation in the nucleus of fusion proteins can only occur through the active process of 

nuclear import. EgSUSY1 lacks nuclear import signalling peptides and therefore should not 

be found in the nucleus (Table 2.7). Only the cytoplasmic marker GFP line (P3-1) expressing 

free mGFP6 showed evidence of nuclear localization of the GFP signal (Figure 2.29). The 

remaining transgenic lines showed an absence of GFP signal in the vicinity of the nucleus 
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(Figure 2.29 and Figure 2.30). These findings suggest that all GFP-EgSUSY1 fusion lines as 

well as the PIP2a membrane marker line expressed intact fusion proteins. 

Western blot analyses supported the expression of intact EgSUSY1-GFP fusions due 

to the presence of a 121kDa fragment (Figure 2.38and Figure 2.39). Indirect localization 

predictions based on these findings remained inconclusive as the membrane PIP2a control 

failed to be isolated without degradation resulting in the absence of an intact 59kDa control 

band in membrane fractions. There was however evidence of a 121kDa band in the membrane 

fractions of GFP-EgSUSY1-S11E (Figure 2.39). 

2.2.2. EgSUSY1-GFP fusion proteins localize to the cell periphery with strong evidence 

of cytoplasmic association 

To determine the subcellular localization and distribution of GFP-EgSUSY1 fusions; various 

transgenic and reference plant lines were imaged using a Laser Scanning Confocal 

Microscope. Confocal images of live plant tissues of modified and unmodified GFP-

EgSUSY1 fusion lines all revealed a concentration of the GFP signal associated with the cell 

periphery (Figure 2.24, Figure 2.25, Figure 2.27 and Figure 2.28). On closer observation of 

hypocotyls cells it was found that this peripheral signal took on a unique topology typical of 

cytoplasmic localization (Figure 2.34 and Figure 2.35). This pattern was previously 

documented in a study by Cutler (2000) and is characterized by variations in cytoplasmic 

thickness, cytoplasmic invaginations,  transvacuolar columns and a dynamic surface pattern 

(which often looks bubbly in nature) due to constant remodelling of the cytoplasm via 

cytoplasmic streaming. The temporal dynamics of this cytoplasmic streaming was also 

observed in time series animations of GFP-EgSUSY1 fusion plants (Supplemental Figure 

SP12. and Supplemental Figure SP14).  
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 It was also observed that GFP-EgSUSY1-S11A plant lines showed high levels of 

fluorescence associated with trafficking vesicles in the cell vacuole. Novel vesicles found 

trafficking CESA subunits between the golgi and the cell periphery have been under much 

investigation (Wightman and Turner, 2010). These vesicles also known as compartments 

(SmaCCs; Gutierrez et al., 2009) or microtubule associated cellulose synthase compartments 

(MASCs; Crowell et al., 2009) function in the regulation of cellulose biosynthesis remains 

unknown. Should the vesicles GFP-EgSUSY1-S11A was found to associated with be these 

SmaCC’s then the putative association of SuSy with CESA does not only occur at the plasma 

membrane as previously thought but occurs as early as the packaging of CESA’s into vesicles 

at the golgi. 

Cytoplasmic localization of GFP-EgSUSY1 chimeras was supported by in silico 

subcellular localization predictions based on amino acid sequence determined using YLoc 

(Table 2.7, www.multiloc.org/YLoc, (Briesemeister et al., 2010, 2010) These findings are 

consistent with a recent study by Baroja-Fernández (2009) who observed the cytoplasmic 

localization of sucrose synthase (SUS4) when constitutively expressed in Solanum tuberosum 

when fused to the N-terminus of GFP. 

2.2.3. The investigation of the plasma membrane association of EgSUSY1  

A number of independent studies have provided indirect evidence of the increase in the 

occurrence of sucrose synthase in the membrane fraction of plant tissues due to the inhibition 

of phosphorylation at the conserved N-terminal serine residue (Winter et al., 1997; Zhang et 

al., 1999; Anguenot et al., 2006). To date there has not been any direct evidence linking the 

phosphorylation status of sucrose synthase to its membrane affiliation (Hardin et al., 2004). 

To ascertain whether the modified EgSUSY1 fusion proteins, S11A and S11E, showed 
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differential association with the plasma membrane, quantitative and qualitative colocalization 

analyses were performed.  

Qualitative colocalization was achieved through imaging FM4-64 stained leaf epidermal 

cells. Colocalized pixels were visualized as yellow pixels in merged confocal images and as a 

scatter plot indicating the generated pattern of colocalization. It was found that transgenic 

GFP-EgSUSY1 lines including the GFP line, which was used as a cytosolic marker line, 

showed varying degrees of colocalization with the membrane stain FM4-64 (Figure 2.31,  

Figure 2.33). Notably the N-terminal EgSUSY1-GFP line showed high levels of membrane 

colocalization. The inability to generate typical complete colocalization and exclusive 

localization patterns for the PIP2a membrane marker and GFP cytosolic marker respectively 

could be due to a number of technical and biological parameters.  

The first parameter to consider is the unique architecture of plant cells, especially leaf 

epidermal cells, which contain a large vacuole that compresses the cytoplasm of the cell 

against the cell membrane (Figure 2.26). This coupled with the resolution limit of confocal 

microscopy, which can at best resolve molecules further than 200 nm apart, can result in 

proteins which are cytosolic in nature generating a pseudo membrane component in 

qualitative colocalization experiments (Lalonde et al., 2008). A review by Lalonde et. al. 

(2008) calculated that approximately 140 000 GFP molecules could fit into the resolution 

volume of conventional light microscopy. Therefore it is easy to assume that many different 

protein dynamics could result in the colocalization of confocal image pixels. Additional 

parameters that could have contributed to the unexpected and variable colocalization results 

include variability in FM-4-64 staining ((Jelínková et al., 2010)), fluorophore intensity 

variation, noise, and background chloroplast autofluorescence. 
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These findings were paralleled by quantitative colocalization which also observed 

unexpected high levels of colocalization in the cytosolic GFP marker line compared to that of 

the membrane PIP2a marker line (Table 2.6). An evaluation of the above results suggest that 

the determination of colocalization patterns of two fluorophores based on quantitative and 

qualitative colocalization can be ambiguous  and therefore findings should be supported by 

alternative methodologies. This is especially true in the current scenario where cytosolic 

localization and mixed cytosolic-membrane localization are visually indistinguishable at the 

level of confocal imaging. 

To conclude EgSUSY1 may be cytoplasmic and membrane associated, with the ratio 

dependent on cellular dynamics. EgSUSY1 may associate and move with the CESA rossetes, 

during which time it would be membrane bound, but then dynamically be disassociated and 

still have a peripheral localization. 

2.2.4. EgSUSY1-GFP fusion proteins are excluded from the extracellular matrix 

during osmotic stress 

To determine if GFP-EgSUSY1 chimeras possessed an extracellular matrix 

component, hypocotyl cells of all plant lines were plasmolysed by incubating seedlings in a 

hypertonic solution of potassium nitrate. During plasmolysis cells are exposed to a negative 

osmotic potential causing the loss of water from cells and therefore retraction of the plasma 

membrane from the cell wall. It was observed that all GFP-EgSUSY1 fusion lines showed the 

absence of GFP signal associated with the cell wall following plasmolysis (Figure 2.36 and 

Figure 2.37).   

During plasmolysis the plasma membrane remains attached to the cell wall at 

adhesion sites causing the formation of fibrillar membrane structures called hechtian threads 
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or strands (Pringsheim, 1854; Nägeli, 1855). These strands, although mostly composed of 

plasma membrane, have been found to contain residual amounts of cytoplasm and therefore 

cannot be used as indicators of plasma membrane localization (Drake et al., 1978; Attree and 

Sheffield, 1985). Although this method was inconclusive in distinguishing between 

cytoplasmic and membrane localization the lack of GFP signal outside of plasmolysed cells, 

proves that the GFP-EgSUSY1 fusion constructs are not associated with the extracellular 

matrix or cell wall.  

2.6. Conclusions  

The subcellular localization of modified S11A and S11E GFP-EgSUSY1 fusions revealed 

that both proteins were localized to the cell periphery in various Arabidopsis tissues. In 

addition to cell peripheral localization it was established that modified GFP-EgSUSY1 

fusions showed association with the cytoplasm, but were absent from the extracellular matrix 

and the cell wall. This observed cellular localization is typical of wildtype sucrose synthase 

(Baroja-Fernández et al., 2009). The current study did not establish nor negate plasma 

membrane association of any of the GFP-EgSUSY1 fusion proteins despite extensive 

microscopy analysis and supporting SDS-PAGE, immunoblotting and in silico localization 

predictive methodologies. There were also no distinguishable differences in the localization 

patterns of the modified GFP-EgSUSY1 fusions when compared to each other or unmodified 

GFP-EgSUSY1 chimeras. 

This study does not provide support for the hypothesis that the site directed 

modification of EgSUSY1 at this conserved eleventh serine residue to an alanine residue 

(EgSUSY1-S11A) or glutamate residue (EgSUSY1-S11E) would shift the subcellular 

localization of EgSUSY1 to the plasma membrane and cytoplasm, respectively.  However, it 
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does not provide support against the alternative hypothesis that regulation of EgSUSY1 

cellular localization is governed by alternative physiological mechanisms that exclude 

phosphorylation at the conserved N-terminal serine residue.  

Better understanding of sucrose synthase regulation will greatly benefit the 

agricultural industry as this enzyme plays a key role in the channelling of sugar monomers to 

several sink tissue associated polymers such as starch and cellulose. It is required that further 

in planta studies be performed to answer the underlying enigmas surrounding the regulation 

of EgSuSy1 and the channelling of UDP-glucose generated by sucrose synthase to various 

cellular processes. Questions that need to be addressed are: What is the underlying 

mechanism of membrane association of sucrose synthase? What is the nature of the 

association (direct or indirect) of sucrose synthase with the membrane and the cellulose 

synthase complex? And how could one manipulate the regulation of sucrose synthase through 

genetic engineering to shift sugar monomer channelling to a specific polymer biosynthesis 

such as cellulose biosynthesis? Hypotheses that could explain the observations made in this 

study and recommendations for future studies in this field are proposed in the Concluding 

Remarks section of this dissertation.   
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Appendix A: Supplemental figures and tables 

 

 

Figure S1. Vector plasmid maps of entry vector pCR®8/GW/TOPO® (A) and Recombinant entry 
vector EgSuSy1-pCR®8/GW/TOPO® (B) showing the restriction endonuclease sites of EcoRV and 
SacI used for screening putative positive recombinant colonies. pUC ori: Origin of replication for E. 
coli. attL: recombination sites . TOPO: Topoisomerase cloning sites. Vector map generated using CLC 
bio CLC Main Workbench 5.0.2. 
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Figure S2. Vector plasmid map of Recombinant entry vector EgSuSy1-pCR®8/GW/TOPO® indicating 
primer binding sites used for cloning, screening and sequencing putative positive recombinants. pUC 
ori: Origin of replication for E. coli. Vector map generated using CLC bio CLC Main Workbench 
5.0.2. 
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Figure S3. Vector plasmid maps of pMDC43 (A) and pMDC83 (B) showing PacI restriction 
endonuclease sites. pBR322 ori: Origin of replication for E. coli. pVS1 ori: Origin of replication for 
Agrobacteria. ccdB: gene encodes a protein which interferes with E. coli DNA gyrase and inhibits 
growth of most E. coli strains, e.g. TOP10 and DH5α™. RB: T-DNA right border. LB: T-DNA left 
border. attR: recombination sites. 2X35S: Double Cauliflower mosaic virus promoter. Vector map 
generated using CLC bio CLC Main Workbench 5.0.2. 
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Figure S4. Vector plasmid maps of recombinant destination vectors EgSuSy1-pMDC43 and (A) 
EgSuSy1-pMDC83 (B) showing the restriction endonuclease sites of AscI and PacI used for screening 
putative positive recombinant colonies. pB322 ori: Origin of replication for E. coli. pVS1 ori: Origin of 
replication for Agrobacterium. RB: T-DNA right border. LB: T-DNA left border. 2X35S: Double 
Cauliflower mosaic virus promoter. Vector map generated using CLC bio CLC Main Workbench 5.0.2. 
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Figure S5. Vector plasmid maps of recombinant destination vectors EgSuSy1-pMDC43 and (A) 
EgSuSy1-pMDC83 (B) indicating primer binding sites used for cloning, screening and sequencing 
putative positive recombinants. RB: T-DNA right border. LB: T-DNA left border. 2X35S: Double 
Cauliflower mosaic virus promoter. Vector map generated using CLC bio CLC Main Workbench 5.0.2. 
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Figure S6.  Nucleotide alignment of consensus sequences of the five sequenced EgSuSy1-
pCR®8/GW/TOPO® clones showing the site directed modifications at the 11th serine residue (arrow). 
PCR induced background mutations were identified by comparing sequences to EgSuSy1 sequence 
(GenBank accession DQ227993.1) and an EguSuSy1 contig 69050 sourced from Eucspresso, a 
Eucalyptus grandis x urophylla transcriptome database (http://eucspresso.bi.up.ac.za) reference 
sequences. Nucleotide differences could be due to allelic differences between Eucalyptus grandis and 
Eucalyptus grandis x urophylla sequences. Nucleotide differences could also be attributed to PCR 
induced mutations which occurred when PCR cloning the original EgSuSy1 clone deposited in 
GenBank or the new clones used in the current study. (·) indicates identical amino acid and (–) a gap or 
the absence of a nucleotide at this site. Alignment generated using CLC bio CLC Main Workbench 
5.0.2. 

 
 
 



Supplemental Data 

135 

 

 

 
 
 



Supplemental Data 

136 

 

 

 
 
 



Supplemental Data 

137 

 

 

Figure S7.  Amino acid alignment of the predicted amino acid sequences of entry clones showing the 
site directed modifications at the 11th serine residue (arrow) within the phosphorylation domain 
LTRVHSLRERL (Amor et al., 1995; Huber et al., 1996; Zhang et al., 1999; Komatsu et al., 2002). The 
C-terminal catalytic domain representing the glucosyltransferase region is found from amino acid 564 
to 753 (Baud et al., 2004). PCR induced background mutations were identified by comparing 
sequences to EgSUSY1 sequence (GenBank accession DQ227993.1) and an EguSuSy1 contig 69050 
sourced from Eucspresso a Eucalyptus grandis x urophylla transcriptome database 
(http://eucspresso.bi.up.ac.za) reference sequences. (·) indicates identical amino acid and (–) a gap or 
the absence of an amino acid at this site. Alignment generated using CLC bio CLC Main Workbench 
5.0.2. 
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Figure S8. Schematic representation of the physicochemical groupings of amino acids based on 
Livingstone and Barton (1993) 

 

 

Figure S9. Neighbour joining tree showing the relationship between Dicot SUSA sucrose synthases 
based on amino acid conservation. The tree was constructed using CLC bio CLC Main Workbench 
Version 5.0.2 and 1000 bootstrap permutations. 
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Figure S10. Amino acid alignment of 16 Dicot SUSA Sucrose synthases coding sequences indicating 
regions of amino acid conservation. (· indicates identical amino acid and – a gap or the absence of an 
amino acid at this site).  The alignment was generated using CLC bio CLC Main Workbench Version 
5.0.2. 
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Figure S11. Secondary structure of EgSUSY1 (GenBank accession number DQ227993.1) as predicted 
using CLC bio CLC Main Workbench Version 5.0.2. α-Helixes and β-Strands are shown as arrows 
superimposed on the 805 amino acid sucrose synthase proteins. 
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Table S1. Secondary structure predictions of the predicted amino acid sequences of sequenced clones 
compared to EgSUSY1 sequence (GenBank accession DQ227993.1) and an EguSuSy1 contig 69050 
sourced from Eucspresso a Eucalyptus grandis x urophylla transcriptome database 
(http://eucspresso.bi.up.ac.za). Secondary structures were generated using CLC bio CLC Main 
Workbench Version 5.0.2. (- Indicates the absence of a predicted secondary structure in the designated 
region.) 

 

Table S2. Summary of the background mutations identified in the amino acid alignment, their amino 
acid conservation and their impact on secondary structure predictions of EgSUSY1 entry clones N22 
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and S6 and site directed modified clones EgSUSY1-S11A and EgSUSY1-S11E compared to 
EgSUSY1.  

Amino 
Acid 
Sitea 

EgSuSy1 
DQ227993.1b 

EgSuSy1 
Clone 
N22c 

EgSuSy1 
Clone 
S6d 

EgSuSy1 
S11Ae 

EgSuSy1 
S11Ef 

EguSuSy1 
Contig 
69050g 

Conservationh Secondary 
Structurei 

11 S S S A E S Y N 

18 E E E K E E N N 

34 V A V V V V N N 

37 K K R R R K N Y 

105 L L P P P L Y Y 

182 L L L P L L Y Y 

185 H Y H H H H Y N 

216 T I I I I I N Y 

217 S T T T T T N Y 

232 Q Q Q R Q Q N N 

273 V V V V I V N N 

478 T T A A A T Y Y 

538 E K K K K K N Y 

636 L P L L L L Y Y 

a.  The amino acid site at which the missense mutations were identified. 

b.  The Eucalyptus grandis EgSUSY1 protein sequence as determined by Zhou et al. (2005) and 
deposited in GenBank (accession DQ227993.1) 

c.   EgSuSy1 Clone N22 protein sequence used to construct N-terminal GFP-EgSUSY1 fusion 
constructs. This transgene lacks the stop codon (N = NoStop) to accommodate for the translational 
fusion to GFP. 

d. EgSuSy1 Clone S6 protein sequence used to construct C-terminal EgSUSY1-GFP fusion 
constructs. This transgene consists of the full-length EgSUSY1 CDS including the stop codon (S = 
Stop). 

e. EgSUSY1-S11A clone where the 11th Serine residue of EgSUSY1 was modified via site directed 
mutagenesis to give rise to an Alanine residue. 

f. EgSUSY1-S11E clone where the 11th Serine residue of EgSUSY1 was modified via site directed 
mutagenesis to give rise to an Glutamate residue. 

g.  EguSuSy1 contig 69050 sourced from Eucspresso a Eucalyptus grandis x urophylla transcriptome 
database (http://eucspresso.bi.up.ac.za)  

h. Conservation of respective amino acid sites. A site was described as conserved (Y = Yes) if there 
were no amino acid variations based on the amino acid alignment of Dicot SUSYs (Supplemental 
Figure S10). If any variations were found the site was described as not conserved (N = No). 
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i.  Summary of the effect of the missense mutations on the secondary structure as predicted by CLC 
bio (Figure S11). A Y (Yes) indicates that the mutation altered the predicted secondary structure 
while N (No) indicates that the mutation had no impact on the secondary structure predictions. 

Appendix B: Supplemental DVD directory 

Powerpoint Presentation 

� Instructions to Examiners 
– Playing of animations 
– Accessing hyperlinks to additional resources 
– File naming convention  

� Introduction 
– Figure SP1. The two modifications made to the conserved 11th Serine residue of 

EgSUSY1(Campbell and Farrel, 2003).  
– Figure SP2. Arabidopsis tissues viewed using Laser scanning confocal 

microscopy.  
– Figure SP3. Arabidopsis autofluorescence present in 6 day old seedlings. 
– Figure SP4. Confocal laser scanning imaging setup used to image subcellular 

localization and distribution of GFP-EgSUSY1 fusion proteins. 
– Figure SP5. Z-stack animation of a longitudinal section of a S11A Arabidopsis 

root. 
– Figure SP6. Z-stack animation of a longitudinal section of a S11A  Arabidopsis 

root.  
� Localization of GFP-EgSUSY1 in hypocotyl of transgenic plants  

– Figure SP7. Z-stack animation of a longitudinal section of Arabidopsis hypocotyl 
stably expressing GFP. 

– Figure SP8. Z-stack animation of a longitudinal section of Arabidopsis 
hypocotyls stably expressing GFP-PIP2a expression constructs. 

– Figure SP9. Z-stack animation of a longitudinal section of Arabidopsis 
hypocotyls stably expressing GFP-EgSUSY1 expression constructs. 

– Figure SP10. Z-stack animation of a longitudinal section of Arabidopsis 
hypocotyls stably expressing GFP-S11A fusion constructs. 

– Figure SP11. Orthogonal section through a z-stack of hypocotyl cells of S11A 
Arabidopsis plant line.  

– Figure SP12. Time series of a single longitudinal optical plane of hypocotyl 
S11A Arabidopsis plant cells.  

– Figure SP13. Z-stack animation of a longitudinal section of Arabidopsis 
hypocotyls stably expressing S11E fusion constructs.  

– Figure SP14. Time series of a single longitudinal optical plane of hypocotyl 
S11E Arabidopsis plant cells.  

� Effect of Osmotic stress on the localization of GFP-EgSUSY1 in Hypocotyl of 
transgenic plants 

– Figure SP15. Z-stack animation of PIP2a hypocotyl cells following plasmolysis. 
� Additional Resources 

– Dissertation 
– Microscopy Image Database 
– Zeiss LSM Image Browser 

� References 
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This MSc study successfully produced Arabidopsis plant lines heterologously 

expressing modified and unmodified GFP-EgSUSY1 protein fusions. Observation of the 

subcellular localization of GFP-EgSUSY1 proteins in planta provided evidence for the 

peripheral localization of fusions with a prominent cytosolic component. Plasma membrane 

association was not confirmed nor negated and the current study failed to identify any 

significant differences in the subcellular localizations of the two modified GFP-EgSUSY1 

fusions (S11A and S11E). To address these inconclusive findings and the limitations 

encountered during the current study a number of hypotheses explaining the reported 

observations will be outlined below. 

The first scenario to explain the observations is that the PCR induced background 

mutations resulted in the alteration of the enzyme properties. The effects of the mutations 

could range from complete loss of enzyme functionality to the targeting of the enzyme to a 

different subcellular localization. Evidence in the parallel study by Mr. M. M. Mphahlele 

(University of Pretoria, Pretoria) showing increased growth and biomass of the transgenic 

plants compared to wild-type plants consistent with the overexpression phenotype observed in 

a similar study by Coleman, (2006). Extensive in silico analysis of the effect of the mutations 

on the physiochemical properties and localization affinities of the proteins, the true nature of 

the impact of the induced mutations is yet to be established.  Functionality of the sucrose 

synthase enzyme can be determined through the functional complementation of the transgene 

in a double mutant (sus1/sus4) background as described in Bieniawska et al.(2007). 

The second hypothesis to explain the observed results is the intrinsic limitations of 

the current methodology. As stipulated previously, LSCM can only resolve molecules that are 

further than 200 nm apart (Lalonde et al., 1999). This lack in resolution suggests that any 

association that falls under this resolution limit will remain ambiguous as was prevalent in the 
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current study. A number of alternative methodologies can be explored to address this issue. 

These methodologies include direct observations of subcellular localization through modified 

confocal methodologies described in Serna (2005), super resolution microscopy, such as 

PALM (Photoactivated Localization Microscopy) and STORM (Stochastic Optical 

Reconstruction Microscopy Huang et al., 2009), and immunogold labelling of sucrose 

synthase followed by electron microscopy (Gregory et al., 2002). Other methodologies such 

as FRET (Fluorescence Resonance Energy Transfer, (Lalonde et al., 2008) and BiFC 

(Bimolecular Fluorescence Complementation, Zamyatnin et al., 2006) could be used to 

determine whether sucrose synthase directly associates with the cellulose synthase complex.  

Proteins are known to frequently associate with other proteins to form protein 

complexes (Alberts, 1998; Grigoriev, 2003; Kerrien et al., 2007). The oligomerization of 

proteins in complexes can serve a plethora of functions such as regulating enzyme 

functionality and targeting an enzyme to a specific cellular compartment. It is common 

understanding that sucrose synthase exists as a functional tetramer, yet a recent study by 

Duncan and Huber (2007), suggests that SUS1 in maize exists as both dimers and trimers. 

The study goes on to speculate that the membrane association of the SUS1 protein is 

dependent on the oligomerization status of the protein.  

The third and final explanation for the current observations is that Arabidopsis thaliana is not 

a good model for the functional analysis of EgSUSY1 regulation and activity as it may lack 

the cellular machinery to promote the oligomerization of EgSUSY1. This issue can be 

addressed through the ectopic expression of EgSUSY1 in a woody plant species such as 

Populus. Optimally, functional studies of EgSUSY1 should be carried out in the Eucalyptus 

native environment under the action of the respective promoter. Future research will establish 
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which of these scenarios successfully characterizes the regulation of EgSUSY1 through 

subcellular localization.  

The third hypothesis is supported by two studies performed by Coleman and colleagues. In a 

2006 study Coleman and colleagues evaluated the physiological effect of ectopically 

expressing cotton (Gossypium hirsutum) SuSy in tobacco (Nicotiana tabacum cv. Xanthi). 

They found that transformants presented with an increase in plant biomass yet no increase in 

the allocation of carbon to starch or cellulose was observed. In a subsequent study the same 

cotton SuSy was overexpressed in the tree poplar (Populus alba-grandidentata). Contrary to 

previous findings transformants were found to have a 2% to 6% increase in their cellulose 

content per dry weight (Coleman et al., 2009). These findings suggest that the physiological 

background especially the sink strength of the model organism chosen is vital to correctly 

elucidate the function and regulation of SuSy especially with regard to cell wall formation. 
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