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The position of the cell division plane in plants is determined by the position of the 

preprophase band. The pre prophase band (PPB) is a ring of microtubules centered around the 

nucleus on the inner side of plasma membrane that establishes the cortical division site. The PPB 

forms at the end of G2 and breaks down at the end of prophase leaving behind protein markers of 

its position that are collectively called the cortical division site. During cytokinesis the 

phragmoplast expands towards the cortical division site and mediates the fusion of the new cell 

plate with the mother cell at that position. Several proteins necessary for PPB formation in plants 

have been identified, including maize DCD1 and ADD1 and Arabidopsis TON2, which are all 

type 2A protein phosphatase (PP2A)B" regulatory subunits. DCD1, ADD1, and TON2 localize 

to the PPB and the cortical division site through metaphase. The PP2A subunits each have two 

EF-hand domains, which are predicted to bind calcium ions. Since calcium ions are important for 

some aspects of cell division, we designed a series of constructs to test if TON2 binds calcium. 

TON2 protein was cloned into expression vectors, pET42a, and expression of TON2 protein was 

confirmed via Western blotting and immunodetection using a GST antibody. Site directed 

mutagenesis was used to mutate the TON2 EF-hand domains and mutated cDNAs were also 

cloned into expression vectors. These were then expressed in bacterial systems. Finally, the GST 

tagged proteins were purified. In the future, wild-type and mutated proteins TON2 proteins will 

used in calcium binding assays to determine if TON2 binds calcium. 
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CHAPTER 1 

GENERATING MOLECULAR BIOLOGY TOOLS TO INVESTIGATE THE CA2+ BINDING 

ABILITY OF Arabidopsis TON2 

Introduction 

Plant biology research achievements benefit and stimulate further scientific research, but 

also facilitate the transformation of theory into real world products, which can directly affect the 

ecological balance of nature and society. Plants are a basic food resource within the natural 

world and increasing plant productivity will increase food resources, easing hunger and illness 

within human society. Advances in plant research also impact plant and water quality, the 

pharmacy industry as it works to create innovative medicines to fight often fatal diseases like 

cancer and can help modulate climate change (Wang et al, 2012). 

Plant cells are bounded by a pecto-celluosic cell wall and contain one large vacuole 

which takes up 90% of cell volume instead of several small vacuoles as in common in animal 

cells (MARTY et al. 1999). As a result, research into the plant cell division process may help us 

better understand the representation and functionality of plant cells. 

Cell division is the process by which a mother cell duplicates its genetic material and 

then physically separates into two new cells. Both the plant and animal cell division processes 

produce two daughter cells which are both identical in chromosome number to the original 

mother cell (Hine et al. 2008). 

In some respects, plant cell division behaves uniquely when compared with animal cell 

division. For example, unlike animal cells, plant cells do not nucleate microtubules from 

centrosomes so the spindle poles are not defined by centrioles. A cell plate is formed exclusively 

during plant cell mitosis. Finally, the orientation of the division plane is determined by the 
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position of three microtubule-based cytoskeletal structures (the preprophase band, the spindle, 

and the phragmoplast), not the position of the mitotic spindle as it is in animal cells (Brown et al. 

2001). 

The cytoskeleton in plant cells consists of microtubules and microfilaments and it works 

to establish the shape of individual plant cells, facilitates intracellular transport, and regulates 

many aspects of cell division (Goddard et al. 1994). Microfilaments are the thinnest fiber unit 

while microtubules are assembled protofilaments that bind longitudinally to generate hollow 

tubules. The protein tubulin is the main monomer of microtubules and the size of a microtubule 

is usually around 25 nm in diameter (Mozziconacci et al. 2008). 

As a dividing plant cell enters G2 phase after the completion of DNA replication, 

microtubules form an ordered band, called the preprophase band (PPB), that is centered around 

the mother cell nucleus on the inner side of the plasma membrane (Pickett et al. 1966). Nuclear 

migration to the center of the cell and PPB formation are both visible signs that a cell is entering 

mitosis (Wick et al. 1991). The PPB is 2-3 μm wide and consists of both microtubules and 

microfilaments (Ichirou et al. 2009). The PPB breaks down during late prophase but, while it is 

in place, the PPB organizes the corticfal division site on the plasma membrane which is later 

recognized by the phragmoplast during cytokinesis (Figure 1). The composition of the cortical 

division site is currently mostly unknown. After chromosome segregation, the central spindle 

microtubules rearrange to form a barrel structure called a phragmoplast. The phragmoplast 

coordinates the trafficking of vesicles that contain new cell membrane and cell wall material 

leading to the formation of the new cell plate. As the phragmoplast expands within the mother 

cell, it is attracted to the former site of the PPB and mediates the fusion of the cell plate at that 

location. This suggests that the position of the cell nucleus and microtubule-based structures 
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including the spindle and phragmoplast, and more specifically the PPB, control the position of 

the cell division plane in plants (Rasmussen et al. 2013). 

Figure 1. Cell division process. Microtubes are green and DNA is red in these representations of 
maize cells progressing through mitosis. The PPB establishes the division plane, the spindle 
separates thechromosomes, and the phragmoplast builds the new dividing cell wall during plant 
mitosis. 

 

There several categories of proteins that have a significant connection with PPB form and 

function and the plant cell division process. The microtubule-binding protein TANGLED 

(AtTAN) is required for the spatial control of cytokinesis. AtTAN localizes to the cortical 

division site and is needed for spatial guidance of the expanding phragmoplasts after PPB 

disassembly (Walker et al. 2007). RanGAP is a protein involved in the transport of other proteins 

from the cytosol to the nucleus in eukaryotic cells (Shannon et al. 1998). It has been showed by 

Xu et al. research that RanGAP1 labels the PPB and remains at the cortical division site (2007). 

RanGAP1 recruitment to the PPB depends on TONNEAU2, which is a protein necessary for 

PPB formation (Camilleri et al. 2002). There are also many structural and regulatory proteins 
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including actin, microtubule-associated proteins, kinesins and cdk/cyclins, necessary for PPB 

formation and function and thus the plant cell division process (Duroc et al. 2011). TON1 and 

TON2 are two major proteins that involved in the PPB formation process (Azimzadeh et al. 

2008). 

Several studies have demonstrated that TONNEAU2 (TON2) plays a crucial role in PPB 

formation and a functional TON2 is needed for correct division plane orientation in developing 

Arabidopsis (Camelleri et al. 2002). The phenotypes of loss the function TON2 mutations are a 

lack of PPBs and misoriented division planes (Camilleri et al. 2002). Previous research indicates 

that TON2 may regulate the microtubule cytoskeleton in both dividing and interphase cells 

(Torres-Ruiz et al. 1994; Trass et al. 1995). Additionally, research by Kirik et al. demonstrates 

that TON2 function may be required for either microtubule stability at the cell cortex or the 

formation of new cortical microtubules (2012). 

The maize discordia1 (dcd1) and alternative discordia1 (add1) genes are ton2 

homologues. dcd1 mutants have irregularly shaped stomatal subsidiary cells caused by 

misplaced division planes due to abnormally formed PPBs (Figure 2, Wright et al. 2009). Plants 

lacking both dcd1 and ton2 fail to make any PPBs and are embryo lethal. 
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Figure 2. Explanation of dcd1 and dcd3 phenotypes (Wright et al. 2009). The comparison of 
normal asymmetric division and abnormal asymmetric division (the PPB is abnormal or fails to 
form).  

 

The TON2 gene encodes a protein similar to the B” regulatory subunit of a type 2A 

protein phosphatase (PP2A) (Traas et al. 1995). Protein phosphatase 2A has three components: 

catalytic subunit, scaffolding subunit and regulatory subunit (Figure 3). The regulatory subunit is 

responsible for the cellular localization and catalytic activity of PP2A holoenzymes. (Janssens et 

al. 2001). 

The TON2 protein has two putative Ca2+ binding sites formed by EF-hand domains. EF 

hands are calcium binding helix-loop-helix motifs found in a subset of proteins that bind calcium 
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(Nakayama et al. 1992). EF hand motifs are found in a diversity of proteins consistent with the 

involvement of Ca2+ in regulating many cellular and developmental processes (Day et al. 2002). 

 

Figure 3. The protein phosphatase 2A. PP2A consists of 3 units, scaffolding subunit, catalytic 
subunit and regulatory subunit. 

 

Ca2+ has been implicated in many aspects of cell division. Hepler’s research states that 

the local gradients in Ca2+ contribute to different events during cell division. Including nuclear 

envelope break down, nuclear reformation, cleavage furrow formation and cell plate formation 

(Helpler et al. 1994). Ca2+ also plays a crucial role in regulating the processing of proteins in the 

secretory pathway and Ca2+ ions are essential in the yeast cell division cycle at the stage of bud 

growth and nuclear division (Ohya et al. 1984). Thus, research that can directly link Ca2+ binding 

to specific proteins known to be needed for division plane orientation, will help us to better 

understand the mechanism of cell division. 

Though TON2 contains two EF hand domains, no experimentation has yet demonstrated 

that TON2 or any TON2 plant homologue is able to bind calcium. However, Davis et al. showed 

that a mammalian PP2A B regulatory subunit with EF hand domains, PR70, is capable of 

binding calcium (Davis et al. 2008). The group further showed that the mutagenesis of the EF 
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hand domains disrupted PR70’s ability to bind calcium. The calcium binding capability of the 

PR70 protein was decreased when one of the EF hands was mutated and the calcium binding 

capability nearly disappeared when both EF hand domains were mutated (Davis et al, 2008). 

This research suggests that PR70 requires two intact EF hand domains to mediate calcium 

binding. 

The first step to determining if Arabidopsis TON2 can bind calcium is to generate a 

series of molecular biology tools needed to carry out generate in vitro calcium binding 

experiments. After creating expression vectors that encode GST-tagged wild-type TON2, as well 

as GST-tagged TON2 with mutated EF hand domains, I generated E. coli strains that express the 

recombinant TON2 proteins. After confirming expression of the proteins via Western blotting 

and immunodetection, I purified the recombinant proteins. Future work will examine if the 

TON2 protein binds Ca2+ via EF hand domains. 

 

Results 

TON2 is an important protein for the plant cell division process. Several previous 

research results have shown that TON2 directly affects the generation of the plant cell PPB. 

TON2 has 2 EF domains, which suggests that it may be regulated by calcium binding. To 

explore this idea, it needs to be experimentally shown that TON2 binds calcium and that the EF 

hand domains are necessary for calcium binding. To work towards this goal, the following tools 

were created: expression vectors with wild-type TON2 and mutated ton2 cDNAs cloned in-frame 

with a GST tag; E. coli transformed with the TON2 expression vectors; Purified GST-TON2 

fusion proteins. The detailed experimental results are discussed in following sections. 
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Generation of Expression Vectors Containing TON2 cDNA Cloned in Frame with a GST Tag 
 

The vector I chose to use was the commercially available pET42a vector (Novagen 

Company). The pET42a vector allows for the fusion of a cDNA-encoded polypeptide of interest 

to a N terminal GST tag. Glutathione S-transferase (GST) is a 211-amino acid protein that can be 

stably and high efficiently ligated with target protein. The GST fusion protein can be eluted by 

elution buffer containing reduced glutathione (Harper et al. 2013). 

 
Figure 4. The pET42a vector structure. The brown zone indicates KanamycinR which allows for 
selection of E. coli. The stem-loop indicates the T7 terminator that allows efficient transcription 
termination. The green zone is lacI which is used for repressing the transcription of the T7 RNA 
polymerase gene. The lac operator is a binding site for lac repressor. GST-Tag is used for fusion 
of interested cDNA.  A cDNA of interest will be inserted in multiple clone site (MCS). 

There are several crucial components in the pET42a vector. T7 promoter allows for high 

level IPTG-inducible expression of the target protein in E. coli, a T7 terminator facilitates 

efficient transcription termination and the KanR gene allows for the selection of E. coli that 

contain the plasmid. The detailed structure of pET42a vector is shown in Figure 4. 
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The original cloning strategy was to use restriction digest and subsequent ligation to 

insert the TON2 cDNA into the pET42a expression vector. This cloning strategy uses restriction 

endonucleases, which cut DNA at specific recognition sites, to digest the TON2 cDNA and the 

pET42a plasmids vectors. Then, the overlapping “sticky ends” of the cut TON2 cDNA and the 

pET42a plasmid vector are ligated together. 

First, Arabidopsis RNA was isolated and cDNA was generated via reverse transcription. 

Next TON2 was amplified from the wild-type Arabidopsis cDNA via polymerase chain reaction 

using primers with EcoRV and EcoRI restriction sites added to the 5’ end of the forward and 

reverse primers, respectively. EcoRV and EcoRI cutting sites are both present in the multiple 

cloning site (MCS) of pET42a. The PCR products and empty pET42a vector were digested with 

EcoRV and EcoRI (Figure 5), and after gel purification and the cut DNA fragments were ligated 

together. DH5alpha E. coli were transformed with the ligation mixture and transformants were 

identified by growth on selective media. 

To determine if the TON2 cDNA was successfully inserted into the pET42a vector, 

individual colonies were cultured and plasmid DNA was isolated. The plasmid DNA was 

digested with a set of restriction enzymes that were predicted to produce a different digestion 

pattern on empty plasmid versus a plasmid containing the insert in the correct orientation. 
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Figure 5. Electrophoresis of Arabidopsis TON2 cDNA PCR product (lane 1, size is 1440 bp), and 
digested pET42a plasmid products (lane 2, size is 5930 bp). The left lane is 1 KB plus® DNA 
ladder. 
 

Samples that had the expected digestion pattern were predicted to be examples of 

successful ligation and were sent to GENEWIZ for sequencing to ensure that the insert was 

correct. However, the insert was always found to be random E.coli DNA fragments instead of 

TON2. 

The entire process was repeated multiple times, but no successful ligation events were 

identified. Because the key parameter for the transformation process is the restriction enzyme 

cutting site, the Arabidopsis TON2 cDNA primers were to redesigned include StuI forward 

primer and AscI reverse primer.The entire experiment process (from the amplification of the 

Arabidopsis TON2 cDNA phase) was repeated several times using the new primers, but the 
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restriction enzyme cloning method was never satisfactory. Since the Arabidopsis TON2 cDNA 

failed to insert into the pET42a vector. 

 

 

 

 

Figure 6. Schematic of the pET42a +TON2 construct which encodes a GST:TON2 fusion protein 
driven by the T7 promoter for overexpression in E.coli. The TON2 gene was cloned into pET42a 
by In-Fusion cloning method. 

 

Since I was unable to insert TON2 into the pET42 vector using the restriction enzyme 

cloning method, I turned to an alternative method, In-Fusion cloning (Figure 6). In-Fusion 

cloning is a technique based on annealing of homologous overlapping sequences. PCR products 

flanked by 15 bp sequences that are complementary to the vector are generated. Then the vector, 
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PCR product, and the In-Fusion enzyme are mixed together. The In-Fusion enzyme mix creates 

15 bp single stranded overhangs on the ends of the linearized vector and PCR product insert and 

mediates the annealing process. Compared with the classic cloning method, the In-Fusion 

cloning is more efficient and easier to be applied. The In-Fusion constructs are also “seamless”, 

and produce translational reading frame continuity without any interfering “scar” sequences” (In-

Fusion Cloning Manual, Takara Bio Inc). 

In In-Fusion cloning, a PCR amplification, the TON2 cDNA insert fragment can either 

be gel-purified or the PCR product can be treated with Cloning Enhancer, a proprietary enzyme 

that can remove background plasmid DNA and PCR residue. However, after multiple trials, I 

was never able to obtain the desired product using the Cloning Enhancer treatment. In order to 

gain the best result, the PCR products were gel purified before use in In-Fusion Cloning. 

The Arabidopsis TON2 cDNA is amplified using PCR primers which was designed using 

the A Takara Bio Company’s online primer design tool. The amplified PCR products was then 

gel purified and combined with linearized pET42a vector. The cloning and subsequent 

transformation process follows the In-Fusion HD Cloning protocol. As before, a subset of the 

colonies that grew on selective medium were cultured and plasmid DNA was extracted. The 

plasmid DNA was digested using restriction enzymes that produce a different banding pattern 

when empty vector versus a vector with the TON2 insert are digested. Of the 20 clones analyzed, 

17 had the correct banding pattern (Figure 7). Several of these were sequenced completely to 

ensure that the insert was correct and that the samples do not contain any unexpected mutations. 
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Figure 7. Electrophoresis of pET42a+TON2 plasmid. 20 plasmid samples were digested with 
BamHI and PvuII enzymes to identify the pET42a+TON2 plasmids. The pET42a+TON2 
plasmids are predicted to be cut into 3 bands (4060 bp, 2300 bp, 762 bp). Therefore, lanes1, 2, 3, 
4, 5, 6, 9, 10, 11, 12, 14, 15, 17, 18, 19 were successfully ligated. Lane 21 contains the empty 
pET42a plasmid. Lane 22 is 1 KB plus® ladder. 
 

Site-Directed Mutagenesis 

EF hand domains are known to bind calcium. The experiment, to determine if the EF 

hand domains in TON2 (Figure 8) are functional, requires a negative control. The negative 

control will be versions of TON2 with the EF hand domains mutated via site directed 

mutagenesis. Three different altered versions of TON2 were prepared: one with EF1 alone 

mutated, one with EF2 alone mutated, and one with both EF1 and EF2 mutated (Table 1). The 

mutations are the same as those successfully used by Davis et al (2008) to disrupted calcium 

binding via EF hand domains in PR70. 
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Figure 8. The scheme of TON2 EF hand domains. Image taken from uniprot.org 
 

Name of Mutants EF1 EF2 EF1EF2 
Wild-Type Protein Sequence 199-DEDSDGFLHSDE-210 307-DKDMSGSLCKQEL-319 199-DEDSDGFLHSDE-210 

307-DKDMSGSLCKQEL-319 
Mutated Protein Sequence 199-AEASDGFLHSDE-210 307-AKAMSGSLCKQEL-319 199-AEASDGFLHSDE-210 

307-AKAMSGSLCKQEL-319 
Table 1. Three types of EF hand mutations 

 

Site-directed mutagenesis introduces point mutations by using primers that include the 

needed nucleotide changes in a PCR protocol. The pET42a+TON2 construct was used as the 

dsDNA template. The primers were designed by Oladapo Oremade. After PCR amplification, 

PCR products were digested by DpnI enzyme to remove the parent template, then were 

transformed into XL1-BLUE super competent cells. 

However, the site directed mutagenesis process did not work as expected. After the 

transformation protocol, no colonies were seen on the medium. The process was repeated several 

times and parameters were adjusted each time, but no transformants were produced. 

Because the desired mutations had previously been introduced into TON2 in a topo 

vector by Oladapo Oremade, I changed my experimental design and used these vectors as a 

template for PCR. After sequencing to confirm that the mutations were present in the plasmids, I 

used the topo+ton2 EF1 and topo+ton2 EF2 as a template for PCR-amplification and In-Fusion 

cloning into pET42a vector as previously described. 
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Colonies that grew on selective media were tested by restriction digestion and subsequent 

sequencing to ensure that the clone contained the correct insert and that no unwanted additional 

mutations were introduced (Figure 9). 

 

(A)                                                                           (B)  

Figure 9. The restriction digest and sequence test of pET42a +ton2 EF1 and pET42a + ton2 EF2 
plasmids. Picture (A) Gel electrophoresis of digested pET42a +ton2 EF1 and pET42a + ton2 EF2 
plasmids. Lane 1 is the 1 KB plus® ladder, Lane 2 is pET42a +ton2 EF1 plasmids digested by 
BamHI and PvuII enzymes, Lane 3 is pET42a +ton2 EF2 plasmids digested by BamHI and PvuII 
enzymes. The DNA bands visible on the gel are the expected size (3577 bp, 2859 bp, 762 bp). 
Picture (B) is the sequence of ton2 EF1 and EF2. The gene sequence of ton2 is mutated from A 
to C to introduce the aspartic acid to alanine amino acid changes, two mutations of EF hand. 
 

To create a TON2 gene containing both the EF1 and EF2 mutations, I used traditional 

restriction enzyme cloning to cut and paste one of the mutations into a plasmid containing the 

mutation. The topo+ton2 EF1 and topo+ton2 EF2 plasmids were digested by NdeI / EcoRV 

enzymes (Figure 10). 
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Figure 10. Electrophoresis of digested topo+ton2 plasmids. Lane 1 is the topo+ton2 EF1 
plasmids; the small band (1016 bp) was purified for ligation. Lane 2 is the topo+ton2 EF2 
plasmids; the big band (2990 bp) was purified for ligation. Lane 3 contains the non-digested 
topo+ton2 EF1 plasmids as a control. Lane 4 is the 1 KB plus® ladder 

 

After gel purification, the two DNA fragments were ligated together to generate the 

topo+ton2 EF1EF2 construct. The ligation result was then transformed into E. coli. Colonies that 

grew on the selective media were cultured, digested, then sequenced to determine if the desired 

topo + ton EF1EF2 construct had been generated. Finally, the topo+ton2 EF1EF2 was used a 

template for PCR amplification to create the pET42a + ton2 EF1EF2 construct via In-Fusion 

cloning process (Figure 11). 
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Figure 11. Electrophoresis of digested ton2 EF1EF2 constructs. Lane 1 contains the topo+ ton2 
EF1 EF2 construct digested by EcoRI and PuvII enzymes. The plasmids DNA bands on gel are 
the expected size (1.9 kb, 1.5 kb, 0.5 kb, 0.1 kb). Lane 2 is the 1 KB plus® ladder. Lane 3 
contains the pET42a + ton2 EF1EF2 plasmid digested with BamHI and PvuII enzymes. The 
expected size is (3577 bp, 2859 bp, 762 bp). 

 

Expression of GST-TON 

In order to examine the functionality of the TON2 EF hands, the four constructs 

(pET42a+TON2, pET42a + TON2 EF1, pET42a + TON2  EF2, pET42a + TON2 EF1EF2) were 

used to express GST tagged TON2. First, the four constructs were transferred to E.coli BL21 

cells, which are one of the most widely used bacterial hosts for target gene expression 

(Mohammad et al. 2011). BL21 cells contain a chromosome copy of the phage T7 RNA 
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polymerase. Always expression of proteins driven by the T7 promoter such as GST tagged 

proteins encoded pET42a vector. 

After transformation into BL21, protein expression was induced by growing the bacteria 

in the presence of isopropyl β-D-1-thiogalactopyranoside (IPTG). IPTG induces recombinant 

protein expression by inducing expression of the T7 RNA polymerase which then transcribes 

the GST-tagged protein on the pET42 plasmid. 

To determine if the bacteria produced TON2 induction, bacterial cells grown with and 

without IPTG were broken open and electrophoresed on two SDS-PAGE gels. One gel was 

stained with Coomassie blue, which binds proteins and makes them visible on a gel. As Figure 

11 shows, a band of the expected size (~85 kDa) was present in the induced, but not the 

uninduced sample. The second gel was Western blotted, so that the separated proteins were 

transferred to a membrane. The membrane was then used to confirm the presence of a GST 

tagged TON2 protein by immunodetection with a GST primary antibody. The GST antibody 

should bind the TON2 protein because pET42a+TON2 constructs encoded a GST tagged version 

of TON2. An anti-mouse antibody coupled alkaline phosphatase was used as a secondary 

antibody and this made the position of the detected protein visible on the membrane (Figure 12, 

Figure 13). 
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                                  (A) (B) 

Figure 12. Induced pET42a + TON2 express a GST-tagged protein of the expected size. Picture 
(A): non-induced pET42a + TON2 cells and induced pET42a + TON2 cells were stained with 
Coomassie blue. The band believed to be TON2 was visible in the induced cell lane, but not the 
uninduced lane. Picture (B) followed by immunodetection: The expression of GST-TON2 was 
verified via Western blotting using an anti-GST antibody (GST-TON2 was induced by IPTG for 
1 hr, 2 hr, 3 hr, 4 hr). 

 

 

(A) 
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 (B) 
Figure 13. Induced pET42a + ton2 EF1, pET42a + ton2 EF2, pET42a + ton2 EF1EF express a 
GST-tagged protein of the expected size. (A) Coomassie Blue Staining result of mutated 
GST:TON2. (B) was the anti-GST immunodetection result of GST:TON2. The GST:TON2 
fusion protein binds the GST primary antibody, then the hybrid is further binding with anti-
mouse antibody coupled alkaline phosphatase. Such process made the GST:TON2 fusion protein 
visible on the membrane as a purple color.  

 

Protein Extraction and Purification 

In the previous experiment, pET42a + TON2 and the three mutated versions (pET42a + 

TON2 EF1, pET42a + TON2 EF2, pET42a + TON2 EF1EF2 constructs) were shown to be 

expressed in BL21 cells. The final step is to purify the GST: TON2 proteins from the BL21 cell 

extracts. There are several methods to break open the cell walls of E. coli, including: French 

Press and sonication. However, we employed a chemical method and added the BugBuster 

Master Mix (Sigma) to the cells because the BugBuster disrupts the bacterial cell wall via 

enzymatic digestion allowing extraction of proteins from the bacterial cells. 

The GST-tagged proteins were separated from the rest of the cellular proteins by running 

the cell extracts over GSTrap FF columns (Glutathione Sepharose Fast Flow columns). The 
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GST-tagged proteins bind to the column while the remainder of the proteins are washed away. 

The GST-tagged proteins are eluted from the column by adding reduced glutathione. The eluted 

purified proteins were electrophoresed on a SDS-PAGE gel and visualized by silver stain (Figure 

14). 

 
(A) 

 
(B) 

 
(C) 

Figure 14. Pierce Silver Stain of purified GST tagged TON2. (A) The left lane is the protein 
standard ladder (Precision Plus Protein Dual Color). Lane 2 is unpurified protein cell extracts; 
Lane 3 is purified pET42a TON2 wild-type protein (85 KDa), other small light bands are likely 
overflow from the sample in lane 2. Lane 4 and lane 5 contain the washing flow through. (B) 
Although the purified GST:TON2 fusion protein sample only (without any non-purified protein 
control). (C) The left lane is protein standard ladder (Precision Plus Protein Dual Color). Lane 2 
is purified pET42a ton2 EF1 protein; Lane 3 is purified pET42a ton2 EF2 protein; Lane 3 is 
purified pET42a ton2 EF1EF2 protein. Lane 4 is unpurified cell extracts. 
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Discussion 

My main goal was to generate the tools necessary to determine if Arabidopsis TON2, a 

phosphatase regulatory subunit with two EF hand domains, binds calcium. To achieve this goal, 

the following experimental process was executed. 

First, the wild type ton2 genes and EF-hand mutated ton2 genes were cloned into the 

expression vector, pET42a, for gene expression. A classic cloning method based on restriction 

digests and ligation was initially applied, because it is a widely used cloning method in 

molecular biology. However, I was unable to successfully clone the TON2 genes into the vector 

using this method. Instead of the target TON2 gene, random E .coli gene fragments were found 

to be inserted into the expression vector. Several factors could lead to this result, but I assume 

the possible reason for this failure could be that the sticky end of the pET42a vector was more 

inclined to interact with E.coli gene fragments or the Antarctic Phosphatase enzyme, which I 

used to remove the phosphorylated ends of DNA, may contain unexpected DNA fragments 

which could be inserted into pET42a vector. The other hypothesis that pET42a + TON2 construct 

is detrimental to E. coli growth is not likely since I was able to create the desired final construct 

using an alternative method. 

The In-fusion cloning method, which is a simple, rapid and high efficiency cloning 

method, was applied as an alternative to the classic cloning method and the TON2 genes were 

successfully inserted into the pET42a vector. 

Second, the expression of the GST:TON2 fusion protein was successfully induced by 

culturing transformed E. coli in the presence of IPTG. The expression of the fusion protein was 

visualized by Coomassie blue staining and immunodetection on a western blot. In order to purify 
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the GST:TON2 fusion protein, plasmid containing cells were broken open by using the 

BugBuster reagent and the fusion protein was purified by running the extracts over GSTrp FF 

columns. This purified GST: TON2 fusion protein is now ready for use in calcium binding 

overlay assays. 

The experimental process of generating GST-tagged proteins using pET42a can be 

summarized as: TON2 genes were cloned into pET42a vector by In-Fusion Cloning; GST:TON2 

fusion proteins were encoded through IPTG-Induction in Ecoli cells; applying BugBuster reagent 

to disrupt Ecoli cells for GST:TON2 extraction;  GST:TON2 fusion proteins were purified by 

GSTrp FF columns through reduced glutathione.  

The calcium binding assays will be performed in future work. The purified wild-type 

TON2 proteins, the EF hand mutated TON2 proteins, and a positive control will be 

electrophoresed on an SDS-PAGE gel, then the separated proteins will be transferred to a 

nitrocellulose membrane (Maruyama et al. 1983). The GST:PR70 fusion protein which has been 

shown to bind calcium in similar assays, will be used as a positive control (Davis et al. 2008). 

In the final binding test the membrane will be incubated with 45Ca2+ and the presence of 

radiation on the membrane detected via film or a sensitive screen. The expected result is that the 

TON2 wild-type protein will bind the calcium ion while the TON2 EF1 or TON2 EF2 mutated 

protein will bind less calcium. Additionally, we are expecting to see that the TON2 EF1EF2 

mutated version will completely lose calcium binding ability. If the positive control PR70 shows 

binding capability while TON2 wild-type cannot not bind calcium under the same circumstances, 

it implies that TON2 does not have the calcium binding capability. 

Determining whether TON2 binds calcium will have implications on the direction future 

research into TON2 will go. The next step will be to see how calcium binding affects TON2 
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function. For example, Arabidopsis ton2 mutants could be transformed with the wild-type ton2 

gene as well as the ton2 genes containing the various EF hand mutations and rescue of the ton2 

phenotype could be assayed. If the ton2 genes with the mutated EF hand domains fail to rescue 

the phenotype, that would point to calcium binding being necessary for TON2 function. 

 

Materials and Methods 

Arabidopsis Seeding Growth 

Arabidopsis seeds (20-30) were sterilized by incubation with shaking for 30 min in 1 ml 

sterilizing solution (70% ETOH and 0.05% Triton) followed by a rinse in 95% ETOH. Wet seeds 

were placed on Whatman® paper to allow the final traces of alcohol to evaporate off. 

Sterilized seeds were sown on MS plates. Plates were initially incubated in the dark at 

4 °C for 3 days to break dormancy. Then, the plates were moved to a long-day condition (16 h 

light/8 h dark) greenhouse for 2 weeks to allow for germination and seedling growth. 

Arabidopsis RNA Isolation 

After the first two true leaves developed, seedlings were collected and frozen in liquid 

nitrogen. In the presence of liquid nitrogen, the seedlings were ground into a white powder using 

a mortar and pestle. 1 ml of Trizol reagent (ThermoFisher Scientific Company) was added to the 

ground tissue and after 20 min, the mixture was transferred to a 14 ml polypropylene round 

bottom tube and incubates for 5 min at room temperature. After adding 0.2 ml chloroform, the 

tube was shaken vigorously for 15 sec, then incubate at room temperature for 2 min. Next the 

mixture was centrifuged at 4 °C at 9500 rpms for 15 min. After transferring the aqueous phase to 

a new tube, 0.5 ml isopropanol was added and the mixture was incubated at room temperature 

for 10 min to precipitate the RNA. The precipitated RNA was pelleted by centrifugation for 10 
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min at 4 °C. Finally, the pellet was washed with 1 ml 75% ETOH and re-centrifuged for 5 min at 

4 °C at 7500 rpms. After air drying for 10 min, the RNA pellet was resuspended in 50 μl ddH2O. 

 

Generating Arabidopsis cDNA 

Arabidopsis cDNA was generated by using the Retroscript kit (ordered from 

ThermoFisher Scientific Company). After combining 10 μl of 0. 2ug/ul Arabidopsis RNA with 

100 mM oligo dT primers and 8 μl of ddH2O, the reaction was incubated at 85 °C for 3 min. 

Then the reaction was placed in ice for 30 secs and 2uL of 10x RT buffer, 4 μl of dNTP mix, 1uL 

of RNase inhibitor, and 1uL of MMLV-RT were added. The reaction was incubated at 44 °C for 

1 hour to allow for cDNA synthesis and then at 92 °C for 10 min to inactivate the MMLV-RT. 

 

Classic Cloning of TON2 cDNA into the pET42a Vector  

Plasmid DNA Isolation 

A single colony containing the empty pET42a vector was picked and put into a culture 

tube containing 3 ml LB/ Kanamycin broth, then incubated at 37 °C for 16 h (overnight) with 

shaking at 250 rpm. Plasmid DNA was isolated from E. coli cultures using the Zyppy plasmid 

miniprep kit (Zymo Research). Cells from 3 ml of bacterial culture were pelleted in a 1.5 ml 

micro-centrifuge tube via centrifugation. 200 ml of 7X Lysis Buffer was added to the cells and 

the pellet was dispersed by vortexing. 200 μl of 7X Lysis Buffer and 400 μl of cold 

Neutralization Buffer (Yellow) were added and the sample was mixed by gently inverting the 

tube 4-6 times. The samples were centrifuged at 12000 rpm for 2 min then the cleared 

supernatant was transferred a spin column. After a 30 sec centrifugation, the flow-though was 

discarded and 200 μl Wash Buffer was added. After a 30 sec centrifugation, the spin column was 
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transferred to clean microfuge tube and 30 μl ddH2O was added to the column. A 30 sec 

centrifugation eluted the plasmid DNA. 

 

Amplification of the Arabidopsis TON2 cDNA 

The TON2 cDNA was amplified using polymerase chain reaction (PCR) with Ex-Taq® 

(orded from Takara Bio Inc.). The PCR reaction consisted of: 11.3 μl ddH2O; 2 μl 10x Ex-Taq® 

buffer; 1.6 μl 2.5 mM dNTPs; 100 ng Arab ton2_EcoRI for primer; 100 ng  Arab ton2_EcoRV 

rev primer; 0.1 μl Ex Taq and 2 μl cDNA template. The thermal cycler profile consisted of 

denaturation at 94 °C for 1 min, annealing at 68 °C for 1 min, and extension at 72 °C for 1 min. 

The thermal cycling was repeated for 35 cycles with a final elongation for 10 min at 72 °C. PCR 

products were analyzed via electrophoresis on 0.8% agarose ge1 that included the 1KB plus 

ladder (Life Technologies) to confirm correct size of amplification 

 

Restriction Digests 

Arabidopsis ton2 cDNA PCR products and pET42a plasmids are digested with the 

restriction enzymes EcoR I and EcoR V. Briefly, 200ng Arabidopsis ton2 cDNA PCR products 

and 3000ng pET42a plasmid are separately mixed with 10 units EcoR I (NEB), 10units EcoR V 

(NEB), 2 μl Cutsmart buffer and 7 μl ddH2O. After incubating the digests at 37 °C overnight, 5 

units Antarctic phosphatase enzyme (NEB) was added in pET42a vector tube and it was 

incubated at 37 °C for 15 min. This step prevents the edges of cut vector from ligating to each 

other during the subsequent ligation.  
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Gel Purification of Arabidopsis ton2cDNA PCR Products and pET42a Plasmids 

After restriction digest, both the cut PCR products and vector were electrophoresed on a 

0.8% agarose gel at 110 V for 80 min. The DNA bands were excised from the agarose gel using 

clean razor blades and placed into 1.5 mL microcentrifuge tubes. DNA was separated from the 

agarose using the ZymocleanTMGel DNA Recovery kit (ZAGENO company).The weight of the 

agarose blocks were measured and 3 volumes of ADB buffer was added. The agarose and buffer 

were incubated at 55 °C for 10 min until the agarose was totally dissolved. The solution was 

transferred to a Zymospin column and centrifuged for 60 sec. The spin columns were washed 

with 200 μl of Wash Buffer then centrifuged for 30 sec two separate times. After the final wash, 

the spin columns were transferred to clean 1.5 mL micro-centrifuge tubes and 12 μl ddH2O was 

added. A 30 sec centrifugation eluted the DNA into the water 

 

Ligation pET42a Vector and ton2 Insertion and Transformation in E. coli 

To ligate TON2 cDNA into the pET42a vector, 5 μl of instant Sticky-end Ligase Master 

Mix (NEB) and a 3:1 molar ratio of digested TON2 cDNA and pET42a vector was combined. 2 

μl of pET42a and TON2 ligation was added in 50 μl NEB® 5-alpha competent E. coli cells 

which were thawed on ice. After the mixing, the cells were incubated on ice for 30 min, then 

heat shocked at 42 °C for 30 sec, then placed back on ice for 5 min. 1000 μl LB media 

containing 50 μg/ml kanamycin was added to the cells and they were incubated for 1 hour at 

37 °C with shaking at 250 rpm. 100 μl and 900 μl of the transformation culture were plated on 

LB/kanamycin plates, and incubated overnight at 37 °C to allow for growth of the transformed 

colonies. 
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Evaluation of pET42 Cloning Success 

Forty single colonies were picked and grown in 3 ml LB/kan broth while shaking at 37 

°C overnight. Then, the plasmids were miniprepped as described previously. To verify the 

ligation result, the plasmid DNA was digested with the enzyme PvuII-HF and NcoI-HF then 

electrophoresed on a 0.8% gel. Plasmids with the expected restriction pattern were sequenced by 

GeneWiz using primers 5GEX (GeneWiz Legacy primer) and T7-Term (GeneWiz Universal 

Primer) to determine if the plasmid contained the correct insert. 

 

In-Fusion Cloning of pET42a Vector and TON2 cDNA 

Amplification of the Arabidopsis TON2 cDNA 

Primers were designed by using A Takara Bio Company’s online primer design tool. 

PCR reactions contained 12.5 μl of CloneAmp HiFi PCR Premix from In-Fusion® HD Cloning 

Kit, 2 μl of each primer (Arab ton2_PshA I for and Arab ton2_Not I rev), 2 μl of Arabidopsis 

cDNA, and 8.5 μl ddH2O. The thermal cycling profile consists of denaturation at 98 °C for 10 

sec, annealing at 55 °C for 15 sec, and extension at 72 °C for 15 sec. The thermal cycling was 

repeated for 35 cycles. PCR products were analyzed by electrophoresis on 0.8% agarose gel, 

with one well containing 1 KB plus® ladder from Life Technologies to confirm correct size of 

amplification. Successful PCR products were gel purified as previous described. 

 

In-Fusion transformation of pET42a + Ton2 

As dictated by the size of the vector and insert, 4 μl of purified pET42a (200 ng) and 4 μl 

of purified PCR fragments (50 ng) were mixed with 2 μl of 5x In-Fusion HD Enzyme Premix. 

The mixture was incubated at 50 °C for 15 min, and then placed on ice. To insure the 
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functionality of the transformation process, a negative control sample is also prepared. The 

negative control sample consists of 10 ng of purified pET42a, 2 μl of 5x In-Fusion HD Enzyme 

Premix and 7 μl of ddH2O. 

For transformation into E. coli, 2 μl of the In-Fusion Cloning reaction was added in a 

cold 14-ml round-bottom tube containing 50 μl of Stellar Competent Cells (Takara Bio Inc) 

thawed on ice. After gently mixing, the reaction is incubated on ice for 30 min. Then reaction is 

incubated at 42 °C for exactly 45 sec. The cells are put back on ice for 2 min then 500 μl of 

warmed SOC medium was added to the reaction. The mixture was incubated by shaking 250 rpm 

for 1 hour at 37 °C. 250 μl of culture was spread onto two LB/Kan plates and incubated at 37 °C 

overnight. Twenty single colonies were selected and grown in 5 ml LB/Kan broth at 37 °C 

overnight. After the plasmid DNA was miniprepped, the plasmids were digested with 1 μl 

BamHI (NEB) and 1 μl PvuII (NEB) in 2 μl 10x Cutsmart buffer and 6 μl H2O for 2 hr. The 

digestion pattern was visualized by electrophoresing the digests on a 0.8% agarose gel. The 

correct plasmids were sequenced by GENEWIZ sequence test with 5GEX (GeneWiz Legacy 

primer) and T7-Term (GeneWiz Universal Primer). 

 To store the pET42a + TON2 constructs, 5 ml pET42a+Ton2 cultures were pelleted via 

centrifugation and the pellet was resuspended in 750 μl LB/Kan + 750 μl 30% glycerol and 

stored at – 80 °C. 

 

Site Directed Mutagenesis of TON2 EF Hands 

Primers to introduce the EF hand mutations were previously designed by Oladapo 

Oremade. Each reaction contains 5 μl of 10x reaction buffer, 0.25 μl of EF1 forward primer or 

0.25 μl of EF2 forward primer, 0.45 μl of EF1 reverse primer or 0.35 μl of EF2 reverse primer, 2 

http://www.takara-bio.com/
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μl of dsDNA template, 1 μl of dNTP mix, and ddH2O up to 50 μl. A positive control contains 2 

μl of pWhitescript 4.5 kb control plasmid (from kit), 5 μl of 10x reaction buffer, 1.25 μl of 

control forward primer, 1.25 μl of control reverse primer, 1ul of 2.5 mM dNTP mix, and 43.5 μl 

of ddH2O is also prepared. After gently mixing, 1 μl of Pfu ultraHF DNA polymerase was added 

to each tube. The tubes are then put in PCR machine for three-step cycling program (Table 2). 

Segment Cycles Temperature Time 
1 1 95 °C 30 sec 
2 12-18 95 °C 30 sec 

55 °C 1 min 
68 °C 1 min/kb of plasmid 

length 
Table 2. Thermal profile for Site-directed mutagenesis method (adapted from QuikChange II 
Site-Directed Mutagenesis Kit -introduction manual, Agilent, Foster City, California.) 

 

To ensure that the PCR products was successfully generated during the last experiment 

phase, 2.5 μl of the PCR product was electrophoresed on 0.8% agarose gel. The PCR products 

were visible on the gel which means the PCR product was ready to be used in the next phase. 

0.25 μl of DpnI restriction enzyme ( 10 U/ul) was added to the remaining 20 μl of PCR product 

to digest the nonmutated parental supercoiled dsDNA. The reaction was incubated at 37 °Cfor 1 

hour. 

The mutagenized plasmids were transformed into E. coli by adding 1 μl of each mixture 

to 20ul of XL1-blue competent cells (Agilent) in a prechilled 14ml BD Falcon polypropylene 

round-bottom tube. Second, the transformation reactions were gently swirled to mix and were 

incubated on ice for 30 min. Third, the cells were heat shocked for 45 sec at 42 °C, and then 

incubated on ice for another 2 minutes. 500 μl of NZY+ media preheated to 37 °C was then 

added and the mix was incubated for 1 h at 37 °C with shaking at 250 rpm. Fourth, 200 μl of 
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each transformation culture was plated on duplicate NZY+/Kan plates for the constructs with 

pET42a vector backbone and incubated overnight at 37 °C. 

 Because the site directed mutagenesis was ultimately unsuccessful, the topo+ton2 EF1 

and topo+ton2 EF2 plasmids were used as a template from which to amplify the ton2 EF1 and 

ton2 EF2 genes. The primers used for the PCR amplification were Arab ton2_pshAI for and 

Arab ton2_NotI rev. The two amplicons were cloned into pET42a vector by In-Fusion cloning as 

previously described. 

 

The Preparation of ton2 EF1EF2 Mutation 

To generate TON2 EF1EF2, the topo+ ton2cDNA EF1 plasmid and topo+ ton2cDNA 

EF2 plasmid were double digested using 20 units NdeI and 20 units SspI restriction enzymes 

plus 2 μl Cutsmart buffer and 6 μl ddH2O for 2 hr at 37 °C. The plasmid that served as the vector 

was also treated with Antarctic phosphatase (NEB) for 15min at 37 °C. The appropriate 

fragments were gel purified using the Zymoclean Gel DNA recovery kit and 2.5 μl of each 

purified product was incubated with 5 μl of instant-sticky buffer to ligate the fragments together. 

The mixture was placed in ice for 10 min then transformed into NEB 10-beta competent cells, 

plated on LB plates/Spectinomycin, and allowed to grow overnight at 37 °C. Positive colonies 

were cultured. The topo+ton2 EF1EF2 plasmids were extracted and digested with EcoRI and 

PvuII to determine if the resulting constructs contained the expected inserts. Constucts with the 

correct fragment size were also sequenced by GeneWiz using M13R and M13F(-21) primers. 
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Last, the successful topo+ton2 EF1EF2 plasmids were used as template to amplify the 

ton2 EF1EF2 cDNA. Then the ton2 EF1EF2 PCR product was cloned into the pET42a vector by 

the In-Fusion cloning method as previously described. 

 

BL21 E. coli Transformation 

For protein expression of the four expression vectors: pET42a + TON2, pET42a + TON2 

EF1, pET42a + TON2 EF2, pET42a + TON2 EF1EF2, were transferred to BL21 competent cells 

(NEB) using the transformation protocol previously described for transformation into DH5alpha 

E. coli. 

 

Induction of GST Protein Expression 

To induce expression of the GST proteins, transformed BL21 cells were cultured in 5 ml 

LB/Kan at 37 °C for 16 hr. The cell culture was measured by Nano-drop to ensure the 

concentration of cells between OD 0.5 to OD 1.0. Next, the 5 ml culture (OD 0.6) was 

transferred to an autoclaved flask containing 100 ml LB/Kan. After a 2 hr incubation, the 

concentration of cells increased to OD 0.6 and the 100 ml culture was equally decanted into two 

autoclaved flasks. 

To one flask, 200 μl of 100 mM IPTG was added to induce gene expression, while the 

other was maintained as the uninduced control. The two flasks were incubated at 37 °C while 

shaking at 250 rpm for 4 hr. Two 1 ml cultures were removed each hour; the first one was used 

for measuring the concentration and the other one was centrifuged for 1 min and the pellet 

preserved. The remaining 42 ml of culture were centrifuged at 4000 rpm for 10 min, the 

supernatant was discarded and the pellet was stored at -80 °C. 
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SDS-PAGE 

To determine if the fusion proteins were expressed, the pellets obtained from the 1 ml of 

the pET42a+ton2 induced 4hr and pET42a+TON2 un-induced 4hr cultures were resuspended in 

200 μl loading buffer, which contains 160 μl 1xPBS, 20 μl 4x SDS Buffer, and 20 μl DTT. The 

mixtures were passed through a 27 μ needle several times to break down cells. Then, the tubes 

were placed in a 85 °C hot bath for 3 min to denature proteins. 

The proteins were electrophoresed on a SDS-PAGE gel in 1x SDS-PAGE running buffer 

which separates proteins on the basis of molecular weight differences. 30ul of each sample was 

loaded into two 12% SDS-PAGE gels. 5 μl Protein Standard Ladder (BioRad) is also loaded. 

The SDS-PAGE gels were run for 40 min at 44 v and then 20 min at 200 v. One of the gels is 

used for Coomassie Blue Staining and the other one is used for Western blotting and subsequent 

immunodetection. 

 

Coomassie Blue Staining 

Gels to be stained were first heated in 100 °C water for 1 min. After the gel cooled down, 

it was moved to a container of Coomassie Blue Buffer (1 g Coomassie Brilliant Blue (Bio-Rad), 

500 ml MeOH, 100 ml Glacial acetic acid. Add ddH2O to 1 L.). Then the container was boiled 

for 1 min, the Coomassie Blue Buffer was discarded, and the gel was transferred fresh 100 °C 

water, then washed for 1 min. The washing step was repeated several times until the gel 

background was clear. 

 

Western Blotting 

Prior to Western blotting. A gel was first soaked in Transfer Buffer for 15 min. One piece 
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of Immobilon-P membrane was cut and labeled. The membrane was soaked in methanol for 5 

min, rinsed in dH2O until no beading was visible soaked in dH2O for 5 min then and placed in 

Transfer Buffer (3 g Tris base, 14.5 g glycine, 200 ml methanol. Add ddH2O to 1 L) for 5 min. 

A transfer sandwich was created by layering the following items from white top to black bottom 

on a BioRad gel transfer cassette: wet fiber sponge, wet Whatman paper, membrane, gel (bottom 

was at top, ladder on the left), wet Whatman paper, wet fiber sponge. All items in the sandwich 

were kept wet with Transfer Buffer. The transfer sandwich was placed into the Bio-Rid 

electrophoresis rig so that black matches black. An ice block was added and the reservoir was 

filled with transfer buffer. A 100 mV current was applied for 1 hr to move the proteins from the 

gel to the membrane. After the transfer was complete, the membrane was unpacked and dried in 

air. 

 

Immunodetection 

The membrane was hydrated in methanol for 5min, rinsed with 1x TBS 3 times, then 

washed in 1x TBS for 5 min. To block the membrane, it was incubated while shaking in 50 

mg/ml BSA in 1x TBS for 1hr. The blot was incubated with 1 μl GST primary antibody (ordered 

from Thermo Fisher Scientific) which was diluted in 1 ml 1mg/ml BSA in 1x TBS at room 

temperature for 2 hr. After incubation, the blot was rinsed and washed in 1x TBS with 0.05% 

tween for 10 min 3 times. Next the blot was incubated with 1ul Mouse IgG Binding protein 

secondary antibody (ordered from Santa Cruz Biotechnology) that was diluted in 2.5ml 1mg/ml 

BSA in 1x TBS at room temperature while shaking for 1.5 hr. The blot was rinsed and then 

washed in 1x TBS with 0.05% tween for 10 min. After incubation with the secondary antibody, 

the alkaline phosphatase subtrate was added. First the membrane was washed in alkaline 
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phosphatase buffer for 10 min then incubated in 10 ml of alkaline phosphatase buffer with 66 μl 

50 mg/ml NBT and 33 μl 50 mg/ml BCIP for 10 min. Finally, the blot was rinsed 3 times in cold 

water. 

 

Purification of GST Tagged TON2 Proteins 

To frozen pellets obtained from previous 50 ml cultures, 3 ml of BugBuster Master Mix 

reagent (Sigma) was added. The cell suspensions were incubated on a shaking platform for 20 

min at room temperature. The suspensions were then centrifuged at 4 °C for 20 min at 16000*g 

to remove insoluble cell debris. The supernatant containing the protein and was transferred into a 

new tube. 

The supernatant was run over a GSTrap FF Column (GE Healthcwere) which contains 

Glutathione Sepharose 4. GST-tagged proteins bind to the Glutathione Sepharose and other 

proteins move through the column. The flow rate is crucial for the binding process because of the 

slow binding kinetics between GST and glutathione. The proteins were injected into GSTrap FF 

Column by syringe and flow through column at 0.2 ml/min. The binding buffer was injected into 

GSTrap FF Column to wash the protein. Then the elution buffer was injected to elute the 

GST:TON2 fusion proteins. At the completion of the process, the elution buffer contained the 

target purified protein. 

 

Silver Stain 

To detect purified protein, the proteins were electrophoresed on a SDS-PAGE gel and the 

gel was stained with silver stain from the Silver Stain Kit (ThermoFisher Scientific) following 

the product manual protocol. 
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CHAPTER 2 

THE DEVELOPMENT OF Arabidopsis KATANIN EXPRESSION VECTORS 

Introduction 

I am also interested the role of katanin in maize cell division. Katanin, which was first 

discovered in sea urchins, is an ATP-powered enzyme that associates with and severs 

microtubules (McNally et al. 1993). In maize, there were two katanin paralogues: 3kat and 8kat 

which were located on chromosomes 3 and 8, respectively. 

Previous work in the lab identified, characterized, and cloned a putative double katanin 

maize mutant called dcd3. dcd3 mutants have abnormal division planes due to defects in the 

microtubule cytoskeleton. A single nucleotide deletion in the 8kat-dcd3 gene causes a frameshift 

that introduces a stop codon which prematurely terminates the 8KAT protein. When this project 

was initiated, the genetic lesion in 3kat was less obvious. There were 8 nucleotide differences, 

that cause amino acid changes between 3kat-dcd3 and the wild-type inbred line, B73, but none of 

them were predicted to be especially detrimental (Figure 15). In an effort to confirm that changes 

to the maize katanin genes caused the dcd3 phenotype, I turned to a heterologous system, 

Arabidopsis (Zhang et al. 2006). Katanin is a single copy gene in Arabidopsis and multiple 

mutants have been identified (Bouquin et al. 2002). The plan was to express the wild-type maize 

katanin genes in the Arabidopsis katanin mutant and to look for rescue of the katanin phenotype. 

Next the katanin genes found in the dcd3 mutant would be expressed in the Arabidopsis katanin 

mutant and the ability to rescue the mutant phenotype would be assayed. If the katanin genes in 

dcd3 were non-functional due to the observed point mutations, I expect that the dcd3 katanin 

genes will not rescue the mutant phenotype while the Arabidopsis and wild-type maize katanin 

genes will. 
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Figure 15.  dcd3 gene models. dcd3 8kat gene has a single nucleotide deletion that introduces an 
early stop codon. dcd3 3kat gene has 8 nucleotide differences that cause amino acid change 
 

Results and Discussion 

The first step was to create vector that contained the Arabidopsis katanin promoter, 

5’UTR, and 3’UTR with a multiple cloning site between the 5’UTR and 3’UTR that would 

allow the insertion of the various maize katanin genes. Cambia p2300, a binary vector derived 

from the Ppzp vectors (Hajdukiewicz et al. 1994), was modified to include the Arabidopsis 

katanin regulatory elements. A binary vector is one of two replicons needed to transfer a gene of 

interest from Agrobacterium into the Arabidopsis genome generating transgenic plants (Lee et 

al. 2008). Cambria p2300 can replicate in E. coli where all the cloning is done as well as 

Agrobacterium. Cambia p2300 contains a multiple cloning site and a plant herbicide resistance 

(kan) gene between the left and right T-DNA borders as well as an antibiotic resistance gene 

(Figure 16). Only the DNA between the left and right T-DNA borders is transferred to the 

Arabidopsis genome. 
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Figure 16. The schema of an empty Cambia p2300 binary vector. The vector contains a multiple 
cloning site which can be inserted DNA of interest; The DNA between the left and right T-DNA 
borders can be transferred to the Arabidopsis genome; The plant selection genes in vector are 
driven by a double-enhancer version of the CaMV35S promoter and terminated by the 
CaMV35S polyA signal. 

 

Next, the amplified PCR product and Cambia p2300 vector were both digested with 

EcoRI and XbaI restriction enzymes. After gel purification, the two pieces of DNA were ligated 

together and transformed into E. coli. After colonies that grew on selective media were cultured, 

plasmid DNA was extracted and digested, then electrophoresed to determine if the digestion 

banding pattern matched the predicted one (Figure 17). 
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Figure 17. Restriction digest of p2300 plasmid + katanin promoter 5’UTR with EcoRI and XbaI. 
The size of the resulting bands match the prediction (6019 bp, 2488 bp) indicating that the 
ligation was successful. 
 

Next, the 3’UTR (1.3 kb) was amplified from Arabidopsis genomic DNA using the 

Arabkat 3’UTR for and Arabkat 3’UTR rev primers. The amplified PCR product and p2300 + 

katanin promoter/5’UTR plasmid were both digested with SalI and HindIII and purified via gel 

digestion. The purified products were ligated and transformed into E.coli. After colonies that 

grew on selective media were cultured, plasmid DNA was extracted and digested, then 

electrophoresed to determine if the digestion banding pattern matched the predicted one (Figure 

18). 
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Figure 18. The restriction digest of pCAMBIA2300 + promoter/5’UTR and 3’UTR with EcoRV 
and PvuII. Lane 1: The size of the resulting bands (5293 bp, 3001 bp, 2010 bp, 726 bp, 719 bp, 
398 bp) matched the prediction, indicating that the ligation was successful. Lane 2: The size is 
not correct. The left most line is 1 kb plus DNA ladder. 

 

Figure 19. The schema of created expression vector:  Cambia p2300 contains promoter and 
UTRs . The promoter + 5’UTR (1.7 kb) and 3’UTR+downstream (1.3 kb) were amplified from 
Arabidopsis genomic DNA, and inserted at MCS by Classic Clone. 
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Next, I amplified the 3kat and 8kat genes from maize cDNA and inserted them into the 

vector I created (Figure 19). I also prepwered  these 3 control vectors by amplifying the maize 

wild-type 3kat and 8kat from maize cDNA and the Arabidopsis katanin from Arabidopsis 

cDNA. I transformed all five constructs into E.coli. While the original intent was to transform 

all five constructs into the Arabidopsis katanin mutant using the floral dip method, during the 

construction of the constructs, we initiated a collaboration and discovered that our new 

collaborators had already completed a similar project. Additionally, further investigations into 

3kat-dcd3 revealed that a substantial percentage of the 3kat cDNA was abnormally spliced in 

the dcd3 mutant pointing to an explanation for the phenotype outside the non-significatant 

amino acid changes. Our collaborator also identified different alleles of 3kat and 8kat, allowing 

us to confirm that mutations in the katanin genes were the cause of the dcd3 phenotype via 

non-complementation. For these reasons, we suspended further work on this project. 

 

Materials and Methods 

Creation of the Arabidopsis Expression Constructs 

Protocol details for all the methods in this section can be found in the main Materials and 

Methods section of this thesis. 

The Arabidopsis katanin promoter + 5’ UTR and 3’UTR were amplified from 

Arabidopsis genomic DNA using Arabkat 5’ UTR for/rev and Arabkat 3’ UTR for/rev primers 

with Ex-Taq DNA polymerase (Takara Bio Inc). The sequence of the primers were based on the 

those used in Bouquin et al. (2002). The pCAMBIA2300 vector DNA was a gift from Dr. 

Rebecca Dickstein. After it was transformed into E. coli, a single colony was grown up and 

plasmid DNA was miniprepped. 
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To assemble the new vector, the pCAMBIA2300 vector DNA and the Arabidopsis 

katanin promoter +5’UTR PCR products were digested with EcoR I and Xba I enzymes then 

electrophoresed and purified by using Zymoclean Gel DNA recovery kit (Zymo Research). The 

pCAMBIA2300 plasmids and 5’UTR purified fragments were ligated using the instant-sticky 

ligation premix (NEB) and the ligation mixture was transformed into E. coli which were grown 

on LB/Kan plates. Individual colonies were grown in culture and plasmid DNA was isolated 

using the ZR Plasmid Miniprep – Classic (Zymo Research) then digested with EcoR I and Xba I 

to determine if the ligation was successful. Select plasmids were sequenced by GeneWiz using 

the M13R, Arabkat 5’ UTR for and M13F(-21) primers to confirm that the katanin promoter + 5’ 

UTR had been inserted correctly into the pCAMBIA2300 vector. 

The next step was to insert the Arabidopsis katanin 3’ UTR into the p2300 vector 

containing the katanin promotor and 5’UTR. The 3’ UTR was amplified using the Arabkat 3’ 

UTR for and Arabkat 3’ UTR rev primers. The pCAMBIA2300 + promoter/5’UTR plasmid and 

3’UTR PCR products were digested with Sall and HindIII enzymes. The DNA purification, 

ligation and transformation were all as previously described. Correct insertion of the 3’ UTR was 

tested by digestion of plasmid DNA with EcorV and PuvII and the results were confirmed via 

sequencing with the M13R primer, Arabkat 3’ UTR for primer and M13F(-21) rev primer. 

 

Insertion of Katanin cDNAs into the New Expression Vector 

Arabidopsis katanin was amplified from Arabidopsis cDNA while the wild-type 3kat and 

8kat were amplified from maize B73 cDNA and the 3kat-dcd3 and 8kat-dcd3 were isolated from 

maize dcd3 cDNA. The PCR primers sequences were listed in the primer table. All five PCR 

products and vector pCAMBIA2300 + promoter/5’UTR, 3’UTR were digested with AvrII and 
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AscI enzymes and ran in an agarose gel. After gel purification, all five PCR products were 

ligated separately with pCAMBIA2300+5’UTR, 3’UTR vector and transformed into E. coli 

cells.  Correct insertion of the katanin genes was tested by digestion of plasmid DNA. 
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Figure 20. Schematics of the katanin genes cloning into the p2300+5’UTR, 3’UTR vector. From 
top to bottom: p2300+5’UTR, 3’UTR_ArabKatanin_cDNA;p2300+5’UTR, 
3’UTR_B73_3KATcDNA; p2300+5’UTR, 3’UTR_B73_8KATcDNA; p2300+5’UTR, 
3’UTR_dcd3_3KATcDNA; p2300+5’UTR, 3’UTR_dcd3_8KATcDNA. Promoter and UTR 
fragments were shown as red; interested gene inserts were shown as blue
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APPENDIX 

EXPERIMENTAL MATERIALS
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Bacteria Strains 

Escherichia coli 

High Efficiency NEB 5-alpha Competent E. coli (New England Biolabs), BL21 (DE3) 

competent E.coli (New England Biolabs), StellarTM Competent Cells (Takara Bio 

Inc). XL1-Blue Competent Cells (Agilent Technologies) 

 

Enzymes 

Restriction Enzymes 

EcoRI, EcoRV, BamHI, PshAI, NotI, HindIII, XbaI, AvrII, AscI, PvuII, 

(from New England Biolabs). 

Other Enzymes 

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

 

Vectors 

pET-42a (+) DNA (Novagen), pGEM-T Easy (Promega), pCAMBIA2300 (Dr. 

Dickstein’s lab), pcr8gwtopo (Invitrogen) 

 

Chemicals and Kits 

Zymoclean Gel DNA recovery kit (Zymo Research), ZR Plasmid Miniprep- Classic kit, 

and Zyppy Plasmid Midiprep kit (Zymo Research), Quickchange II Site directed 

mutagenesis kit (Agilent Technologies), Pierce™ Silver Stain Kit (Fisher Scientific),  

BugBuster® 10X Protein Extraction Reagent (Millipore Sigma). GE Healthcwere 

GSTrap™ FF Columns and Glutathione (Fisher Scientific)
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Media and Solutions 

LB media (per liter) 

10 g of NaCl,  10 g of tryptone, 5 g of yeast extract. 

Add ddH2O to a final volume of 1 liter, 15 g of agar (for plates only). 

Autoclave 20 min. For plates, left them on room temperature for 16 hr (overnight).  

YEP media (per liter) 

10 g yeast exract, 10 g peptone,5 g NaCl. 

Add ddH2O to a final volume of 1 liter,15 g agar (for plates only). 

Autoclave 20min. 

NZY+ Broth (per liter) 

10 g of NZ amine (casein hydrolysate), 5 g of yeast extract, 5 g of NaCl. Add ddH2O to a final 

volume of 1 liter. Adjust to pH 7.5 using NaOH Autoclave 20min. 

MS agar plates (per liter) 

4.4 MS powder (there is ~ 4.4 g in each MS packet), 10 g sucrose (1% final concentration). Add 

ddH2O to a final volume of 1 liter, pH 5.7 Add 7 g of phytoblend agar and autoclave 20min. 

Antibiotics and working concentrations 

Gentamycin/ 50 μg/ml 

Kanamycin/ 50 μg/ml 

Ampicillin/ 50 μg/ml 

Spectinomycin/ 100 μg/ml 

IPTG/ 200 mM  

Xgal/ 50 μg/ml 
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Buffers and Solutions 
 
10xPBS 
 
80 g NaCl, 2 g KCl, 14.4 g NaHPO4, 2.4 g KH2PO4. Add ddH2O to 1 L. adjust pH to 7.4 by 
HCl. 
 
4x Laemmli Sample Buffer 
 
Bought from BIO-RAD company. 
 
4x Resolving Buffer 
 
1.5 M Tris-Cl(pH 8.8),0.4% SDS. Add ddH2O to 500 ml, store in 4 °C fridge. 
 
5x Running Buffer 
 
15.1 g Tris base, 72 g glycine, 5 g SDS. Add ddH2O to 1 l, store in 4 °C fridge. 
 
4x Stacking Buffer 
 
0.5 M Tris-Cl (pH 6.8), 0.4 g SDS. Add ddH2O to 60 ml, store in 4 °C fridge. 
 
1x Transfer Buffer 
 
3 g Tris base, 14.5 g glycine, 200 ml methanol. Add ddH2O to 1 L. 
 
10xTBS 
 
30.3 g Tris base, 90 g NaCl. Adjust pH to 7.4. Add ddH2O to 1L. Autoclave for 20 min.  

Alkaline Phosphate Buffer 
 
10 ml 1M Tris-Cl (pH 9.5), 3.75 ml 4M NaCl, 1ml 0.5M MgCl2. Add ddH2O to 100ml.  

Coomassie Blue Buffer 
 
1 g Coomassie Brilliant Blue (Bio-Rad), 500 ml MeOH, 100 ml Glacial acetic acid. Add 

ddH2O to 1 L. 

 
Elution Buffer (for GSTrap-FF protein purification) 
 
50 mM Tris-HCl, 10 mM reduced glutathione, PH 8.0. One stage vacuum filtration  

Washing (Binding) Buffer 

1x PBS, PH 7.3. One stage vacuum filtration 
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Primer name Primer sequence 
Arab ton2_EcoRV for GCATGCGATATCAATATAGCGGATCTAGCGATGG 
Arab ton2_EcoRI rev CGATGCGAATTCCTGAGACTCTTCCTCAGGTGG 
Arab ton2_Stul for AGGCCTATATAGCGGATCTAGCGATGG 
Arab ton2_AscI rev GGCGCGCCCTGAGACTCTTCCTCAGGTGG 
Arab ton2_pshAI for GGTATTGAGGGACGCAGGGTCTATAGCGGATCTAG 
Arab ton2_NotI rev TGCTCGAGTGCGGCCGCGGCCCTGAGACTCTTC 
Arab ton2 _EF1 for TGATATGAGTGAGCTTGCCGAAGCCTCTGATGGTTTCCTTC 
Arab ton2 _EF1 rev GAAGGAAACCATCAGAGGCTTCGGCAAGCTCACTCATATCA 
Arab ton2 _EF2 for ATATGTTCCTCGCACTTGCTAAAGCTATGAGTGGATCGCTGTG 
Arab ton2 _EF2 for CACAGCGATCCACTCATAGCTTTAGCAAGTGCGAGGAACATAT 
Arabkat 5’ UTR for TGCAGAATTCCAAGGAGCTTGTCTGGGATC 
Arabkat 5’ UTR rev GAGATCTGGATCCTTTTACTAAAAAAATAGCCTATTC 
Arabkat 3’ UTR for TGAGTCGACGGCGCGCCTTAAACCCACTTTTTTTAATTTAGT 
Arabkat 3’ UTR rev TGAGTCGACGGCGCGCCTTAAACCCACTTTTTTTAATTTAGT 
Arab kat cDNA for TCCTAGGATGGTGGGAAGTAGTAATTCG 
Arab kat cDNA rev ACCGCGCGGTTAAGCAGATCCAAACTCAGAG 
B73_3KAT cDNA for TCCTAGGATGGCGAATCCCCTCGCG 
B73_3KAT cDNA rev ACCGCGCGGTCAGGCAGATCCAAACTCAG 
B73_8KATcDNA for TCCTAGGATGGCGAATCCCCTCGCG 
B73_8KATcDNA rev ACCGCGCGGTCAGGCAGACCCAAACTCAG 
dcd3_3KATcDNA for TCCTAGGATGGCGAATCCCCTCGCG 
dcd3_3KATcDNA rev ACCGCGCGGTCAGGCAGATCCAAACTCAG 
dcd3_8KATcDNA for TCCTAGGATGGCGAATCCCCTAGCGG 
dcd3_8KATcDNA rev ACCGCGCGGTCAGGCAGACCCAAACTCAG 
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