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Plants possess unique features in many aspects of development. One of these features is 

seen in cell wall placement during cytokinesis, which is determined by the position of the 

preprophase band (PPB) and the subsequent expansion of the phragmoplast that deposits the new 

cell wall.  During phragmoplast expansion, the phragmoplast tracks to the cortical division site, 

which was delineated by the PPB.  Thus the position of the PPB determines the orientation of the 

division plane. In Arabidopsis thaliana, TONNEAU2 (TON2) is required for PPB formation and 

has been shown to interact with a type A subunit of the PP2A phosphatase in the yeast two-

hybrid system. In Arabidopsis tonneau2 (ton2) mutants, abnormalities of the cortical microtubule 

cytoskeleton, such as disorganization of the interphase microtubule array and lack of PPB 

formation before mitosis markedly affects cell shape and arrangement as well as overall plant 

morphology. Loss of dcd1/add1, the maize ton2 homologues gives rise to a similar phenotype in 

Zea mays. The TON2 protein has two EF hand domains which are calcium-binding sites. Since 

calcium has been known to play key roles in several areas of plant functioning, the following 

question was raised: “Does calcium binding contribute to the localization and function of 

TONNEAU at the PPB?”  To address this question, a series of constructs were generated to 

determine if TON2 binds calcium.  Additionally, Ca2+ binding sites were mutated in constructs 

containing the TON2 gene fused to GFP or YPF. These constructs were then transformed into 

ton2 mutant plants and the localization of TON2 fusion protein and whether the construct is 

capable of rescuing the mutant phenotype were observed. Although, localization of TON2 to the 



PPB was not observed, the presence of the constructs were confirmed in the transformed plants 

using selection markers and by observing fluorescence under a confocal microscope. 
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CHAPTER 1 

INTRODUCTION 

 

Plants: Important For Human Daily Living 

 Plants are very important organisms to humans. In addition to being a source of food, 

they also have critical roles in medicine, beautification, industrial products, recreation, air 

quality, water quality, erosion control, climate, and wildlife habitat. Due to their useful qualities 

and application to our daily lives, it is essential that we work to understand the basic biology of 

plants so that we can improve plant form and function. A unique aspect of plants is their cells 

(Raven et al., 2005). Unlike animal cells, plant cells have chloroplasts, large vacuoles, and rigid 

cell walls that are made up of pectin, cellulose and hemicellulose (Smith, 1977). This rigid cell 

wall prevents plant cells from moving within the tissue, and for this reason, plants cells must be 

formed in the position where they are required to function since they can not migrate (Liu et al., 

1997; Smith, 2001). The cells then differentiate and develop into multiple cell types and organize 

into tissues (Yadegari et al., 1994). These tissues comprise the organs and organ systems that 

make up the whole plant. Therefore, any problems that occur during cell division are likely to 

affect the morphology and functioning of the adult plant (Lodish et al., 2000).  

 

Plant Cell Division 

One of the distinctive features of living organisms is the division of cells to make more 

cells (Tavasoli, 1980). Mitosis is the process of cell division that generates somatic cells, while 

gamete cells are produced by meiosis (Huskins, 1933). Mitosis is necessary for organism 

development and growth, cell replacement and regeneration, or asexual reproduction in some 
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living organisms.  After animal cells divide, the daughter cells can move to different locations as 

needed (Rorth 2009). However, unlike animal cells, plant cells have their location fixed by cell 

walls, preventing them from moving around during morphogenesis. Thus during development, 

plant cells must be formed where they are required, since they cannot move to other positions. 

The orientation of the division plane of the mother cell is key for the correct positioning of the 

daughter cell.  In plant cells, the position of the division plane is first signaled by the formation 

during G2 of a dense band of cortical microtubules called the preprophase band (PPB; Mineyuki 

1999).  The PPB modifies the mother cell cortex, creating the cortical division site (CDS), which 

is later recognized by the phragmoplast, a plant specific cytoskeletal structure needed for 

cytokinesis (Van Damme et al., 2008). The PPB surrounds the nucleus at the plane where mitotic 

spindle is eventually formed during mitosis and it helps in the orientation and proper formation 

of spindle during pro-metaphase (Ambrose and Cyr 2008). When the cells enter into metaphase, 

and the nuclear envelope breaks down, the PPB also disappears but the CDS remains marked by 

proteins that were recruited to the PPB including TANGLED and RANGAP (Figure1; Walker et 

al., 2007; Xu et al., 2008; Rasmussen et al., 2011). During metaphase stage the spindle is 

typically oriented with its long axis perpendicular to CDS (Fernandez et al., 2011). In anaphase, 

the spindle separates the chromosomes then breaks down.  Finally, during telophase, the 

phragmoplast arises between the nuclei of the daughter cells and coordinates the deposition of 

the new cell plate as it expands toward the mother cell cortex.  The pharagmoplast mediates the 

joining of the cell plate to the mother cell cortex at the site of the CDS (Jürgens, 2005).  Since 

the plane of division is coincident with the position of the PPB, understanding PPB formation is 

key to understanding division plane orientation in plant cells (for review see Wright and Smith, 

2009; Rasmussen et al., 2013).   
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Figure 1.  Schematic diagram showing the position of the key microtubule structures that form 
during plant cell division. A) Cell at prophase stage with arrow pointing at the preprophase band 
(PPB). B) During mitosis the PPB disappears, leaving behind proteins that denote the cortical 
division site (CDS). A metaphase spindle is shown.  C) The phargmoplast mediates formation of 
the new cell plate which attaches to the mother cell at the CDS.   

 

Arabidopsis thaliana tonnuea2 (ton2) Mutants Lack PPBs 

Previous studies have shown that TON2 is an Arabidopsis thaliana protein required for 

PPB formation.  In the absence of a PPB, the cells do not have a proper demarcation for the 

future plane of cell division (Traas et al., 1995, Camilleri et al., 2002). In a study by Marc et al. 

(1998), the organization of microtubules in ton2 mutant plants was examined using a green 

fluorescent protein-microtubule binding domain (GFP-MBD) reporter protein. They confirmed 

that there were no PPBs in the premitotic cells of the ton2 mutant. Similarly PPBs are not formed 

in maize plants lacking DCD1 and ADD1, the homologues of TON2 in Zea mays (Wright et al., 

2009).  In addition to their mitotic defects, ton2 mutant plants have abnormal interphase 

microtubule arrays lacking the parallel organization seen in wild-type cells (Kirik et al., 2012; 

Spinner et al., 2013). Of the various proteins so far identified as necessary for PPB formation and 

organization, TON1A/B and TON2 are the only ones whose mutation causes a total absence of 
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the PPB (Camilleri et al., 2002; Azimzadeh et al., 2008; Spinner et al., 2013). As mentioned 

earlier, any possible problems that occur during cell division or development are most likely to 

be seen in the morphology or affect the well-being of the plants. This is the case with the ton2 

mutants which have abnormal cortical microtubule cytoskeletons and lack PPB formation 

(Camilleri et al., 2002). These mutations significantly affect cell shape and orientation as well as 

the overall plant appearance since ton2 mutants develop into tiny, compact, sterile adult plants 

(Traas et al., 1995; Camilleri et al., 2002).                        

                  

Arabidopsis TON2: Encodes a PP2A Phosphatase Regulatory Subunit 

The TON2 gene is located on chromosome 5 of the Arabidopsis thaliana genome and it 

encodes a 480 amino acid protein that has been identified as a B’’ regulatory subunit of type 2A 

protein phosphatases (Figure 2, Camilleri et al., 2002).  

 

 

Figure 2.  TON2 gene model.   

 The PP2A phosphatases are ubiquitous and conserved serine-threonine phosphatases that 

dephosphorylate target proteins (Perotti et al., 2008).  PP2A mediated dephosphorylation is an 

important step in several conserved eukaryotic signal transduction pathways that regulate diverse 

processes including DNA replication, transcription, translation, cell division, cell cycle 

progression, development and apoptosis (Zolnierowicz, 2000). The PP2A complex contains a 
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catalytic C subunit, a scaffolding A subunit, and a regulatory B subunit which helps target the 

PP2A to a particular substrate as well as regulate that catalytic and scaffold activity of the PP2A 

complex (Figure 3; Janssens and Gorris, 2001; Chen et al 2008).  The A subunit, a founding 

member of huntington-elongation-A subunit-TOR repeat protein family (Ruediger et al., 

1992; Groves et al., 1999) binds the regulatory B and and catalytic C subunits forming 

holoenzymes with distinct functions and features (Zhou et al., 2004). The A subunit is critical to 

the formation of the PP2A heterotrimeric complex and is still capable of altering the activity of 

the C subunit even if the B subunit is absent (Kamibayashi et al., 1992; Turowski et al., 

1997; Price and Mumby, 2000). 

 

 

 

 

 

 

Figure 3.  Schematic of the PP2A complex showing the relationship of the A, B and C subunits. 

While the different A and C subunits present in a genome have highly conserved 

sequences, the PP2A B subunits are more heterogeneous (Jones, 1993). At least 3 different 

classes of regulatory subunits have been identified: B, B’, and B’’ (Lange et al., 2013). Post-

translation modifications and other binding proteins also contribute to regulating PP2A activities 

(Xu et al., 2006). TON2 is a divergent member of the B’’ (PR72) regulatory subunit family and it 

directly interacts with the Arabidopsis PP2AA1/RCN1 subunit, suggesting that it is a genuine 

subunit of a PP2A complex (Camilleri et al. 2002; Spinner et al., 2013).  Spinner et al. (2013) 

A subunit 

B-subunit C-subunit 
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showed that within a complex, TON2 establishes contact with both TON1, and TRM (TON1- 

recruiting motif) proteins, and by itself is able to form a heterotrimeric PP2A enzyme with A- 

and C- type subunits. Using TON2 as bait, they identified not only TON1a and TON1b, but also 

PP2A catalytic subunits (PP2AC3/C4), and all three PP2A-scaffolding subunits present in 

Arabidopsis (PPSAA1/RCN1, PP2AA2 and PP2AA3). This evidence confirms that TON2 acts 

as a PP2A regulatory subunit. 

 

Arabidopsis TON2 Contains 2 EF Hand Domains 

 Similar to B’' subunits from other organisms, when the protein domain structure of TON2 

is observed, it shows the presence of two putative Ca2+ binding sites formed by E and F helices 

(EF-hands 1 and 2; Figure 4; Ahn et al., 2007; Heazlewood et al., 2007).   EF hands are calcium 

binding helix-loop-helix motifs found in a subset of proteins that bind calcium. The typical EF-

hand contains a sequence of 12 residues with X•Y•Z•–Y•–X••–Z pattern, where X, Y, Z, –X, –Y 

and –Z are the amino acids important for metal coordination and the dots represent intervening 

residues (Lewit-Bentley and Rety, 2000). These residues are known to bind calcium with 

coordination of the ion in a pentagonal bipyramidal configuration (Deng et al., 2005).  Of these 

various B’’ regulatory subunits, only the human PR70 and PR72 proteins have been shown to 

bind calcium and that the calcium binding is dependent on intact EF hand domains (Davis et al., 

2008; Wlodarchak et al. 2013). Mutation of the first EF-hand in PR70 (EF1) caused a reduction 

in calcium binding when compared to the wild type and a nearly abolished ability to bind 

calcium when both EF1 and EF2 were mutated (Davis et al., 2008). This suggests the possibility 

that the TON2 EF hands are also functional in calcium binding.  In addition to abolishing 
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calcium binding, mutation of the PR70 EF hand domains interferes with A subunit interaction 

(Davis et al., 2008).  

 

Figure 4.  Alignment of the two EF hand domains found in B’’ subunits from various organisms.  

TON2, DCD1, and RSA-1 are divergent B’’ subunits while PR70 and PR72 are canonical. Only 

PR70 and PR72 have been shown to bind calcium experimentally. The asterisks indicate highly 

conserved amino acids important for EF hand calcium binding and highly conserved amino acids 

are shown in red.  Sequences taken from Camilleri et al., 2002; Wright et al., 2009; Schlaitz et 

al., 2007; Wlodarchak et al. 2013; Davis et al. 2008.   

 Why is this important? Calcium is among life’s most important metals and it interacts 

with a very large number of proteins (Lewit-Bentley and Rety, 2000). In fact, Ca2+ participates in 

the regulation of various facets of cell division in plants (Hepler, 1994). Several studies show 

that transients or local gradients in the Ca2+ contribute to different events including nuclear 

envelope breakdown and reformation and cell plate formation (Hepler, 1994). Based on the 

knowledge that calcium plays key roles in cells at several levels including division and TON2 

predicted EF-hand motifs many bind calcium, several questions are raised. Is calcium a key role 

player in the functioning or/and localization of Arabidopsis TON2 at the PPB? Is one of the EF-

hand required for function, while the other is needed for localization of TON2 at the PPB? Are 

Arabidopsis TON2 EF2    307 DKDMSGSLCKQE 318   
Maize DCD1 EF2          314 DKDTNGTLSKQE 325 
C. elegans RSA-1 EF2    250 DSQRKGLLAPAD 261 
Human PR72 EF2          290 DTDHDLYISQAD 301 
Human PR70 EF2      240 DLDGDGALSMFE 251 
                            * * ** *   *           

Arabidopsis TON2 EF1    119 DEDSDGFLHSDE 210 
Maize DCD1 EF1          206 DEDSDGFLQPHE 217 
C. elegans RSA-1 EF1    148 SENSTEISSYSL 159 
Human PR72 EF1          181 DVAGQGYLRESD 192 
Human PR70 EF1      166 DTDHDLLIDADD 177 
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both EF-hands complimentary in their role of functioning and localization of TON2 at the PPB? 

Do the EF-hands play any role at all? 

 To begin to address these questions, I have created a series of molecular biology tools. 

First, to determine if TON2 binds calcium, I generated the reagents for a calcium-binding assay. 

Calcium-binding is a simple and reliable method for the measurement of calcium binding to 

proteins and peptides (Kawasaki et al., 1985). The constructs I made allow for expression of 

wild-type TON2 protein as well as TON2 proteins with mutated EF hand domains.  

 To address the questions dealing with the role of the EF hands in the functioning and 

localization of TON2 at the PPB, I created constructs that fused a fluorescent protein to TON2, 

to TON2 proteins with the individual EF1 and EF2 domains mutated, and to TON2 with both EF 

hands mutated. These constructs were transformed into ton2 heterozygous mutant plants (since 

the homozygous mutants are sterile) and the transformed plants were then assayed to determine 

1) if the TON2 fusion protein can rescue the mutant phenotype and 2) if the TON2 fusion protein 

localizes to the PPB.  If it is ascertained that the wild-type protein can rescue the mutant 

phenotype and is localized correctly, TON2 fusion proteins with mutated EF hand domains will 

be evaluated in the same experiments to see if intact EF hand domains are necessary for 

phenotype rescue and localization to the PPB. 
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CHAPTER 2 

RESULTS 

 

Description and Evaluation of ton2 Mutants 

 ton2 mutants are critical to the evaluation of the function of the TON2 EF hand domains  

The Wright lab had previously obtained the ton2-13 and ton-14 mutants (Camilleri et al., 2002).  

However, these mutants were resistant to kanamycin meaning if they were transformed with a 

construct containing the kanamycin resistance gene, kanamycin could not be used to select for 

the transformed plants.  Five additional putative ton2 mutants were obtained from the 

Arabidopsis Biological Resource Center:  SALK134807, SALK147212, SALK090869, 

CS84613, CS8150.  Seeds from the mutant and putative mutant lines were germinated on MS 

plates and assayed for the segregation of seedlings with the characteristic ton2 phenotype (Table 

1).  As expected, ton2-13 and ton2-14 segregated ton2-like seedlings as did SALK134807, 

CS84613, and CS8150.  SALK147212 and SALK090869 did not segregate mutant embryos and 

were not considered for further use.  

 % wild type 
seedlings 

% mutant 
seedling 

Total 
seedlings 
examined 

Number of 
seeds that 
did not 
germinate 

SALK134807 92.16 7.84 51 3 
SALK147212 100 0 45 6 
SALK090869 100 0 28 1 
CS84613 93.75 6.25 32 0 
CS8150 84.62 15.38 39 3 
ton2-14 91.14 8.86 79 119 
ton2-13 93.05 6.95 230 54 

 

Table 1.  Evaluation of putative ton2 alleles for the segregation of seedlings with the 
characteristic ton2 phenotype.   
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Development of Genotyping Protocol for the ton2 SALK134807 Line 

 Since future experiments required the ability to genotype for the presence of the ton2 

mutations, all the mutant lines needed genotyping protocols.  Amanda Wright had previously 

developed genotyping protocols for ton2-13 and ton2-14 (personal communication), so protocols 

were needed for SALK134807, CS84613, and CS8150.  The ton2 mutation in the SALK134807 

line is caused by a T-DNA insertion.  Using the standard protocol recommended by the SALK 

Genomic Analysis Laboratory, two primers flanking the T-DNA insertion (LP and RP) as well as 

one that recognizes the T-DNA insertion (BP) were obtained.  A triplex PCR was performed and 

if the wild-type allele was present, an 1500 bp band amplified.  If the T-DNA insertion allele was 

present, a 1200 bp allele amplified.  If the plant being analyzed was heterozygous, both bands 

would be amplified (Figure 5).  The ton2 mutations in the CS84613 and CS8150 lines were 

caused by EMS mutagenesis. The location of the mutations within the ton2 gene is currently not 

known so genotyping protocols have yet to be created. 
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Figure 5.  Electrophoresis of representative SALK135807 genotyping PCR reactions.  Lane 1 is 
the DNA ladder.  Lanes 2-8 are plants are from a population segregating the SALK135807 allele 
that were morphologically wild type and genotyped as homozygous wild type.  Lane 9 contains a 
Arabidopsis Col-0 wild-type control which genotyped as homozygous wild type and Lane 10 is a 
SALK135807 control which was morphologically normal and genotyped as homozygous mutant.   
 

 

Arabidopsis Expression Vector Construction and Transformation 

 The first step in creating constructs that encode for the TON2 protein fused to a 

fluorescent protein is to amplify the TON2 cDNA and clone it into a vector so it is available for 

future manipulation.  To this end, Arabidopsis thaliana Col-0 complimentary DNA (cDNA) and 

genomic DNA (gDNA) were used as templates to amplify the TON2 gene using primers that 

would add the appropriate restriction sites or TOPO cloning sites to the end of the PCR products.  

PCR products of the expected sizes (4212 for the gDNA and 1443bp for the cDNA) were visible 

on the gel after electrophoresis (Figure 6).  The gDNA PCR product included the coding region 

as well as ~3kb of upstream native promoter sequence.  

1   2   3   4   5  6   7  8  9  10       

1650 bp 

1000 bp 

11 



 After gel purification, the PCR products amplified from cDNA were ligated into the p-

GEM T-easy vector (Promega) and while PCR products amplified from both the cDNA and 

gDNA amplified were ligated into pcr8/gw/topo (Life Technologies). The ligations were 

transformed into E. coli and sequenced to ensure that no mutations were introduced during PCR 

amplification (Figure 7).  

 The TON2 cDNA and gDNA fragments were then moved from these intermediate vectors 

into the final destination vectors.  The TON2 cDNA was digested from the pGEM vector and 

ligated into the pZERK-LNY vector creating a TON2:YFP fusion protein under the control of 

the constitutively expressed 35S promoter (Figure 8).  The TON2 cDNA from pcr8/gw/topo was 

moved into the PMDC45 and PMDC85 vectors via homologous recombination creating TON2 

proteins with N terminal and C terminal GFP fusion proteins both driven by the 35S promoter 

(Figures 9 and 10).  Finally, the TON2 gDNA was homologously recombined into the PMDC107 

vector creating a TON2:GFP fusion protein driven by the TON2 native promoter (Figure 11). All 

constructs were initially transformed into E. coli, then moved into Argobacterim.  
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Figure 6.  Electrophoresis of TON2 cDNA and gDNA PCR products.  A) Lane 1 is the DNA 
ladder.  Lanes 2-7 contain 1442 bp PCR products resulting from using the topoton2cDNAfor/rev 
primer pair to amplify from Arabidopsis cDNA.  Lanes 8-13 contain 1442 bp PCR products 
resulting from using the pERZKton2cDNAfor/rev primer pair to amplify from Arabidopsis 
cDNA.  B) Lane 1 is the DNA ladder.  Lanes 2-7 contain 4212 bp PCR products resulting from 
using the topoton2gDNAfor/rev primer pair to amplify from Arabidopsis gDNA. 

  1        2       3       4       5       6      7        

B 

1     2     3     4     5      6     7     8     9    10    11   12   

A 

1650 bp 
b b  

1000 bp 

4000 bp 

5000 bp 
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Figure 7.  Schematics of the intermediary vectors.  A)  TON2 cDNA cloned into pGEM-T easy, 
B) TON2 cDNA cloned into pcr8/gw/topo, C)  TON2 gDNA cloned into pcr8/gw/topo. EF hand 
domains are indicated by orange blocks.  
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Figure 8.  Schematic of the pEZRK-LNY_TON2cDNA construct which encodes a TON2:YFP 
fusion protein driven by the 35S promoter.  The fusion protein gene cassette and the kanamycin 
resistance gene lie between the left and right borders (LB and RB) and are inserted into the 
Arabidopsis genome during Agrobacterium mediated transformation.  
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Figure 9.  Schematic of the pMDC45_TON2cDNA construct which encodes a GFP:TON2 
fusion protein driven by the 35S promoter.  The fusion protein gene cassette and the kanamycin 
resistance gene lie between the left and right borders (LB and RB) and are inserted into the 
Arabidopsis genome during Agrobacterium mediated transformation.  
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Figure 10.  Schematic of the pMDC85_TON2cDNA construct which encodes a TON2:GFP 
fusion protein driven by the 35S promoter.  The fusion protein gene cassette and the kanamycin 
resistance gene lie between the left and right borders (LB and RB) and are inserted into the 
Arabidopsis genome during Agrobacterium mediated transformation.  
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Figure 11.  Schematic of the pMDC107_TON2cDNA construct which encodes a TON2:GFP 
fusion protein driven by the TON2 native promoter (~3kb of upstream sequence).  The fusion 
protein gene cassette and the hygromycin resistance gene lie between the left and right borders 
(LB and RB) and are inserted into the Arabidopsis genome during Agrobacterium mediated 
transformation.  
 

Initial Assessment of the Expression and Localization of the TON2 Fusion Proteins 

DCD1/ADD1, the maize homologues of TON2, localize to the PPB in dividing maize leaf 

epidermal cells (Wright et al., 2009).  Recently, Arabidopsis TON2 was also reported to localize 

to the PPB (Spinner et al., 2013).  To replicate the observation that TON2 localizes to the PPB, 

35S:GFP:TON2cDNA, 35S:TON2cDNA:GFP, native promoter:TON2gDNA:GFP and 
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35s:TON2cDNA:YFP constructs were successfully transformed into Arabidopsis WT Col-0, and 

mutant Salk 135807, ton2-13, ton2-14, cs8150 and cs84613 plants using the Argobacterium 

floral dip method (Clough et al.,1998). After the transformed plants matured, the seeds were 

collected and selected for the presence of the fusion construct by germinating the seedlings on 

plates with the appropriate selection herbicide.  Primary transformants were either transplanted 

into soil so the plant could mature and seed could be collected or the seedlings were examined 

using a confocal microscope for GFP or YFP expression.  

A total of 325 positive transformants were visualized using a confocal microscope (Table 

2).  Although YFP or GFP expression was often observed, the YFP and GFP signal was never 

organized in a discrete band reminiscent of the PPB.  To confirm that the expression seen in the 

primary transformants was not due to auto fluorescence, untransformed Colombia seedlings were 

observed as a control (Figure.10).  The lack of detectable YFP and GFP expression suggests that 

these fusion proteins may be expressed at a very low level.  

 

 Col-0 Salk135807 Ton2-13 Ton2-14 Cs8150 Cs84613 

35S:GFP:TON2cDNA 53 19 12 12 12 N/A 

35S:TON2cDNA:GFP 29 25 13 9 13 N/A 

35s:TON2cDNA:YFP 17 11 21 8 20 N/A 

native 

promoter:TON2gDNA:GFP 

16 8 13 

 

3 11 N/A 

Total positive screened 115 63 59 32 56 N/A 

Table 2.  Number of primary positive transformants visualized using the confocal microscope.  
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No expression 

 

 
Non-localized expression 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 10: Confocal imaging of the roots from representative primary transformant seedling. A) 
Control, untransformed Col-0 seedling. B) Positive transformant grown on a selective plate with 
no expression observed. C) Positive transformant driven by ton2 native promoter, but no PPB 
localization was observed. D) Positive transformant driven by 35s promoter, but no PPB 
localized expression was observed. 

 

 

Generation of Tools Necessary to Determine if TON2 Binds Calcium 

To determine if TON2 can bind calcium, a construct that allows the expression and 

purification of the TON2 protein was created.  The TON2 cDNA was cloned into the pET42 

vector creating a GST:TON2 gene cassette downstream of the T7 promoter.  This construct was 

transformed into BL21 E. coli cells to allow for the expression of the fusion protein upon 

A 

B 

C 

D 
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induction with ITPG. The GST tag will allow the TON2 protein to be purified so that it can be 

electrophoresed on an SDS-PAGE gel and incubated with radioactive calcium to determine if 

TON2 can bind calcium (Figure 11).  Initial attempts to induce the expression of the GST:TON2 

were not successful since there were no differences between protein extracts isolated from 

induced and non-induced cells and separated via SDS-PAGE electrophoresis.   

 

Figure 11: Schematic of the pET42a+ton2cDNA construct which encodes a GST:TON2 fusion 
protein driven by the T7 promoter for overexpression in E. coli.    

 

 

Site Directed Mutagenesis of TOPO and pGem Vectors 

 To determine their function, the EF hand domains need to to mutated in such a way that 

they can no longer bind calcium.  Our mutatgenesis was modeled after the one performed by 

Davis et al. on the PR70 EF hand domains (2008).  Briefly, primers were designed that anneal to 
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either the EF1 or EF2 domain.  The primers each contained two nucleotide differences that 

introduce mutations to the EF hand domain in the final product (Figure 12).   

 

Figure 12.  TON2 schematic showing the position and amino acid sequence of the EF-hand 
motifs.  The bold amino acids indicate the mutations introduced in the EF hands. The canonical 
EF-hand residues involved in coordination of calcium are indicated by the letters x, y, z, -x, -y, 
and -z using standard nomenclature.  

 

The mutagenesis was performed on all three previous described intermediary vectors as 

well as the pET42a_TON2cDNA vector.  The mutagenesis primers were combined with each 

plasmid and Taq polymerase.  The Taq polymerase copied the plasmid introducing the mutation 

as it did.  DpnI was used to digest away the original plasmid and the newly generated plasmid 

was transformed into E. coli.  Prior to transformation, the presence of the newly mutated plasmid 

was confirmed by electrophoresis (Figure 13).  The mutatagenesis protocol was provided by a 

QuikChange II Site Directed Mutagenesis kit (Aligent Technologies).  

 

 EF1  EF2  

                              X   Y  Z   X-  Y- Z  
WT              199 – DEDSDGFLHSDE-210  
EF1 (x,y)     199 – AEASDGFLHSDE-210  
EF2 (x,y)     199 – DEDSDGFLHSDE-210  
EF1/2 (x,y)  199 – AEASDGFLHSDE-210  
  

          X   Y  Z   X-  Y- Z  
307 – DKDMSGSLCKQEL-319  
307 – DKDMSGSLCKQEL-319  
307 – AKAMSGSLCKQEL-319  
307 – AKAMSGSLCKQEL-319  
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Figure 13:  Production of high molecular bands indicate that mutagenized vectors were 
successfully created.  The expected size of the pGEM+ton2cDNA vectors is 4495 bp, the 
TOPO+ton2cDNA is 4260 bps and the TOPO+ton2gDNA is 7019 bps.  The “*” in the vector 
title indicates which EF hand domain is mutated. Lane 1: 1Kb plus DNA ladder, Lanes 2 and 10: 
pGEM+ton2cDNA EF1*, Lanes 3-4 and 11-12: TOPO+ton2cDNA EF1*, Lanes 5 and 13: 
TOPO+ton2gDNA EF1*, Lanes 6 and 14: PGEM+ton2cDNA EF2*, Lanes 7-8 and 15-16: 
TOPO+ton2cDN EF2*, and Lanes 9 and 17: TOPO+ton2gDNA EF2*.  In this case, mutagenesis 
products in lanes 13 and 17 could not be observed, but transformation was successful indicating 
that the correct products were present, but at a low concentration.   

  

Mutations were successfully introduced in the EF hands of the following constructs: 

pGEM-T easy_TON2dDNA, TOPO_TON2cDNA, and TON2-gDNA, and pET42a-TON2cDNA 

After the mutations were introduced, the TON2 genes with the mutated EF hands were ligated 

into the pZERK-LNY vector or recombined into the vectors PMDC45, PMDC85, and PMDC107 

as appropriate and transformed into Arabdiopsis wild-type and ton2 mutant lines.  In the future, 

these mutated TON2 expression vectors will be used to evaluate if EF hand domains are 

necessary for ton2 mutant phenotype rescue and/or TON2 localization to the PPB.  The mutated 

pET42 construct will be used to determine if the EF hand domains are needed for TON2 calcium 

binding.  

 

1    2    3    4     5     6    7     8    9   10   11  12  13  14   15  16   
    

10000 

4000 
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CHAPTER 3 

DISCUSSION 

 I have created a variety of tools that will be useful in determining if the EF hand domains 

of Arabidopsis TON2 bind calcium and if the EF hand domains are needed to rescue the ton2 

mutant phenotype and to localize the TON2 protein to the PPB.  Though initial attempts to use 

the tools where not successful, optimizing the experimental protocols is likely to produce the 

desired results.  

 

Calcium Binding Assay 

 Although SDS PAGE did not show induction of the desired GST:TON2 protein, I also 

was not able to obtain induction of PR70, a positive control used in the Davis et al. experiment 

(2008).  This suggests that induction conditions need to be optimized by changing the 

temperature or duration of the induction period.  There is also a chance that these proteins are 

weakly expressed, thus making them difficult to observe on an SDS PAGE gel. To address this 

issue a western blot using GST antibodies will be conducted. If successful induction of the 

TON2 proteins and PR70 is achieved, a GST-purification will be done, and then a calcium-

binding assay will be performed. I expect to see PR70 bind calcium.  Davis et al, found that 

mutation of the first EF-hand (of PR70) caused a reduced binding of calcium when compared to 

the wild type, and a nearly abolished ability to bind calcium when both EF1 and EF2 were 

mutated (Davis et al., 2008).  I also expect to see TON2 bind calcium, and TON2 with only one 

or both EF hand, bind calcium less or not at all. However, if PR70 shows binding of calcium, and 

WT TON2 shows no binding of calcium, it would suggest calcium binding does not have any 

role to play in the function of TON2 and its localization at the PPB.  

 

24 



Expression of TON2 Fusion Proteins in Arabidopsis 

 Although I screened hundreds of plants, I did not see any PPB specific localization of 

TON2 in any seedling expressing any of the fusion constructs I created.  I tried troubleshooting 

the confocal microscope by varying the intensity of the laser light, changing the pinhole diameter 

to allow more light in, visualizing at different magnifications, and several other actions to 

improve the resolution, all to no avail. So the initial focus has shifted to finding plants with the 

rescued phenotype. If a plant with the rescued phenotype is found, more options like 

immunolocalization of TON2 can be attempted to see if the localization of TON2 at the PPB can 

be observed. We also obtained T:G:T (TON2pro:GFP:TON2)  from Dr. Viktor Kirik (Illinois 

State University) to use as a positive control since they successfully transformed and visualized 

the construct in ton2 plants (Kirik et al., 2012). I have transformed this construct into our 

respective mutants and have collected seeds, but I did not have time to screen the next generation 

for positive transformants for visualization. If we are able to eventually observe localization of 

TON2 at the PPB, we expect to observe localization of WT TON2 (both the T:G:T constructs 

from Dr. Kirik, and our designed WT TON2) at the PPB of both WT Col-0, and positive 

transformants of the ton2 mutant plants. If plants transformed with mutated EF1 or EF2 TON2 

are localized to the PPB then the particular mutated EF hand is not needed for localization. On 

the other hand, if there is no PPB localization in these plants, it suggests the particular mutated 

EF hand plays a role in successful localization of TON2 at the PPB in ton2 plants. If mutant 

plants carrying the TON2 with both EF1 and EF2 hand mutated still localizes to the PPB (in 

which case other plants with only one EF hand mutated should also localize to the PPB), this 

would suggest neither of the EF hands or calcium binding is necessary for the localization of 

Arabidopsis TON2 at the PPB. If plants with this construct do not show correct localization, it 
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could mean either of the two EF hands are required for they play complimentary roles in 

localization of TON2 at the PPB.  

 Our focus had been more on observing localization of TON2 at the PPB, but has shifted 

more towards rescue of phenotype. We currently have seeds of heterozygous Arabidopsis mutant 

plants (Salk 135807, ton2-13, ton2-14, cs8150 and cs84613) with the wild type and mutated EF 

hands (EF1 mutated, EF2 mutated, EF1/EF2 mutated) versions of 35S:GFP:TON2cDNA, 

35S:TON2cDNA:GFP, native promoter:TON2gDNA:GFP and 35s:TON2cDNA:YFP constructs 

transformed into them. These seeds will be grown on MS plates with the appropriate herbicides 

(Hygromycin or Kanamycin), and positive transformants will be allowed to grow to full adult. 

Their DNA will then be extracted and genotyped accordingly (salk135807, ton2-13, and ton2-14 

via PCR and cs8150 and cs84613 via sequencing). If any of the plants genotype comes out to be 

mutant, and the phenotype appears WT, then the transformed TON2 has successfully rescued the 

mutant plant. If the genotype comes up heterozygous, then the seeds from that plant will be 

collected, and the next generation is grown on the plate with the 25% wild  type: 50% 

heterozygous: 25% mutant segregation. If the next generation of this plant shows no mutant 

phenotype, or a very low percentage mutant plant, the plant has been successfully rescued by the 

transformed TON2. We can then compare plants being rescued based on the condition of the 

TON2 in them. We expect mutant plants with WT TON2 in them to be rescued. If plants with 

transformed TON2 containing only EF1 or EF2 hand mutated rescues, then the particular 

mutated EF hand is not needed for rescue. On the other hand, if there is no rescue in these 

respective plants, it suggests the particular mutated EF hand plays a role in successful rescue of 

phenotype in ton2 plants. If mutant plants with TON2 containing mutation in both EF1 and EF2 

hands still get rescued (in which case other plants with only one EF hand mutated should still be 
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rescued), this would suggest neither of the EF hands or calcium binding is necessary for the 

functioning of Arabidopsis TON2. If plants with this construct do not get rescued, it could mean 

either of the two EF hands is required for rescue, or they play complimentary roles in TON2 

functioning.  
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CHAPTER 4 

MATERIALS AND METHODS 

 

Materials 

 

Bacteria Strains 

Escherichia coli  

JM109 (Sigma-Aldrich®), One Shot® TOP10 (InvitrogenTM), C3019H NEB 10-beta (New 

England BioLabs®Inc), One Shot® ccdB SurvivalTM 2T1R (InvitrogenTM), BL21 (DE3) (Agilent 

Technologies) 

Agrobacterium tumefaciens 

GV3101 strain with pMP90RK (Arantza et al., 2010). 
 
 

Enzymes 

All restriction enzymes were purchased from New England Biolabs.  

Other enzymes:  Taq DNA polymerase (NEB), Ex Taq DNA polymerase (Takara Bio Inc.), 

Herculase II Fusion DNA polymerase (Agilent), Taq Flex,PfuUltra Hotstart (Stratagene), LR 

Clonase II (GATEWAY®-Technology) (Invitrogen), T4 DNA ligase, RNase A (Promega) 

 

Vectors 

pET-42a (+) DNA (Novagen), pGEM-T Easy (Promega), pEZRK-LNY (Smith et al., 2008) 
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pcr8gwtopo (Invitrogen), GATEWAYTM Compatible Plant expression vector to express cDNA 

under the control of CaMV35S promoter: pMDC45 and pMDC85, and to express gDNA under 

the control of the native promoter: pMDC107 (Curtis et al., 2003) 

  

Arabidopsis thaliana  

Wild type:  Columbia (Col-0) from LEHLE SEEDS, Landsberg erecta (Ler-0) from LEHLE 

SEEDS 

tonneau2 mutants:  ton2-13 and ton2-14 (Camilleri et al., 2002); cs8150, cs84613, SALK 

135807 (Arabidopsis Biological Resource Center (ABRC) 

 

Chemicals and Kits 

Laboratory grade chemicals were purchased from Sigma-Aldrich, Fisher Scientific, and 

Caisson labs. ZymocleanTM Gel DNA recovery kit, ZR Plasmid MiniprepTM- Classic kit, and 

ZyppyTM Plasmid Midiprep kit, and the associated lysis, neutralization, endo-wash and eluting 

buffers were purchased from Zymo Research. Unless otherwise stated the water used to prepare 

all solutions and media was double deionized, obtained from the UNT Life Science complex 

deionized plumbing system, followed by autoclaving. Quickchange II Site directed mutagenesis 

kit (catalo #200523) was purchased from Agilent Technologies. The TOPO cloning reaction kit 

with the salt solutions were purchased from Invitrogen. Pierce GST purification kit and the 

associated collection tubes, column plugs, glutathione, and equilibration/wash buffer were 

purchased from Fisher. 

 

Genomic, Plasmid, and Oligonucleotide primer DNAs and templates sources 
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Arabidopsis Col-0 cDNA was obtained from Dr. Patrick Horn. Arabidopsis Col-0, Lernsberg, 

ton2-13, ton2-14, cs8150 gDNA were obtained by growing the respective plants and extracting 

DNA. pWhitescript 4.5-kb control plasmid was purchased from Agilent Technologies. 

Mammalian PR70 (homologue of TON2) was obtained from Dr. Anthony Davis, UT 

Southwestern.  

Primer names/ Primer sequence Notes 

Oligonucleotide control primer #1 [34-mer (100ng/ul)] 

5’ CCA TGA TTA CGC CAA GCG CGC AAT TAA CCC TCA C 3’ 

Agilent 

Oligonucleotide control primer #1 [34-mer (100ng/ul)] 

5’ GTG AGG GTT AAT TGC GCG CTT GGC GTA ATC ATG G 3’ 

Agilent 

topoton2 cDNA for /ATGTATAGCGGATCTAGCGA  

topoton2 gDNA for/ CGCCCTGAAATGCACACTCT  

topoton2 rev/ CTGAGACTCTTCCTCAGGTG  

pERZKton2 cDNA 

for/ATATATGTCGACATGTATAGCGGATCTAGCGA 

 

pERZKton2 gDNA 

for/ATATATGTCGACCGCCCTGAAATGCACACTCT 

 

pERZKton2 rev/ TATATAAGGTACCCTGAGCTCTTCCTCAGGTG  

S-Tag primer/ GAACGCCAGCACATGGACA  

ton2for1000/ GCCCTGAAATGCACACTCTT  

ton2rev1000/ AGACGCTCTAGGTTCGAAGT  

ton2for2000/ TTGAGCTCCAGAGAGGGAGA  

ton2rev2000/ AATTTTCTCTCAAACAAACC  
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ton2for3000/ GTGTGATTGATGATGCCACT  

ton2rev3000/ TAGTTCCTGCAGACAGTTAC  

ton2for4000/ ATGGAATTGCATCAGGTAAG  

ton2rev4000/ TCACTGAGACTCTTCCTCAG  

TON2 EF1 for/ 

TGATATGAGTGAGCTTGCCGAAGCCTCTGATGGTTTCCTTC 

PAGE purified 

TON2 EF1 rev/ 

GAAGGAAACCATCAGAGGCTTCGGCAAGCTCACTCATATCA 

PAGE purified 

TON2 EF2 for/ 

ATATGTTCCTCGCACTTGCTAAAGCTATGAGTGGATCGCTGTG 

PAGE purified 

TON2 EF2 rev/ 

CACAGCGATCCACTCATAGCTTTAGCAAGTGCGAGGAACATAT 

PAGE purified 

fasscDNAecorI rev/ 

TATATAGAATTCCTGAGACTCTTCCTCAGGTG 

 

Exon6for/ CGAAG ACTCT GATGG TTTCC  

Intron8rev/ GGAAC AATCA GAAAA CACAA GC  

tDNArev1/ CGTAA TGAGT GACCG CATCG  

pERZKton2 rev/ TATATGGTACCCTGAGACTCTTCCTCAGGTG  

pERZKton2 gDNA N1 for/ 

ATATATGTCGACTACACACTTACATTTCAGGA 

 

pERZKton2 gDNA N2 for/ 

ATATATGTCGACCAGTCTATAGATAACCCAGA 

 

pERZKton2 gDNA N3 for/  
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ATATATGTCGACAAAGCACCTCCTTCTCCTCC 

LBb1/ GCGTGGACCGCTTGCTGCAACT  

LBa1/ TGGTTCACGTAGTGGGCCATCG  

LB_6313R/ TCAAACAGGATTTTCGCCTGCT  

LBb1.3/ATTTTGCCGATTTCGGAAC  

SALK_135807 LP/ CAGATATGAGACTCGCGGAAC   

SALK_135807 RP/ CCCTAATCTGGCACAACTGAG    

SALK_147212 LP/ GGATTCTGGAAGGGCAGTTAG  

SALK_147212 RP/ GTTCCGCGAGTCTCATATCTG  

SALK_090869 LP/ TGACGTATTTATTCCGTTGCC  

SALK_090869 RP/ TTGCAGGAGAAAGAGCAAGAG  

M13 for(-20)/ GTAAAACGACGGCCAGT  

M13 rev/ AACAGCTATGACCATG 
 

 

ton2(int)cDNA for/GGATGAGGCTGGGAGGATTG 
 

 

ton2 (int1) gDNA/ TTCATTTGGTGACTAACATT 
 

 

ton2 (int2) gDNA/ AGAAGAAGTTTAATGTTTTT 
 

 

ton2 (int3) gDNA/ CTTTTATGTCAAGTTCCTTA 
 

 

ton2 (int4) gDNA/ GTGGTACTGATCGAGACACG 
 

 

pERZKton2 gDNA2 for/ 
ATATATGTCGACTTATCACCTTTAGCTCCACT 
 

 

topoton2 cDNA2 for/ GTTCCTGGTTCAGTCTCACC 
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Media and Solutions 

Media and solutions for bacteria and Arabidopsis thaliana was prepared as described. 

LB media (per liter) 
 
10g of NaCl 
10g of tryptone 
5 g of yeast extract 
20g of agar (for plates only) 
Add ddH2O to a final volume 
of 1 liter 
Adjust pH to 7.0 with 5 N 
NaOH 
Autoclave 
Pour into petri dishes 
(~25ml/100-mm plate)  
 

YEP media (per liter) 
 
10g yeast exract 
10g peptone 
5g NaCl 
Add ddH2O to a final 
volume of 1 liter 
15g agar (for plates only) 
 

SOC 
 
20g Bacto Tryptone 
5g Bacto Yeast Extract 
2ml of 5M NaCl. 
2.5ml of 1M KCl. 
10ml of 1M MgCl2 
10ml of 1M MgSO4 
20ml of 1M glucose 
Adjust to 1L with distilled 
H2O 
Sterilize by autoclaving 
 

5% Sucrose/0.05% Silwet- L-
77 
250ML dH2O 
12.5g Sucrose 
125uL Silwet-L-77 

H2O/bleach/triton X-100 
solution 
50% dH2O 
50% Bleach 
0.2% Triton X-100 

 

NZY+ Broth (per liter) 
 
10g of NZ amine (casein 
hydrolysate) 
5g of yeast extract 
5g of NaCl 
Add ddH2O to a final volume 
of 1 liter 
Adjust to pH 7.5 using NaOH 
Autoclave 
Add the following filter-
sterilized supplements prior to 
use: 
12.5 ml of 1 M MgCl2 
12.5 ml of 1 M MgSO4 
20 ml of 20% (w/v) glucose (or 
10 ml of 2 M glucose) 
 

MS agar plates (per liter) 
 
4.4 MS powder (there is ~ 
4.4g in each MS packet) 
10g sucrose (1% final 
concentration) 
Note* do not include 
sucrose if you notice too 
much contamination. 
Add ddH2O to a final 
volume of 1 liter 
Adjust to pH 5.7 using 1 M 
KOH 
Add 7g of phytoblend agar 
Autoclave 
 
 
 

Antibiotics/ Final 
concentration in media 
 
Gentamycin/ 50ug/ml 
Kanamycin/ 50ug/ml 
Hygromycin/ 15-50ug/ml 
Rifampicin/ 50ug/ml 
Spectinomycin 100ug/ml 
Agro 
 
Filter-sterilize antibiotics 
using syringe and 0.2u filter 
unit. Add antibiotics to media 
after it has cooled to ~50oC.  
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Buffers and Solutions 

TE buffer (pH 8.0) was composed of 10 mM Tris and 1 mM EDTA. 10x PfuUltra Buffer 

(contains Mg++) was purchased from Stratagene. 100mM Tris: 10ml of 1M Tris pH8. 1x SDS-

PAGE running buffer was prepared from a 5x stock solution composed of 15g Tris-base, 72g 

glycine, and 5 g SDS per 1 L deionized water. SDS sample loading buffer was made to total 

40ml, and contained 16ml of ddH2O, 5m of 0.5 M Tris, pH 6.8, 8 ml of 50% Glycerol, 8ml of 

10% SDS, 2ml of 2-βmercaptoethanol (add immediately before use) and bromophenol blue.                         

The 1X PBS buffer for Western blotting (yet to be done)was composed of 800 ml distilled H2O, 

8 g sodium chloride, 0.2 g potassium chloride, 1.44 g sodium phosphate, 0.24 g potassium 

phosphate, pH 7.4, with a final volume of 1 L. The buffer was then sterilized by autoclaving.  

Coomassie Blue Stain: 10% (v/v) acetic acid, 0.006% (w/v) Coomassie Blue dye and 90% 

ddH2O. Isopropanol Fixing Solution: 10% (v/v) acetic acid, 25% (v/v) isopropanol, 65% ddH2O 

10% Ammonium Persulfate (APS): 0.1g ammonium persulfate was added to 1 ml dH2O and 

vortexed for about 30 sec. APS solution needs to be made fresh every time prior to use. 

 

Instruments and Equipment 

An Eppendorf thermocyler was used for all polymerase chain reactions. An Eppendorf 

microcentrifuge was used for room temperature centrifugations of small samples. A NanoDrop 

1000 Spectrophotometer was used to quantify DNA, and to determine the OD600 of cell culture. 

A refrigerated microcentrifuge was used for pelleting IPTG-induced cells. An electroporator was 

used to transform electrocompetent cells. A sonicator was used to sonicate induced cells during 

protein extraction. An electrophoresis system was used run agarose and SDS-PAGE gels to 

separate DNA and induced protein lysates. A vacuum pump was used to degas polyacrylamide 
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gel electrophoresis solutions. A shaker at room temperature was used stain agarose gel and SDS-

PAGE gels to prepare for visualization. A Zeiss LSM710 confocal microscope was used for 

visualizing Arabidopsis root cells. Incubators and shaking incubators were used for growing 

cultures at required temperature and speed for a given time period. A microwave was used to 

melt agarose, allowing it to go into solution to make agarose gels. Water bath and heat block 

were used to heat up reactions and heat shock bacteria at given temperature. 4oC, -20oC, and -

80oC refrigerators were used to store DNA, buffers, enzymes, primers, cells as instructed by 

manufacturing companies. Sterilizing hood was used to grow Arabidopsis on plates, with UV-

light reducing chances of contamination. Vortex was used to mix up solutions. Camera was use 

to take picture of gels. Safe Imager 2.0 Blue light transilluminator was used to visualize agarose 

and SDS-PAGE gels stained with SybrSafe.  

 

Methods 

 

Growing of Arabidopsis 

Col-0 seeds were sterilized and grown on Murashige and Skoog (MS) plates and on pots 

using the procedures described below. 

 

Seed sterilization 

1 mL of 95% Ethanol was added to seeds placed in a 1.5ml microfuge tube and allowed 

to incubate for 5 minutes in tissue culture hood. After which the ethanol was decanted, and 1 mL 

of 10% Clorox bleach was added, and allowed to incubate for another 5 minutes. After decanting 
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the bleach, the seeds were rinsed out by adding 1 mL of autoclaved ddH2O. This rinsing step was 

repeated 4 times to get rid of any remaining bleach. 

 

Seed Plating 

It is very important to plate seed in a sterile environment (tissue culture hood) to prevent 

contamination. Occasionally carbecillin was added to MS plates (See protocol for preparation) to 

reduce potential bacterial contamination. After seeds were sterilized, they were suspended in 

0.05% agarose water. Using a pipette (cut off about an inch of tip for ease of plating), small 

amount of seeds in water were sucked up, and dropped on the surface of the plate. After putting 

about 20-30 seeds on a plate, the plates were sealed with Micropore tape. The seeds were then 

stored at 4oC for 2-4 days to break dormancy. The plates were then transferred to the growth 

room. After about 2 weeks, the plants were big enough for DNA extraction or transplanting. 

 

Planting in pots 

4’’ pots were filled to the top with soi (no patting down). The soil was then drenched with 

water untill the water ran out of the drainage holes. After 15 minutes the process of drenching 

was repeated. At this point seeds were spread on the pots. For ease seeds were put on filter 

papers, and separated as much as possible, to allow for spreading of appropriate number of seeds 

on pots in desired pattern. The pots were then covered with saran wrap, and secured with rubber 

bands. The pots containing the seeds were incubated at 40C for 2-4 days before being transferred 

into the green house.  
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Arabidopsis gDNA Extraction 

To extract Arabidopsis gDNA CTAB DNA extraction protocol was used. 2X CTAB 

reagent, tubes, clean pestles, tips were assembled, while heat block was set to 650C. 2uL of BME 

was added per each mL of 2 X CTAB reagents before use and incubated at 650C. Tubes were 

pre-labeled on both sides in case of chloroform erasure. If ever both labels were erased, samples 

were disposed of immediately. Arabidopsis leaves were placed in tube accordingly, and left in 

liquid nitrogen in Dewar flask until use. Liquid nitrogen was then poured into the tubes, and the 

plastic pestles were also frozen in liquid nitrogen. As soon as the liquid nitrogen in the tubes 

containing the leaves evaporated, the leaves were grinded into powder. 700uL of the 650C 

CTAB/BME solution were then added to the powdered leaves and was grounded again until all 

powder is removed from bottom of tube and is in solution. This took about a minute of careful 

grinding. The suspended leaf- solution was then incubated at 650C for at least 5 minutes, but no 

more than 2 hours. During this time, all the new tubes (top and side) got pre-labelled, one for 

each sample. 570 uL of CHCl3/IAA (24:1 Chloroform: isoamyl alcohol) was then added to the 

solution, and the tube was shaken for 10-30 seconds. The tubes were spun at 13,000 RPM for 5 

minutes. Upon removal, there were 3 layers. The aqueous (top) layer of liquid was transferred to 

new, pre-labeled tube, making sure not to carry over any CHCl3 or plant debris. 0.7 volumes of 

isopropanol (volume of sample x 0.7 = volume of isopropanol to add) was then added.  Another 

spin at 13,000 RPM for 10 minutes was done. The isopropanol supernatant was removed, leaving 

the small clear pellet. 500uL of cold 70% ethanol was then added to clean the pellet. Another 

spin at 13,000 RPM for 5 minutes was done. The ethanol supernatant was removed, and the 

pellet (DNA) was allowed to air for about 30 minutes or more. 
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Arabiodopsis cDNA prep (RT-PCR) 

The following items from the Retroscript Kit (Ambion) were combined in a PCR tube: 

2uL of 1ug/uL RNA of Arabidopsis Col-0 (obtained from Dr. Patrick Horn), 2uL of oligo dT 

primers and 8uL of cold ddH2O. The tube was then incubated at 850C for 3 minutes in a PCR 

machine. After which it was placed on ice for 30 seconds, and then touched spin briefly, and 

placed back on ice. Then the following were added to the tube: 2uL of RT buffer, 4uL of dNTP 

mix, 1uL of RNase inhibitor (Never defrost), and 1uL of RT. The tube was tapped a few times to 

mix properly, then a touch spin, and incubation at 440C for 1 hour in the PCR machine. A final 

incubation at 92oC to kill RT for 10 minute was done.   

 

Amplification of the Arabidopsis ton2 DNA 

Primers were designed to amplify the TON2 region of the Arabidopsis Columbia. 

Topoton2gDNA for/topoton2 rev were designed to include the native promoter region of the 

genomic DNA sequence. Topoton2Cdna for/ topoton2cDNArev were designed to amplify the 

very start of the ton2cDNA sequence, and the reverse the end, while excluding the stop sequence 

TAG (this is to prevent an early stop when inserted in the vector of interest). 

Pzerkton2gDNAfor/rev and pzerkton2cDNAfor/rev were designed similar to the topoton2 

primers except with restriction enzyme ends (SalI at the forward and KpnI at the reverse). 

Arabidopsis ton2 DNA was amplified via PCR. There were four sets of mixtures. The first 

contained 0.25μl dNTP mix (25mM each dNTP), 0.625μl each of 10 uM Topoton2gDNA and 

topoton2 forward and reverse primers, 5uL of 5X herculase II buffer, 0.5uL of herculase 

polymerase, 1 μl Arabidopsis genomic DNA, and 17 μl sterile double-deionized water. The 

second set of mixture composed of 0.4μl dNTP mix (25mM each dNTP), 0.625μl each of 10 uM 
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Topoton2cDNA and topoton2 forward and reverse primers, 5uL of 5X herculase II buffer, 0.5uL 

of herculase polymerase, 1.5 μl Arabidopsis cDNA, and 16.35 μl sterile double-deionized water. 

The third mixture contained: 0.25μl dNTP mix (25mM each dNTP), 0.625μl each of 10 uM 

Pzerkton2gDNA and Pzerkton2 forward and reverse primers, 5uL of 5X herculase II buffer, 

0.5uL of herculase polymerase, 1 μl Arabidopsis genomic DNA, and 17 μl sterile double-

deionized water. The fourth set of mixture composed of 0.4μl dNTP mix (25mM each dNTP), 

0.625μl each of 10 uM Pzerkton2gDNA and Pzerkton2 forward and reverse primers, 5uL of 5X 

herculase II buffer, 0.5uL of herculase polymerase, 1 μl Arabidopsis cDNA, and 16.85 μl sterile 

double-deionized water.  The following three-step cycling program was employed: First for 

mixture 1 and 3 with gDNA, pre-amplification denaturation was conducted at 95ºC for two 

minutes for one cycle. Thermal cycling followed, which consisted of denaturation done at 95ºC 

for twenty seconds, annealing gradient temperature (52 ºC, 53.7 ºC, 56.1 ºC, 57.4 ºC, 59.9 ºC, 

and 61.9 ºC) for twenty seconds, and extension, which was done at 72ºC for two minute. The 

thermal cycling was repeated for 30 cycles. After the final extension for 3 minutes at 72°C, the 

PCR products were held at 4ºC. For mixture 2 and 4 containing cDNA, pre-amplification 

denaturation was conducted at 95ºC for one minute for one cycle. Thermal cycling followed, 

which consisted of denaturation done at 95ºC for twenty seconds, annealing gradient (52 ºC, 53.7 

ºC, 56.1 ºC, 57.4 ºC, 59.9 ºC, and 61.9 ºC) for twenty seconds, and extension, which was done at 

68ºC for one minute. The thermal cycling was repeated for 30 cycles. After the final extension 

for 4 minutes at 68°C, the PCR products were held at 4ºC. PCR products were then ran on 0.8% 

agarose gel, with one well containing 1 KB plus ladder from Life Technologies to confirm 

correct size of amplification. 

39 



 PCR purification was carried out by using a Zymogen gel DNA recovery kit. The DNA 

fragment from the agarose gel was excised with a razor blade, and transferred into a labeled 

1.5mL microcentrifuge tube. 3 volumes of ADB were then added to each volume of agarose 

excised from the gel. The tubes were place in a 55oC water bath for 5-10 minutes until the gel 

slice were completely dissolved. The melted agarose solution was then transferred into a Zymo-

spin column in a collection tube, and centrifuged for 60 seconds. The flow-through was 

discarded. 200uL of DNA Wash Buffer was added to the column and centrifuged for 30 seconds, 

and the flow-through was again discarded. This wash was repeated twice, after which 10uL of 

ddH2O water was directly added to the column matrix. The column was then put in a labeled 

1.5mL tube and centrifuged for 30 seconds to collect the purified eluted DNA. 

 

Cloning ton2 with pGEM-T Easy and pcr8gwtopo vectors 

 Two ligation reactions were set up, composed of 5uL 2X rapid ligation buffer, T4 DNA 

ligase, 1uL of pGEM-T easy vector (50ng), 1uL of T4 DNA ligase (3 Weiss units/uL), and 3uL 

of the purified DNA (one tube containing ton2 gDNA, and the other ton2 cDNA amplified with 

the pzerkton2gDNAfor/rev and pzerkton2cDNAfor/rev primers). The reactions were mixed by 

pipetting, and incubated for 1 hour at room temperature. The reactions were then transformed 

into JM109 high efficiency competent cells. The procedure for the transformation included 

thawing the JM109 cells on ice, and 2uL of the ligation reaction were added to 50uL of the cells. 

The ligated mix in the cells were then incubated on ice for 20 minutes, after which the cells were 

heat shocked for 45 seconds at 42oC, and then incubated on ice for another 2 minutes. 950uL of 

SOC media was then added and the mix incubated for 1.5 hours at 37oC with shaking at 150rpm 

in the shaking incubator. 100uL of each transformation culture was then plated on duplicate 
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LB/ampicillin/IPTG/X-Gal plates, and incubated overnight at 37oC, and positive white colonies 

selected the next day.  

 To mixture 1 and 2 with topoton2 primers, A overhangs were added to the 3’ end by 

adding the following: 4uL of purified DNA, 2uL of 5X Go Taq buffer, 2uL of 1mM dATP 

(0.2mM final concentration), 1uL of Go Taq flex polymerase (5uL/uL), 0.6uL of 25mM MgCl2 

(1.5mM final concentration) and 0.4uL of H2O. The mixture is then incubated at 70oC for 15-30 

minutes. These A overhangs are necessary for the TOPO cloning. The reactions were set up with 

use of reagents in the following order: 4uL of the purified DNA (one tube containing ton2 

gDNA, and the other ton2 cDNA amplified with the topoton2gDNAfor/rev and 

topoton2cDNAfor/rev primers), 1uL salt solution, and 1uL pCR8/GW/TOPO vector. The 

reaction was gently mixed, and incubated for 5 minutes at room temperature, after which it was 

placed on ice and ready for transformation into one shot ccdB survival 2T1 chemically 

competent cells. The procedure for the transformation included thawing the one vial of one shot 

cells on ice, and 4uL of the ligation reaction were added to one vial of the cells. The ligated mix 

in the cells were then incubated on ice for 30 minutes, after which the cells were heat shocked 

for 30 seconds at 42oC, and then incubated on ice for another 2 minutes. 250uL of SOC media 

was then added and the mix incubated for 1 hour at 37oC with shaking at 225rpm in the shaking 

incubator. 100uL of each transformation culture was then plated on duplicate LB/spectinomycin 

plates, and incubated overnight at 37oC, and positive colonies selected the next day. pUC19 

plasmid was used as a control. 

 The positive transformants containing pGEM-T easy-ton2CDNA, pGEM-T easy-

ton2gDNA, pCR8/GW/TOPO-ton2cDNA, and pCR8/GW/TOPO-ton2gDNA were then selected 

and grown in 3mL of selective media at 37oC with shaking at 250rpm overnight. 1mL of each of 
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the culture was mixed with 30% glycerol and stored at -80oC. The remaining cultures were used 

for plasmid extraction with the ZR Plasmid miniprep – Classic by loading 1500 μl of the over-

night culture into a sterile 1.5ml micro-centrifuge tube. The culture was then centrifuged at 

15000rpm for 20 seconds, after which the supernatant was discarded. 200uL of P1 buffer (red) 

was added to the tube was completely resuspended. 200uL of P2 buffer (green) was then added 

and mixed by inverting the tube 2-4 times to lyse the cells. This takes about 1-2 minute, which is 

seen by the solution clearing up. 400ul of P3 buffer (yellow) was then added, and mixed to 

neutralized the lysate, which was then let to incubate at room temperature for 1-2 minutes 

The tube was centrifuged at 13,200 x g (as were all subsequent centrifugation steps) for a total of 

two minutes. The cell debris pellet was discarded after the supernatant was removed to a spin 

column inside a collection tube. The tube was centrifuged for 30s and the flow through was 

discarded. A 200 μl aliquot of Endo-Wash Buffer was added to the spin column, which was 

centrifuged for 30s. A 400 μl aliquot of Plasmid wash buffer was applied to the spin column, 

which was then centrifuged for 60s. The spin column was detached from the collection tube and 

was placed inside a sterile 1.5ml micro-centrifuge tube. 30μl of ddH2O was added directly to the 

matrix in the spin column and was allowed to stand for 1 min at room temperature. The spin 

column was then centrifuged for 30s, eluting the purified DNA. 

 

Traditional restriction cloning of ton2 with pZERK-LNY  

A double digest reaction was performed on minipreps (ton2cDNA-pGEM-T easy and 

ton2gDNA-pGEM-T easy) in preparation for the T4 DNA insert-vector ligation reaction. A 

mixture containing 10ul of master mix (1uL of SalI, 1uL of kpnI, 2μL enzyme buffer #4, and 

6uL of H2O) and 10ul of miniprep was incubated overnight at 37oC. A miniprep was also done to 
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extract the pZERK-LNY vector obtained from Dr. Wright, and the same procedure of double 

digest with salI and kpnI restriction enzymes were done on the vector to create sticky ends. ton2 

was then ligated with pZERK-LNY vector with T4 DNA ligase. Ligation was done by setting up 

the following reaction in a microcentrifuge tube on ice: 2uL of 10X T4 DNA ligase buffer 

(thawed and resuspended at room temperature), 50ng (0.025pmol) pZERK-LNY vector, 50 ng 

(0.076 pmol) ton2 cDNA in one tube, and ton2 gDNA in the other, nuclease free water (to 

20uL), and T4 DNA ligase. The reaction was gently mixed by pipetting up and down and a brief 

microfuging. The reaction was then incubated for 2 hours, and transformed into NEB 10- beta 

competent E.coli cells (C3019H). The procedure for the transformation included thawing the 

cells on ice for 10 minutes, and 5uL of the ligation reaction were added to 50uL of the cells. The 

ligated mix in the cells were then incubated on ice for 30 minutes, after which the cells were heat 

shocked for 30 seconds at 42oC, and then incubated on ice for another 5 minutes. 950uL of SOC 

media was then added and the mix incubated for 1 hour at 37oC with shaking at 250rpm in the 

shaking incubator. 100uL of each transformation culture was then plated on duplicate 

LB/kanamycin plates, and incubated overnight at 37oC, and positive colonies selected the next 

day. 

 

Gateway cloning of ton2 to gateway vectors 

ton2 cDNA  in plasmid ton2 cDNA-pcr8/gw/topo was transformed into gateway vectors 

PMDC45, PMDC85, and ton2 gDNA-pcr8/gw/topo into gateway vectors PMDC107 via LR 

reaction. The following components were added to a 1.5 mL microcentrifuge tube at room 

temperature: 50-150 ng of ton2 cDNA-pcr8/gw/topo or ton2 gDNA-pcr8/gw/topo, 150ng/uL of 

PMDC45, PMDC85 or PMDC107, and TE buffer, pH8.0 (to 8uL). On the side, LR clonase II 
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enzyme mix was thawed for about 2 minutes and vortexed briefly twice. To each sample, 2uL of 

LR clonase II enzyme mix was added, and vortexed, and microcentrifuged briefly. The reactions 

were then incubated at 25oC for an hour. To terminate the reaction, 1uL of proteinake K solution 

was added, and incubated at 37oC for 10 minutes. The resulting plasmids were ton2 cDNA-

PMDC45, ton2 cDNA-PMDC85, and ton2 gDNA-PMDC107. The plasmids were then 

transformed into NEB 10-beta competent E.coli cells as described in previous section 

(Traditional restriction cloning of ton2 with pZERK-LNY).  100uL of each transformation culture 

was then plated on duplicate LB/kanamycin/chloramphenicol plates, and incubated overnight at 

37oC, and positive colonies selected the next day. pENTR-gus was used as a positive control. 

 

Transformation of Constructs into Agrobacterium tumefaciens 

 Competent Agrobacterium cells were made as follows. GV3101 cells were streaked out, 

and incubated at 28oC and after establishing good colonies (about 3 days), a single colony was 

put into 5mL YEP, and grown overnight at 28oC. The next day, 1000ml of YEP was inoculated 

with the 5mL Agrobacterium in YEP broth. The cells were allowed to grow to OD600 of ~1.5, 

and chilled by placing the flask in an ice bath. Once chilled the cells were spun down at 2500Xg 

for 5 min at 4oC, and cells were resuspended in 1000mL of ice cold sterile water. This time the 

cells were spun down at 10,000Xg for 15 min at 4oC. The last two steps were repeated with a 

second 1000mL volume of ice-cold sterile water, and then 500mL ice-cold sterile water. The 

cells were then resuspended in 20ml ice-cold sterile 10% glycerol. The cells were then 

transferred to an Oak Ridge tube, where they were spun down at 10,000 X g for another 15 min 

at 4oC.  They were then resuspended in 2mL ice-cold sterile 10% glycerol. Now competent, the 

Agrobacterium cells were aliquoted into 50uL volumes, and a quick freeze was done with liquid 
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nitrogen, and stored at -80oC. One of the vials (50uL) of Agrobacterium cells was electroporated 

with 1ul of plasmid DNA (repeating the electroporation for all the constructs made via traditional 

cloning and gateway cloning described above) at capacitance at 50mF, Load resistance of 200W, 

maximum power of 25 W, current of 25mA, and voltage of 1800 V. The cells were then allowed 

to outgrow for 3 hours. Since the objective was to obtain a single colony of transformed 

constructs, a loop was flamed, and used to streak out transformation mix unto YEP 

plates/Gentamycin/Rifampicin/Kanamycin. It took about 2-3 days for full growth of cells. 

Glycerol stocks were made for the different constructs transformed into the GV3101 

Agrobacterium cells. 

 

Agrobacterium-mediated transformation of Arabidopsis thaliana 

 ton2 mutant plants ton2-13, ton2-14, salk 135807, cs8150, and cs84613 were grown 

using Growing of Arabidopsis procedure described earlier. About 3 days before transformation, 

the Agrobacterium strains containing the constructs of interest were inoculated into a 5ml LB 

medium containing Gentamycin/Rifampicin/Kanamycin and incubated at 28oC for 2 days. The 

5ml LB culture with the Agrobacterium strains were then inoculated to a 500-ml liquid LB with 

Gentamycin/Rifampicin/Kanamycin and incubated at 28oC for 16-24 hours (while watching for 

OD ~1.5-2.0). After confirming the presence of our desired constructs via restriction digest, and 

running on a gel, the Agrobacterium cells were collected by centrifugation at 4,000Xg for 10 

minutes at room temperature, and was gently resuspended in 1 volume of freshly made 5% 

(wt/vol) sucrose solution with a stirring bar. Silwet L-77 was then added to a concentration of 

0.02% (vol/vol) and after properly mixing, the Agrobacterium solution was transferred to a 

2000ml beaker. The ton2 mutant plants ton2-13, ton2-14, salk 135807, cs8150, and cs84613 
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were then inverted into the Agrobacterium solution for 10s with gentle agitation, such that the 

inflorescences and rosette are soaked. The plants were allowed to drain for 3-5s after they were 

removed from the Agrobacterium solution. The dipped plants were covered with saran wrap, and 

laid down for 16-24 hours to maintain the humidity. On the next day, the wrap was taken off, and 

plants were transferred to the green house. The plants were then allow to grow till they dried out, 

and the seeds were collected. MS plates with carbenicillin and appropriate herbicides 

(Hygromycin for plants with gateway constructs, and Kanamycin for plants with DNA-pZERK-

LNY constructs) were then poured, and sterilized transformed seeds were grown on them (see 

procedure for Arabidopsis: seed sterilization and seed plating above). Positive transformants 

were visualized under confocal microscope, and transplanted to pots.  

 

Site directed mutagenesis of TON2 EF hands. 

 Mutations were introduced in the EF hands of these constructs generated earlier: pGEM-

T easy-ton2CDNA, pGEM-T easy-ton2gDNA, pCR8/GW/TOPO-ton2cDNA, and 

pCR8/GW/TOPO-ton2gDNA via PCR. In each tube there was a mixture of 0.5uL 

ton2EF1forward or ton2EF2forward (2.5pmoles/uL) primer, 0.5uL ton2EF1reverse or ton2 EF2 

reverse (2.5pmoles/uL) primer, 0.25uL of 40mM dNTP mix (10mM each), 10X PfuUltra buffer 

(containing Mg++), 1 uL of template DNA(2ng/uL) (4 separate tubes with the Plasmid 

constructs), 0.25 uL PfuUltra Hotstart, and 8.75ul sterile water. The following three-step cycling 

program was employed: Pre-amplification denaturation was conducted at 95ºC for 5 minutes for 

one cycle. Thermal cycling followed, which consisted of denaturation done at 95ºC for 50 

seconds, annealing at 60ºC for 50 seconds, and extension, which was done at 68ºC for seven 

minutes. The thermal cycling was repeated for 18 cycles. After the final extension for 7 minutes 
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at 68°C, the PCR products were held at 4ºC. 2.5ul of the PCR products were ran on 0.8% agarose 

gel to see if PCR was a success. To the rest of the 10uL PCR products, 0.25ul of DpnI was 

added, and incubated at 37oC for 1 hour to digest the nonmutated parental supercoiled dsDNA. 

The 1ul of each of the final reaction were then transformed into 20ul of XL1-blue competent 

cells each. The procedure for the transformation included gently XL1-blue competent cells, and 

aliquoting 20uL into prechilled 14ml BD Falcon polypropylene round-bottom tubes. Then 1ul of 

the DpnI treated PCR products were added. The transformation reactions were gently swirled to 

mix and were incubated on ice for 30 minutes, after which the cells were heat shocked for 45 

seconds at 42oC, and then incubated on ice for another 2 minutes. 500uL of NZY+ media 

preheated to 42oC was then added and the mix incubated for 1 hour at 37oC with shaking at 

250rpm in the shaking incubator. 200uL of each transformation culture was then plated on 

duplicate NZY+/spectinomycin plates for the constructs with pcr8/gw/topo vector backbone and 

NZY+//ampicillin for constructs with pGEM-T easy vector backbone, and incubated overnight at 

37oC. Positive colonies were selected the next day, and grown in 3 LB media with appropriate 

antibiotics. After doing minipreps with ZR plasmid miniprep- classic kit, the extracted products 

were sent to GENEWIZ for sequencing, to confirm presence of mutations. To generate 

constructs with both EF hands mutated, the constructs made with EF1 hands mutated were used 

as plasmid DNA in a PCR reaction, using TON2EF2 for/rev primers. The ton2-pGEM- T easy 

constructs with mutated EF hands digested, and ligated with pZERK-LNY and cloned using 

traditional restriction cloning (see Traditional restriction cloning of ton2 with pZERK-LNY), and 

the ton2-pcr8/gw/topo with mutated EF hands were put into respective gateway vectors via LR 

reaction (see Gateway cloning of ton2 to gateway vectors). The Agrobacterium-mediated 

transformation of Arabidopsis thaliana procedure was then repeated with these constructs, 
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transforming them into Wt Col-0, and ton2 mutant plants ton2-13, ton2-14, salk 135807, cs8150, 

and cs84613.  

 

pET42a plasmid preparation 

 pET42a vector was transformed into NEB 10-beta competent E.coli cells, and allowed to 

grow overnight at 37oC on LB plate/Kanamycin. Positive transformants were selected, and 

grown in 7 mL LB broth/Kanamycin at 37oC shaking at 250rpm overnight, after which 1ml of 

the culture was stored at -80oC (with 1ml 30% glycerol), and midiprep was done on the rest 

using the Zyppy plasmid midiprep kit. The left over 6 ml of bacterial was put in a 15 ml conical 

tube, and 1 ml of 7X Lysis Buffer (Blue) was added to the sample and mixed by gently inverting 

the tube 4-6 times. After leaving it to sit at room temperature for 5 minutes, 3.5 ml of cold 

Neutralization Buffer (Yellow) was added to the reaction tube and homogenized. The entire 

mixture was then put into the blue Zymo-midi filter/zymo-spin V-E column that was put in clean 

labeled 50ml conical tube, and centrifuged at 500Xg for 6 minutes. After centrifugation, the blue 

zymo-midi filter column was discarded, leaving the zymo-spin V-E column, which was 

transferred to a collection tube and spun at 15000rpm for 30 seconds in a microcentrifuge. 400ul 

of Endo-wash buffer was added to the spin column, and centrifuged again at 15000rpm for 30 

seconds. Then 400ul of Zyppy wash buffer was added and centrifuged at 15000rpm for 1 minute. 

The spin column was detached from the collection tube and was placed inside a sterile 1.5ml 

micro-centrifuge tube. A 150 μl Eluting Buffer aliquot was applied directly to the matrix in the 

spin column and was allowed to stand for 1 min at room temperature. The spin column was then 

centrifuged at 15000rpm for 1 minute, eluting the purified DNA.  
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Traditional restriction enzyme cloning of pET42a vector and ton2cDNA, ton2cDNA with one 

mutated EF hand, ton2cDNA with the other mutated EF hand, and ton2cDNA both mutated EF 

hands 

 Both pET42a and the ton2cDNA, ton2cDNA with one mutated EF hand, ton2cDNA with 

the other mutated EF hand and ton2cDNA both mutated EF hands in the pGEM-T Easy vector 

backbone were double digested using SalI, and kpnI restriction enzymes. After running on 0.8% 

agarose gel to confirm presence of digest, and gel purified using Zymoclean Gel DNA recovery 

kit, pET42a was ligated with ton2cDNA, ton2cDNA with one mutated EF hand, ton2cDNA with 

the other mutated EF hand, and ton2cDNA both mutated EF hands in the pGEM-T Easy vector 

backbone using T4 DNA ligase. The ligated constructs were then transformed into NEB 10-beta 

competent cells, plated on LB plate/Kanamycin, and allowed to grow overnight at 37oC. The 

next day, positive clones were selected, and grown in 3ml LB media/Kanamycin. The plasmid 

DNA was then extracted from this culture using the ZR plasmid miniprep-classic kit, and sent 

out for sequencing at GENEWIZ. The minipreped plasmid was then transformed into expression 

host BL21 cells. 

 

Induction and Optimization of Proteins 

For protein expression, the confirmed ton2-pET42a (with and without mutations at the EF hands) 

plasmid vectors and PR70 (positive control) was transformed into chemically-competent E. coli 

BL21 cells. A 1μl sample of each construct was delivered by pipetting into a 1.5ml micro-

centrifuge tube containing 100 μl chemically-competent E. coli BL21 cells and was chilled on 

ice for 30 min. The reaction tube was then transferred to a 42ºC water bath and was incubated for 
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30 s. Next, the reaction tube was placed back on ice for 2 min. A 950ul aliquot of LB was then 

added into the reaction tube, which was then placed for 1 h in a 37ºC shaking incubator. After 

incubation, 100 μl, 200 μl, and 500ul of the cell culture, were plated onto the LB 

agar/Kanamycin plates and incubated at 37ºC overnight. Positive colonies were selected, grown 

and their glycerol stock was stored in -80ºC. A single colony from a freshly streaked plate was 

picked and used to inoculate 50ml LB/Kanamycin media in a 250ml flask. The media was the 

incubated at 30oC for the culture with the PR70 construct, and 37ºC for the other cultures until 

OD600 reached 0.4-0.1 (0.6 was recommended). At this point 1Mm IPTG was added to half of the 

culture (leaving the other half as a negative control) to induce protein expression, and was left to 

grow for 2 hours at 30oC for the culture with the PR70 construct, and 37ºC for the other cultures. 

The flasks were then placed on ice for 5 minutes, and the cells were harvested by centrifugation 

at 5000Xg for 5 minutes at 4oC. After discarding supernatant, pellets were resuspended in 1mL 

of lysis buffer, and sonicated for 30 seconds at amplitude of 30% to lyse cells. 15ul aliquot of 

sonicate was saved for both induced, and non-induced proteins, and were treated with equal 

amount of SDS-PAGE, and ran on an SDS-PAGE gel. The resolving gel (8%) was composed of 

4.7 ml sterilized, double-deionized water, 2.7 ml 30% acrylamide/Bis, 2.5 ml 1.5M Tris-HCl, 

pH8.8 buffer, and 0.1 ml 10% sodium dodecyl sulfate (SDS). The solution was degassed for 

twenty minutes, after which 50 μl 10% ammonium persulfate (APS) and 5 μl 

tetramethylethylenediamine (TEMED) were added. The solution was swirled to activate 

polymerization and was loaded onto the gel apparatus. Isopropanol was added to the top of the 

resolving gel to take out any bubbles formed during loading. The resolving gel was allowed to 

solidify for approximately 30 minutes. The stacking gel (4%) was composed of 3.05 ml sterilized 

water, 0.65ml 30% degassed acrylamide, 1.25 ml 0.5M Tris-HCl buffer, pH 6.8, and 50 μl 10% 
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SDS which was degassed for twenty minutes. This was followed by the addition of 25 μl 10% 

APS and 10 μl TEMED. The isopropanol was poured off of the resolving gel, and the stacking 

gel was poured with a pipette on top of the resolving gel. A gel comb was inserted and the gel 

was allowed to solidify for approximately one hour. Before loading, 20 μl of approximately 2x 

loading buffer (62.5 mM Tris-HCl pH 6.8; 2% SDS (w/v); 25% glycerol (vol/vol); 0.01% 

Bromophemnol Blue (w/v); 5% 2-mercaptoethanol (vol/vol)) were added to each reaction tube, 

and the tubes were heated for 2 minutes at 95ºC. Each well in the gel was loaded with 20 μl of 

each sample, as well and the gel was exposed to 200 V for about forty five minutes in 1x SDS 

running buffer. To visualize the gel was then stained overnight in Coomasie Blue (10% acetic 

acid, 0.1% Coomassie Blue, 40% methanol, 49.9% H2O) staining solution on a shaker moving 

slowly. To destain the gel, it was submersed in destaining solution (40% methanol, 10% acetic 

acid, 50% H2O) for an hour on a slowly moving shaker.  

 

Genotyping Arabidopsis mutant plants 

 Salk genotyping primers (LBb1, LBa1, LBb1.3, SALK_135807 LP, SALK_135807 RP) 

described on the salk institute genomic analysis webpage were ordered. The following reagents 

were combined: 12.65ul of ddH2O, 2ul of 10X Thermal Pol buffer, 2ul of 2.5mM (each) dNTPs, 

1ul DMSO, 1.25uL 100ng/ul (LBb1.3 or LBb1 or LBa1+ SALK_135807 LP, SALK_135807 

RP), 0.1ul NEB Taq, and 1ul of DNA extracted from mutant ton2 plant SALK135807. Pre-

amplification denaturation was conducted at 94ºC for two minutes for one cycle. Thermal 

cycling followed, which consisted of denaturation done at 94ºC for thirty seconds, annealing at 

55ºC for one minute, and extension, which was done at 72ºC for one minute 30seconds. The 

thermal cycling was repeated for 35 cycles. After the final extension for 3 minutes at 72°C, the 
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PCR products were held at 4ºC. Exon6for, Intron8rev, tDNArev1 primers were designed for 

genotyping ton2-13, and ton2-14 mutant plants via PCR. The cs8150, and cs84613 mutants are 

caused by point mutations (EMS generated), and can’t be genotyped via PCR, so primers 

(ton2for1000, ton2rev1000, ton2for2000, ton2rev2000, ton2for3000, ton2rev3000, ton2for4000, 

ton2rev4000) were designed to sequence their gDNA, and compare them to WT Col-0, and WT- 

Landsberg respectively. 
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