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Abstract 

 

Throughout all domains of life the strict regulation of signalling pathways allows for the 

proper control of cellular processes through the action of protein kinases and protein 

phosphatases. In the model plant Arabidopsis thaliana, one of the major protein phosphatases, 

PP1, represents a critical regulator of many signalling pathways. Type one phosphatases (PP1) 

use regulatory subunits to target dephosphorylation and associate with these regulatory proteins 

via a highly conserved ‘RVxF’ motif. The regulators of PP1 in Arabidopsis are largely 

unidentified. Using Arabidopsis stable transformant plant extracts, the regulators of PP1 have 

been identified. Of the previously known PP1 regulators, GEM is a known root hair 

differentiation checkpoint protein and contains the PP1 docking motif ‘RVxF’. Using a 

biophysical approach, I have validated the PP1:GEM interaction through the ‘RVxF’ motif. 

Finally GEM contains a GRAM domain and the analysis of phosphotidyl-inositol lipid binding 

to this domain was examined.  
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CHAPTER ONE: INTRODUCTION 

1.0 Post Translational Modifications of Proteins   

Throughout every domain of life, cellular processes are tightly regulated and controlled 

under every situation an organism or cell encounters. Regulation at the DNA, RNA and the 

protein level are seen in all domains of life (Denis et al. 2011). Control at the protein level occurs 

through a diverse array of covalent modifications available in the cell. Some of the most 

prevalent modifications include: methylation (Biggar and Li 2014), acetylation (Verdin and Ott 

2015), ubiquitination (Pickartt 2001, Emmerich et al. 2011, Ciechanover 2005), disulfide bond 

formation, lipidation (Nadolski and Linder 2007) and phosphorylation (Cohen 2002, Dephourne 

et al. 2008) (Figure 1). The wide array of modifications available allows for a modular control of 

proteins where each modification can produce distinct and profound effects on the protein. 

Notably, the methylation and acetylation status of the histone protein has been characterized in 

chromatin opening and closure, spawned a field of post-translational modification called 

epigenetics (Verdin and Ott 2015, Virani et al. 2012). Alternatively, lipidation has been 

annotated as a main method to anchor cellular proteins to biological membranes through 

covalently attached lipid inserted into the membrane and ubiquitination has been shown to play a 

central role in the promotion of protein degradation and recycling (Nadolski and Linder 2007). 

Finally, phosphorylation is one of the most widely studied post-translational modifications. Of 

the characterized eukaryotic proteomes, approximately 70% of proteins are regulated through 

phosphorylation (Sharma et al. 2014, Huttlin et al. 2010), which acts as a mechanism of control 

of protein function. Historically, errors in cellular biochemistry due to protein phosphorylation 

status has been found to be the cause of a large variety of human diseases (Cheng et al. 2014), 
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plant dysfunctional morphology (Uhrig et al. 2016) and disruption of critical cellular processes 

(Matoba et al. 2006). The study of phosphorylation status has led to major developments in the 

understanding of eukaryotic cell division, metabolism, apoptosis and other cellular processes. 

 

Figure 1: Schematic representation of post-translational modifications. Each modification is 

seen throughout eukaryotes and has the ability to drastically change protein function. Purple 

spheres indicate the primary sequence of the modified protein.  

 

1.1 Protein Phosphorylation  

 Protein phosphorylation has been found on 10 residues that comprise the polypeptide 

chains of proteins. These amino acids include: serine, threonine, tyrosine, aspartate and histidine 

(Klumpp and Krieglstein 2002). Phosphorylation generally favours serine (~86%) and threonine 

residues (~10%), less frequently tyrosine residues (~2%) (Sharma et al. 2014, Huttlin et al. 2010) 
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and very low proportions on aspartate and histidine residues (Figure 2). The process of addition 

and removal of a phosphoryl group from specific residues is mediated through protein kinases 

and phosphatases, respectively. A terminal phosphate from a donor ATP/GTP molecule is 

donated to target protein substrates and is facilitated through protein kinases, where the removal 

is catalyzed through protein phosphatases via hydrolytic cleavage of the phosphoryl group (Chen 

et al. 2005). The addition and removal of the phosphoryl groups can have a variety of global 

cellular effects such as regulating eukaryotic cell division (Cheng et al. 2014) and apoptosis 

(Cardone et al. 1998). It can also have very local effects on singular proteins, altering their 

activity (Alvardo-Kristensson et al. 2004), binding partners (Mollapour et al. 2011) and sub-

cellular localization (Petersen et al. 1999).  

Although plants share most critical cellular processes with other eukaryotic systems, plant 

protein phosphorylation and plant signalling offers new avenues to studying how 

phosphorylation acts to control cell processes. Plants have evolved to survive in stationary 

environments and utilize an alternative method of reproduction compared to mammals. For 

instance, well-studied pathway in plants that are absent from mammalian cell systems include 

that of salinity response, seed dormancy, stomatal closure and inhibition of photosynthesis 

through control of abscisic acid (Raghavendra et al. 2010). Abscisic acid response elements have 

been studied in depth and typically allow the plant to conserve energy at the biochemical and 

physiological levels. The family of ABA receptor PYL and SNF1-related Protein Kinase (SnRK) 

proteins have been widely annotated as the effectors of abscisic acid response system and 

through the variety of isoforms allows the plant to respond to a wide array of abnormal 

environmental conditions (Finkelstein 2013).  
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Figure 2: Chemical addition of phosphoryl groups to the three most commonly phosphorylated 

residues: serine, threonine and tyrosine. The addition of a phosphoryl group is through protein 

kinases and its removal is catalyzed by protein phosphatases. Purple spheres indicate the amino 

acid backbone of the protein. 

 

Arabidopsis thaliana is a unique model for researching plant signalling. Arabidopsis has a 

short life span (6 weeks) and is cultured without great effort, and as such drastically speeds up 

experimental studies (Nature 2000). Additionally, the Arabidopsis genome has been completely 

sequenced, the vast majority of Arabidopsis genes have been cataloged and a large number of 

knock-out seeds are available, only adding to the researcher’s toolkit.  
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1.2 Phosphatase Classes and Diversity 

 Protein phosphatases exist across all domains of life, but are categorized into four major 

families in eukaryotes (Table 1) (Kerk et al. 2008). The classification is based on catalytic 

residue conservation, residue preference, inhibitor sensitivity, metal ion dependence and 

mechanism of catalysis. 

Table 1: The total predicted and confirmed Arabidopsis genes coding for protein phosphatases 

from each of the major phosphatase families.1  

 

1.2.1 Phospho-Protein Phosphatase (PPP) Family 

 The PPP family of phosphatases is relatively conserved across eukaryotes with high 

specificity for phosphorylated serine and threonine residues. Both mammalian and plant systems 

contain members of PP1, PP2A, PP4, PP5, and PP6 classes, with plants systems containing an 

additional PP7 member, bacterial-like members (SLPs and RLPHs) and PP1 with Kelch Like 

                                                 

1 Number of genes per family were obtained through Kerk et al. 2008. Overall, the human and Arabidopsis (plant) 

species appear to contain similar amounts of phosphatases, but different amounts in each family. Dual Specificity 

Phosphatases (DSP) and Classical PTP Sub-Families have been separated in this table. 
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domain phosphatases (PPKL) (Uhrig et al. 2013, Shi 2009) (Figure 3) (Moorhead et al. 2009). 

The core catalytic subunit of protein phosphatase sub-families shared between mammals and 

plants (PP1,2,3,4,5 and 6) is highly conserved (Shi 2009), with variation occurring at the termini 

of the protein and preferential dephosphorylation of phosphorylated serine and threonine 

residues (Moorhead et al. 2009). The core catalytic domain in these sub-families is often 

accompanied by regulatory subunits required for directed catalysis (Uhrig et al. 2013). The 

modularity of phosphatase control within the PPP family lays the framework for a small number 

of protein phosphatases being able to target a vast range of targets. Although there are many sub-

families, PP1 and PP2 constituents are responsible for 90% of cellular serine/threonine 

desphosphorylation (Kolupaeva and Janssens 2013). A final shared characteristic of the PPP 

family is selective and varied inhibition by small molecules. Among these inhibitors are 

microcystin LR, okadaic acid, and calyculin A with each showing varying, but potent effects 

across the PPP family (MacKintosh et al. 1990). 

 

1.2.2 Metallo-Dependent Protein Phosphatases (PPM) 

 The PPM class of phosphatases include the metal (Mg/Mn) dependent protein 

phosphatases that are not classified under the PPP family, but still selectively dephosphorylate 

serine and threonine residues (Shi 2009, Wera and Hemmings 1995, Cohen 1989). This class of 

phosphatase also includes the pyruvate dehydrogenase phosphatase and protein phosphatase 2C 

enzymes. This family of phosphatases differs greatly from the PPP family through insensitivity 

to the classical PPP inhibitors and structural variance to ancient PPP core catalytic domains (Shi 

2009). Regulation of the PPM family is often performed through extra targeting domains directly 

linked to the catalytic subunit or through modular post translational modifications.  
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Figure 3: Evolutionary map of PPP class phosphatases. Divergence into the separate sub-

families of protein phosphatases is seen under the PPP superfamily display. The phylogenetic 

tree contains human and plant PPP members, yet they are clustered into their respective families. 

Both human and plant phosphatases retain their ancestral functions throughout eukaryotes. 

Moorhead et al. (2009).  



 

8 

1.2.3 Phospho-Tyrosine Phosphatases and Dual Specificity Phosphatases (PTP/DSP) 

 The PTP and DSP combined family is largely defined through their ability to 

dephosphorylate tyrosine residues and is uncharacteristic of the other three families (Zhang 

2002). The ability to selectively dephosphorylate tyrosine residues is found within a highly 

conserved catalytic canal (Shi 2009). The catalytic canal of PTP family phosphatases has its 

canal depth often, but not always, too deep to accommodate serine and threonine residues for 

dephosphorylation. This canal, as part of the catalytic domain, is highly conserved across the 

PTP/DSP family and acts through a highly conserved catalytic motif: CX5R, unseen in PPP and 

PPM families (Uhrig et al. 2013).  With a different conserved catalytic mechanism, PTP/DSP 

class phosphatases are insensitive to classical PPP inhibitors, but show high sensitivity to 

vanadate (Huyer et al. 1997), aromatic phosphates and peptidyl carboxylic acid inhibitors 

(Dewang et al. 2005). Like the classic phospho-tyrosine phosphatases and using the same 

conserved catalytic domain, dual specificity phosphatases are able to dephosphorylate non-

protein targets as well as protein phosphorylated on other residues such as serine and threonine 

(Zhang 2002). Notably, these phosphatases are seen in glycogen degradation and lipid signalling 

pathways (Patterson 2009). One of the most notable DSP is Phosphatase and TENsin homolog 

(PTEN). PTEN a lipid phosphatase and negative regulator of the mTOR proliferative pathway 

through the dephosphorylation of phosphatidyl inositol tri-phosphates (Cheng et al. 2014). Other 

members of the DSP sub-family dephosphorylate serine/threonine and tyrosine residues under 

the mechanism of the classical PTP (Shi 2009) (Dewang et al. 2005, Patterson et al. 2009).  
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1.2.4 Aspartate Based Protein Phosphatases (ASP) 

 The aspartate based protein phosphatases represent a small and relatively new class of 

phosphatases. Aspartate catalyzed phosphatases contain a highly conserved catalytic motif 

DXDX[T/V] (Shi 2009, Moorhead et al. 2009). The use of an aspartate linked phospho-

intermediate is the main method of dephosphorylation and although the mechanism differs from 

the classical phosphatase families, it appears that the family has serine/ threonine and tyrosine 

specificity, favouring phosphorylated tyrosine residues. The first characterized member, RNA 

polymerase II C-terminal phosphatase (FCP1), has been shown to dephosphorylate RNA 

polymerase II C-terminal serine domains to regulate the binding and trigger of transcriptional 

factors of heat shock genes (Fuda et al. 2012).  

 

1.2.5 Evolution and Conservation of Kinases and Phosphatases 

A large contrast of protein kinases and phosphatases exist. Protein kinases all belong to a 

single superfamily with a conserved catalytic domain and have single target specificity, 

recognizing a unique phosphorylation residue motif (Sharrocks et al. 2000). Protein 

phosphatases, in contrast, possess four major families, consisting of a few members. Their 

specificity is derived through protein binding partners, or fused protein domains to direct 

dephosphorylation and displays no conserved substrate residue targeting sequence (Uhrig et al. 

2013). Consequently, the number of annotated and predicted kinases is approximately tenfold the 

annotated and predicted phosphatases in plant and mammalian systems (Moorhead et al. 2007). 

The addition of targeting subunits to phosphatases also confers additional regulation such as 

organelle recruitment, target affinity or even catalytic inhibition (Ingebritson and Cohen 1983). 

Closer analysis of the known protein kinases and phosphatases in plant systems raises some 
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questions. Plants have no annotated tyrosine kinases yet have known tyrosine phosphatases 

(Reddy and Rajasekharan 2006). Other kinases have been speculated such as dual specificity 

kinases, but have not been shown to be able to generate phospho-tyrosine moieties. 

 

1.3 Protein Phosphatase 1 

 Serine and threonine phosphorylation accounts for approximately 98% of phosphorylated 

protein residues, while two PPP family constituents account for 90% of the dephosphorylation of 

those residues (Sharma et al. 2014). PP1 and PP2A members are the major cellular 

dephosphorylation engines and have a wide range of targets throughout the wide array of cellular 

processes. One such ancestrally conserved member, Protein Phosphatase 1 (PP1), is of particular 

interest in both mammalian and plant systems. PP1 has been shown to behave similarly in both 

mammalian and plant systems suggesting an incredibly conserved function in diverse systems. 

 

1.3.1 Protein Phosphatase 1 Conservation  

 PP1 exists in three isoforms in human (α, β, γ) and nine isoforms in Arabidopsis (denoted 

as Type One Protein Phosphatase [TOPP] 1-9). Remarkably, the mammalian and plant isoforms 

of PP1 are incredibly conserved. N-terminal and C-terminal segments, outside of the catalytic 

core of PP1 contain the variation between isoforms (Figure 4) (Templeton 2010). The protein 

conservation between any two PP1 isoforms in mammal and plant systems typically shows 60-

70% global residue identity and 80-90% identity within the catalytic core (Templeton 2010). The 

degree of conservation suggests a highly ancestral controller within eukaryotes and is not 

surprising to find conserved catalytic mechanisms, methods of regulation and control of critical 

cellular processes.  
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Figure 4: Sequence alignment of nine PP1 isoforms from Arabidopsis thaliana (TOPP1-9) with 

three isoforms of PP1 from humans (α, β, γ). The majority of identity is throughout the central 

core of each protein, with some variation at the termini of the sequences. Figure generated 

through Clustal Omega Alignment. Sequences were obtained through TAIR for Arabidopsis 

proteins and Uniprot for human proteins. Green bars indicate Arabidopsis proteins and blue bars 

are human proteins. Alignment reads in two columns. 

 

1.3.2 Protein Phosphatase 1 Mechanism and Catalysis 

In all isoforms of PP1, the catalytic domain and mechanism of catalysis is highly 

conserved. The structure of PP1δ (chicken), another highly conserved eukaryotic isoform, has 

been well established through x-ray crystallographic analysis showing a central β-sandwich 
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flanked by α-helixes on each side. The conformation of this sandwich forms a Y shaped groove 

that intersects at the catalytic centre of PP1 (Terrak et al. 2004). The three canals that form the Y 

shape are the acidic groove, the hydrophobic groove and the C-terminal groove (Figure 5A) 

(Terrak et al. 2004). At the intersection of the grooves lie two coordinate metal ions which are 

Mn2+ in crystallographic analysis, but has been speculated to also be Fe2+ ions in vivo (Terrak et 

al. 2004, Bollen and Stalmans 1992). The ions are coordinated through three asparatate, two 

histidine and an asparagine residue found at the active site. The positive charge of the 

coordinated metal ions anchors the phosphate group to be removed and the catalytic water 

molecules. Next, the catalytic water is activated through interaction with the metal ions before 

nucleophilic attack of the phosphate-residue bond. The phosphate residue is then released and the 

water is consumed to regenerate the residue (serine/threonine) hydroxyl group. Finally the 

substrate and free phosphate group are released and the protein phosphatase is then able to accept 

another substrate. PPP specific inhibitors have been shown to bind at the catalytic site entrance 

and competitively inhibit the phosphatase through substrate steric hindrance (Figure 5B) 

(Maynes et al. 2006).  

 

1.3.3 Protein Phosphatase 1 Regulation  

Regulation of PP1 is remarkably similar throughout eukaryotes. The great diversity of 

targets through relatively few engines is achieved through targeting and regulatory subunits. 

Regulatory subunits are responsible for a wide array of targeting and cellular effects of PP1. The 

association of regulatory proteins to PP1 catalytic subunits can change affinity toward certain 

substrates to dephosphorylate affect sub-cellular localization or even inhibit the catalytic engine 

itself (Cuelemans et al. 2002). 
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Figure 5: A) The crystal structure of human PP1 with ascorbic acid. The three canals are 

highlighted by red arrows and converge at the active site where two Mn2+ ions reside (red 

spheres). Image was manually manipulated through PDB file (4UT2). PDB image was adapted 

from Kopec (2015). B) The PDB file (2BDX) of the crystal structure of PP1 bound to 

dihydromicrocystin. Microcystin is seen in grey at the centre of the image where the active site is 

located. Two metal ions are also present in the crystal structure at the active site. Maynes et al. 

(2006). 

 

The recruitment of PP1 by regulatory proteins also does not specify the target, although 

the target of PP1 is typically a pathway associated with the regulatory protein. This may include 

related signalling nodes, interactors of the PP1 regulatory subunit or even the regulatory protein 

bound to PP1 catalytic subunits. All PP1 regulatory subunits have a highly conserved motif 

A B 
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required for docking to PP1. The conserved motif is [R/K][X]0-1[V/I]X[F/W] (‘RVxF’) 

(Cuelemans et al. 2002, Egloff et al. 1997, Pinheiro et al. 2011) and is degenerate, as similar 

residues may comprise the motif (Figure 6). The two hydrophobic residues (VxF) are required 

for docking of the ‘RVxF’ motif (Pinheiro et al. 2011) into a hydrophobic groove of PP1, distant 

to the catalytic site.  Mutational analysis of the hydrophobic residues has been shown to attenuate 

the interaction of PP1 to its regulator. The docking of the ‘RVxF’ motif is a well conserved motif 

across PP1 regulatory subunits and its docking site is shared amongst PP1 regulatory subunits 

(Egloff et al. 1997). The primary docking site of PP1 is not near the catalytic site and does not 

directly affect the activity of PP1 catalytic units. Once the remainder of the regulatory protein 

has formed around PP1, a change of substrate affinity then occurs (Figure 6). Although ‘RVxF’ 

is the primary motif, other secondary motifs for PP1 regulatory subunits binding exist. The 

motifs [G/S][I][L][K] (‘SILK’) and ‘MyPhoNE’ motifs are typically found N-terminal to the 

corresponding ‘RVxF’ motif. The ‘SILK’ and ‘MyPhoNE’ motifs are secondary binding sites for 

regulatory subunit docking are not universally required for regulatory binding (Uhrig et al. 

2013). Like the ‘RVxF’ motif, the ‘SILK’ and ‘MyPhoNE’ motifs bind away from the core 

catalytic site and act through an allosteric regulation for PP1 substrate affinity. 

 

1.3.4 Known Interactors of PP1 and the Cellular Role of PP1 

Several PP1 regulatory proteins have been identified in both mammalian and plant 

systems. In mammals, PP1 interacts with regulators for glycogen degradation (Armstrong et al. 

1997) and is independently recruited to the mitotic spindle to progress the cell through anaphase 

(Rosenberg et al. 2011). 
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Figure 6: The crystal structure of PP1 bound to its regulator MYPT1. To the left the active site 

is the RVxF binding motif of MYPT1 distant from the PP1 active site containing two Mn2+ ions. 

Shown in green is PP1 and orange is MYPT1. The remainder of the MYPT1 regulator wraps 

around the catalytic core of PP1. Left arrow is the location of the RVxF motif. The right arrow is 

the catalytic site with two metals (purple). Kerff (2004), adapted through PDB file (1S70). 

 

There are far fewer plant PP1 regulators known than that of mammalian PP1 regulators. 

Of the few known, they have been shown to produce phenotypes involved in core cellular 

pathways (Figure 7) (Uhrig et al. 2013). Three major plant PP1 regulators have been confirmed 

with a wide array of effects. These are Inhibitor-2 (Templeton et al. 2011), PIN-FORMED 

(PIN1) (Guo et al. 2015) and Rice Salt Sensitive 1 (RSS1) (Ogawa et al. 2011). These three PP1 
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binding partners share the canonical ‘RVxF’ PP1 docking site therefore binding in the same 

fashion to PP1, yet possessing completely different sets of cellular effects. 

Inhibitor-2 (I2) has a direct orthologue in human systems that have been shown to 

directly inhibit PP1 (thus its namesake) (Templeton et al. 2011). I2 acts as a targeting bridge to 

bring PP1 to its substrate when it is required in humans. The recruitment of PP1 substrates 

through I2 is seen primarily in mitosis and the association through I2 helps to regulate the cell 

cycle. Antagonist components to the PP1: I2 complex includes mitotic kinases such as Aurora A 

and Nek 2, both of which drive mitosis (Satinover et al. 2004). In plants, I2 shows a large degree 

of conservation with its human orthologue and has been noted to be one of the most ancestral 

proteins amongst PP1 regulators. Outside of mitosis, I2 in plants has been shown to recruit the 

PP1:I2 complex to the abscisic acid (ABA) response protein SnRK to terminate the ABA 

hormone signal (Huo et al. 2016). 

Another example of PP1 regulatory subunits is through PIN family proteins. PIN proteins 

are responsible for the polarity of auxin transport which correlates to the development and 

interdigitation of pavement cells in leaves. Without the polarity of PIN and auxin transport, 

pavement cells fail to interdigitate and the plant experiences pavement cell defects (Guo et al. 

2015).  It was found that the association of PP1 with PIN1 is required for the dephosphorylation 

of PIN1, which is required for the spatial polarity of PIN1 within the cell (Guo et al. 2015). PP1 

act in opposition to known PIN kinase Protein kinase PINOID (PID) and thus a fine balance with 

PID to control pavement cell morphogenesis.  
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Figure 7: Plant PP1 interactors and their known or speculated function. The list of plant PP1 

regulatory proteins is quite limited. Notable interactors include I2, which is discussed later in 

Chapter 1. Uhrig et al. 2013.  

 

 Finally, the third mentioned regulator includes RSS1. RSS1 was originally found to 

interact with PP1 in rice. RSS1 has been shown to be crucial in rice meristem development, cell 

proliferation, cell organization and provides salinity tolerance. RSS1 is a protein that drives 

mitosis of developing cells and ensures growth is not halted. It also is a master regulator of many 

salinity tolerance genes (Ogawa et al. 2011). RSS1 has also been speculated to be a critical 

protein at the cell cycle G1/S checkpoint to allow for proper growth of meristem tissues acting in 

opposition to cyclin-dependent kinases under stressful conditions. RSS1 shares an analogous 

function with human protein Retinoblastoma protein (Rb) as a G1/S checkpoint protein (Ogawa 
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et al. 2011). Interestingly, plants have orthologues to Rb and RSS1 has been speculated to have 

coordinate control or shared function with the plant Rb series of proteins.  

The diversity of cellular processes which PP1 influences is clearly demonstrated by the 

mentioned regulators. Further diversity in PP1 regulators includes blue light stomatal opening 

(Takemiya et al. 2006), representing a physiological control at the biochemical level. 

 

1.4 Glabra 2 Expression Modulator (GEM) 

 Glabra 2 Expression Modulator (GEM) is a root hair differentiation decision protein and 

has been under previous study by Dr. George Templeton, a direct predecessor of this thesis and 

its research (Templeton 2010). GEM was found as a putative interactor of PP1 in Arabidopsis 

thaliana. A PP1 protein pulldown experiment was conducted and GEM was found to be enriched 

when bacterial expressed human PP1γ was used as bait in Arabidopsis cell culture extracts 

(Figure 8A) (Templeton 2010). GEM was identified through mass spectrometry and sub-cloned 

for further validation studies. Primary experiments included far western blotting and in vitro 

assays using the artificial phosphatase substrate para-nitrophenyl phosphate (pNPP). The results 

suggest that the interaction between PP1 and GEM was through a well-defined ‘RVxF’ PP1 

docking site (Figure 8B) and that the interaction between GEM and PP1 decreased its 

phosphatase activity (Figure 8C) (Templeton 2010). Finally, Dr. Templeton’s work, in vivo 

pulldowns and mass spectrometric analysis revealed a nearby phosphorylation site C-terminal to 

GEM’s ‘RVxF’ site (Figure 8D) (Templeton 2010). Previous research suggests phosphorylation  

around the PP1 ‘RVxF’ docking site can attenuate the PP1:Regulator interaction and acts as a 

mechanism of control.  
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Figure 8: Data from the PP1:GEM interaction. A) The eluted proteins from Arabidopsis cell 

extract that bound to recombinant PP1 covalently linked to Sepharose beads. Eluted proteins 

were identified through mass spectrometry. The band boxed in red was identified as GEM. B) 

Far western results when GEM and ‘RVxF’ mutant GEM were used to retain PP1γ . The results 

show that PP1 is only retained in the wild type forms of the protein showing the primary binding 

site of GEM to PP1. C) Using the pNPP assay, GEM was found to reduce PP1 activity in vitro. 

RVxF mutants of GEM were unable to reduce PP1 as effectively along with a phospho-mimic 

version of GEM. Both the mutant and phospho-mimic versions of GEM are unable to bind PP1. 

D) In vitro phosphorylation sites of GEM found through mass spectrometry. Phosphorylation 

A B 

D C 
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sites are highlighted in red and the RVxF site is highlighted in yellow.  All figures were adapted 

from Dr. George Templeton’s Thesis (2010, The University of Calgary).  

 

1.4.1 Root Hair Architecture 

 GEM has been found to be a major root hair developmental protein and is constitutively 

expressed in growing roots. A growing root consists of four regions (Figure 9) (Schiefeibeina and 

Benfey 1991). The most distal from the root tip is the lateral formation zone, containing 

developed root hairs, mature root, lateral roots and fully differentiated cells. This zone comprises 

the majority of the roots. Next is the specialization zone, where cells fully differentiate into 

different parts of the root such as epidermal cells (trichoblast/atrichoblasts), phloem, xylem and 

root hair tissues. After is the elongation zone where newly proliferated cells elongate into the 

appropriate size for differentiation. Finally, the meristematic zone is where a group of progenitor 

cells rapidly divide and deposit cells into the elongation zone. The meristematic zone also 

establishes root polarity which is critical for correct root development. GEM is expressed 

throughout the plant and acts as a constitutive decision protein. GEM’s effect within root 

development are clearly seen in the specialization regions and drastically affects the proliferation 

and differentiation of trichoblasts (Caro et al. 2007) in the central root and lateral roots. 

Trichoblasts are the progenitor cells that eventually create the root hair. Atrichoblasts are in 

contact with one cortical cell (inner root cell) which do not differentiate into root hairs until they 

become trichoblasts which are in contact with two cortical cells. Trichoblasts will then elongate 

into the soil where they will be classified as root hairs and assist in the exchange on nutrients for 

the plant. Finally, root growth is largely controlled by auxin, which dictates the direction, 

differentiation and amount of cells in the root (Petricka et al. 2012). 
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Figure 9: A) The parts of the growing root. The four zones shown are the lateral root formation 

zone, specialization zone, elongation zone and the meristematic zone.  Each zone harbors a 

different step in differentiation. Figure adapted from Schiefelbein et al. (1991). Lateral lines 

indicate lateral roots. B) The cross section of a root. The presented structure represents the 

architecture in both central and lateral roots. Each section of the root has been labelled. 

Atrichoblasts and trichoblasts reside in the epidermal layers of the root. Image adapted from 

public domain. 

 

1.4.2 GEM as a Mechanism for Chromatin Based Cell Differentiation and Proliferation 

 In 2007, GEM was published as a root hair decision protein that is regulated by 

epigenetic control. GEM was initially found through a yeast two-hybrid screen with Chromatin 

Licensing and DNA replication Factor 1 (CDT1), a protein involved in DNA replication. 
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Phenotypic analysis of GEM overexpressing and GEM null Arabidopsis lines shows that the 

level of GEM expression correlated to the amount of root hair differentiation and inversely 

correlated with Glabra 2 (GL2) mRNA levels (Figure 10A) (Caro et al. 2007). GEM acts to 

repress the expression of the root hair negative regulator GL2 through its chromatin binding 

partners CDT1, Transparent Testa Glabra 1 (TTG1), Glabra 3 (GL3), Enhancer of Glabra 3 

(EGL3) and WEREWOLF (WER), which assemble to create a chromatin remodelling complex. 

Further Chromatin Immuno-Precipitation (ChIP) experiments showed a unique dually-

methylated histone status of the upstream GL2 and CAPRICE (CPC, inactivates WER) promoter 

regions upregulating GL2 and CPC expression. The signature was highly expressed outside of 

the G2/M cell cycle checkpoint (Figure 10) (Caro et al. 2007). GEM appears to inhibit the 

chromatin remodelling complex through its association to WER/GL3/EGL3/TTG1 to tri-

methylate the GL2 and CPC promoters, downregulating their expression during mitosis. The 

investigation of the GEM:PP1 interaction continues and begs to explore the epigenetic inclusion 

of PP1, if any.  

 

1.5 Phosphatidyl Inositol Phospho-Lipid (PIP) Signalling 

 The phosphatidyl-inositol class of lipids provides various functions within the cell. Like 

all lipids, they are embedded within biological membranes and thus potentially offers to add a 

structural element to the cell. The inverted cone shape of the lipid offers high positive curvature 

and thus phosphatidyl inositol (PIP) lipids are found in areas and organelles of high membrane 

curvature (Sprong and van der Sluijs 2001). Alternatively, PIP lipids play a crucial role in the 

signalling environment of the cell. Differentially phosphorylated lipids bind to specific protein 
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domains which activate or sequester the bound protein, affecting its downstream signalling 

pathway. The change in lipid phosphorylation status can result from various external and internal 

cell stimuli and the upstream signalling elements that respond to them (Luo et al. 2003).  

 

Figure 10: A) Top: The root hair phenotype of GEM knockout and GEM overexpressing lines. 

Compared to the wild type, knockouts produce less root hair and the over-expressing lines 

produce more root hairs. Bottom: The mRNA level in the above GEM knockout and 

overexpressing lines. The GEM and GL2 mRNA transcripts are inversely correlated. B) The 

GEM signalling map. GEM supresses CDT1 and chromatin remodelling complex so that the 

GL2 and CPC prompters remain demethylated and not expressed. Images adapted from Caro et 

al. (2007) with permission.  
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1.5.1 Mammalian PIP Biosynthesis and Signalling  

 Phosphatidyl-inositol (PI) biosynthesis in eukaryotes is primarily managed through lipid 

kinases and phosphatases, changing the phosphorylation status of the lipid as the signalling path 

or the cell demands it. Some species of PIP lipids are held for structural integrity of membranes 

such as the enrichment of PI(3,5)P2 at the plasma membrane and endosomes, PI(3,4)P2 at the 

nucleolus and cytosol and PI(3)P  in endosomes (Figure 11A) (Templeton 2010, Di Paolo and De 

Camilli 2006). Others, such as PI(3,4,5)P3 (PIP3) and PI(3,5)P2 are used extensively for 

signalling pathways. The kinases and phosphatases responsible for the rapid shifting of PIP 

species are typically specific for one lipid phosphorylation status and the direct addition/removal 

of a phosphate group to the next (Figure 11B) (Lemmon 2008). For example, the recognition 

domain of the kinases is specific to one phosphorylation status and can only add a phosphate 

group at its corresponding position (Di Paolo and De Camilli 2006). 

The PIP series of lipids each play crucial roles within the cell. For example, PIP3 and 

PI(4,5)P2 play critical roles in cell signalling and their generation and degradation are strictly 

controlled. PIP3 is found in the mTOR signalling pathway. It is generated through PI3K from 

PI(4,5)P3 upon stimulating the cell with growth factors. PIP3 species dock Protein Kinase B 

(AKT) which phosphorylates the mTOR supressing complex Tuberous Sclerosis Protein 

(TSC1/2). AKT also can be activated in a parallel pathway through PDK1 to achieve mTOR 

activation. Once mTOR is uninhibited, it is free to promote protein synthesis and cell growth 

transcriptional markers S6K1 and 4E-BP1 (Figure 12) (Royce and Osman 2015). The tight 

control of this system relies on the tumor suppressor protein PTEN which rapidly degrades PIP3 

species until a true growth signal occurs. When Phosphatidyl Inositol 3 Kinase (PI3K) is left 



 

25 

unchecked, cell proliferation pathways are left permanently ON and tumors develop (Wu et al. 

1998).  

 

Figure 11: A) Immunofluorescent microscopy of PIP lipids. Each antibody used is specific to a 

single PIP species. From left to right PI(3,4)P2 is seen to localize to the nucleolus, PI(3)P is 

localized to the endosomes and PI(3,5)P is found in endosomes. Images were taken using A. 

thaliana cell culture. Left panels show the immunofluorescent signal, the middle panel shows 

nuclear staining with DAPI and the right panel shows the images merged. Images were adapted 

from Templeton thesis (2010). B) The PIP biosynthesis pathways. Each lipid species has a 

unique kinase and phosphatase for conversion to alternatively phosphorylated PIP species. For 

simplicity, only the PIP3 enzymes have been listed. Adapted from Di Paola (2006). 

 

PI(3,5)P2 is also integral to proper cellular function. The generation of this lipid through 

hormone receptor proteins activates phospholipid lipases to cleave the head group of the lipid 
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from the tails, generating two second messengers: inositol tri-phosphate (IP3) and di-acyl 

glycerol (DAG). IP3 is received on the endoplasmic reticulum surface to induce a release of Ca2+ 

to the cytosol activating Ca2+-dependant signalling pathways.  DAG acts as a lipid scaffold to 

dock Protein Kinase C (PKC) (Laplante and Sabatini 2012, Royce and Osman 2015). Between 

the two mentioned PIP signalling pathways, the control of PIPs within the cell is paramount to 

correct internal communication, proper survival of the cell and overall survival of the organism.  

 

 

Figure 12: The classic mTOR pathway. A growth signal is received from outside the cell and the 

receptor perpetuates the signal within the cell. PIP3 is synthesized by PI3K. PIP3 docks and 

activates AKT. AKT will inactivate TSC1/2 and uninhibited mTOR will promote cell 

proliferation proteins such as S6K. Adapted from Royce (2015). 

 



 

27 

1.5.2 Conserved PIP Binding Domains: GRAM and PH  

 GRAM and PH domains are seen throughout eukaryotic systems with the innate ability to 

bind phosphotidyl-inositol polyphosphates (PIP3 as the primary lipid ligand) and are classified 

under the PH superfamily (Shi et al. 2014). These domains are small at approximately 120 amino 

acids in length. Both GRAM and PH domains are individually conserved but bind PIP3 lipids 

with different primary sequences. The GRAM/PH (Pleckstrin Homology) domain is typically 

seen to provoke a change in activity to continue or halt a signalling cascade.  The GRAM/PH 

domain is found throughout many different pathways within the cell such as the human 

myotubularin/ myotubularin-related protein family (Shi et al. 2014). Other notable examples of 

GRAM/PH domain containing proteins include hormone receptor substrates (Insulin receptor 

substrate-1) and the aforementioned AKT in the mTOR cell proliferation pathway. In plants, the 

GRAM/PH domains are rare and not well understood where their function and pathways lie.  

 

1.5.3 GEM, Plant PIP Signalling and Evolutionary Conserved PTEN  

 An analysis of GEM’s primary sequence adds complexity to plant lipid signalling 

systems. GEM’s primary sequence contains a GRAM domain that is predicted to bind 

phosphatidyl-inositol tri-phosphate lipids (PIP3) and is part of the PH superfamily domain 

(Templeton 2010). The conflict arises through an analysis of the lipid kinases in plant systems. 

Plants have not been annotated with any lipid kinases able to produce PIP3, particularly the 3 

position phosphate. Furthermore, GRAM/PH domains are incredibly rare in plant systems and 

their evolutionary retention raises further questions regarding their biochemical and 

physiological importance for the plant phyla. GEM PIP lipid binding analysis will be further 

investigated in Chapter 3. In vitro analysis performed by Dr. Templeton through a lipid 
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competitive far western blot showed recombinant and cell extract purified GEM have high 

affinity for PIP3 lipids (Figure 13) (Templeton 2010).  

 

 

Figure 13: Far western lipid overlay experiment performed in Dr. Templeton’s thesis. GEM is 

seen to bind PIP3 naturally and PA through its recombinant tag. Other controls are seen such as 

GEM truncated without the GRAM domain (1-184), PKB, PH (PI(3,4)P2 specific) and the cTAP 

tag (non-specifically binds PA).  

 

Analysis of the Arabidopsis genome reveals three conserved isoforms of mammalian 

PTEN. PTEN is responsible for the dephosphorylation of PIP3, but for the same reason as the 

conserved GEM GRAM domain, a question of its retention through evolution is raised. 

Arabidopsis PTEN has been shown to display PIP2 dephosphorylation in vitro (Zhang et al. 

2011). PTEN has been shown to have alternative pathways to lipid dephosphorylation in 
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mammals such as acting as a tyrosine phosphatase for the Neural precursor cell Expressed 

Developmentally Down-regulated protein 4 (NEDD4) proliferative pathway (Shi et al. 2014). 

Plant PTENs are typically under-studied and in plants their only known function is a negative 

regulator of pollen tube autophagic bodies through phosphotidyl-inositol 3-phosphate lipid 

degradation (Zhang et al. 2011).  It may appear that plant PTEN may have adapted to alternative 

substrates, but this has yet to be confirmed.  

 

1.6 Objectives  

Given the amount of PP1 regulators in plant systems, there is much to explore. There are 

few validated regulators of PP1 and not much is known about PP1 itself aside from basic 

biochemical features shared with mammalian orthologues. Additionally, GRAM domains in 

plant systems are yet an enigma due to no known way for their targets lipids to be synthesized in 

vivo.  

Throughout this project, I have three specific objectives to explore. These include: 

• Determine Arabidopsis PP1 Sub-Cellular Localization 

• Expand the PP1 List of Regulators 

• Validate PP1 Putative Interactor “GEM”  

• Validate GEM’s GRAM domain lipid specificity 
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CHAPTER TWO: PP1 LOCALIZATION AND PROTEOMICS 

2.0 Objectives and Hypothesis 

 PP1 is a highly conserved protein phosphatase across eukaryotes and displays a wide 

array of regulators. The Arabidopsis PP1 isoforms have no known sub-cellular localization 

signal and are predicted to localize to the cytosol based on primary sequence prediction (Hooper 

et al. 2014). I will use western blotting to analyze PP1 localization in Arabidopsis extracts and 

predict that PP1 will be detected in many cellular fractions. I also predict that PP1 in Arabidopsis 

will be found at low levels in major plant structures (ex. roots, leaves, flowers etc.) (Seger and 

Krebs 1995). 

 In plants, few regulators of PP1 have been discovered or annotated. PP1 in humans and 

plants displays a conserved biochemical binding of its regulators. An objective of this thesis is to 

discover and identify Arabidopsis thaliana PP1 regulatory subunits. To accomplish this, 

engineered recombinant PP1 constructs were used for cTAP purification. The tagged constructs 

will be transformed into Arabidopsis thaliana and constitutively expressed. The plant tissue will 

be purified for tagged PP1 and any bound protein/regulators will be identified through mass 

spectrometry.  

 

2.1 Methods and Materials 

2.1.1 Type One Protein Phosphatase (A. thaliana) Expression and Purification 

Previously cloned TOPP isoforms in pET101 expression vector with no purification tag 

were transformed into E. coli BL21 STAR expression line were seeded into an overnight LB 

culture and 100 μg/mL ampicillin at 37°C and 200 RPM. The following morning, the saturated 

culture was sub-cultured 1:100 into 1 L of LB media with 1 mM MnCl2 and 100 μg/mL 
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ampicillin. The culture was incubated at 37°C and shaken at 200 RPM for 3 hours (OD600=0.4-

0.6) and expression was induced with 0.1 mM IPTG overnight (16 hrs) at the same conditions. 

The following morning, cells were collected via centrifugation at 3500 xg for 20 minutes. The 

pelleted cells were re-suspended in microcystin lysis buffer (25 mM Tris-HCl pH 7.5, 100 mM 

NaCl, 5 % glycerol and 0.1 % β-Mercaptoethanol). The cells were then frozen at -80°C 

overnight. The following morning, TOPP expressing cells were thawed and 3 mM benzamidine 

and 1 mM fresh PMSF were added. Thawed cells were then lysed using a french press at two 

rounds of 17000 psi exit pressure and the above protease inhibitors were added again. Lysed 

cells were then spun at 100,000 xg for 40 minutes. The supernatant was then collected and 

filtered through two layers of miracloth and another treatment of protease inhibitors were added 

as above. The extract was then incubated with 1 mL of Sepharose beads covalently linked with 

Microcystin-LR at 4°C for 2 hours. Then the column was pelleted and washed with 300 column 

volumes (CV) of microcystin wash buffer (25 mM Tris-HCl pH 7.5, 1 M NaCl, 1 mM MnCl2, 5 

% glycerol, 0.1 % β-Mercaptoethanol and 0.1 % Brij-35). TOPP isoforms were then eluted using 

the above wash buffer with an additional 3 M NaSCN for 20 minutes and manually mixing the 

beads every five minutes during. The eluted TOPP isoforms were then collected and dialyzed 

overnight against 20 volumes of dialysis buffer (25 mM Tris-HCl, 250 mM NaCl, 250 mM KCl, 

1 mM MnCl2, and 0.1 % β-Mercaptoethanol). Dialyzed samples were concentrated to 0.5 mL 

using a 10 kDa cut-off Centricon. Protein used for phosphatase assays was then dialyzed again 

against 100 volumes of the above dialysis buffer with 50 % glycerol overnight. Dialyzed samples 

were stored at -20°C. 
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2.1.2 TOPP Primary Sequence Alignment 

Arabidopsis TOPP protein sequences were obtained through The Arabidopsis 

Information Resource (TAIR) and human PP1 isoform sequences were obtained through 

UNIPROT. Global alignment was performed using CLUSTAL Omega (1.2.3).  

 

2.1.3 TOPP Antibody Purification  

An antibody raised against a common epitope of all nine Arabidopsis TOPP isoforms was 

generated as in Harlow and Lane (1988), using the peptide mixture (Appendix 1) covalently 

linked to BSA and KLH (Lateef et al. 2007) in a New Zealand rabbit. After sacrifice, blood was 

span in plastic falcon tubes at 3500 xg for 10 minutes. Cleared serum was collected from the 

upper fraction and stored at -80°C for further use (Templeton 2010). To purify TOPP-specific 

antibodies from the collected serum, recombinant TOPP isoforms were used. Purified TOPPs (1 

mg) were collected (equal masses of each TOPP isoform [1-9, excluding 6]) were loaded onto a 

12 % SDS-PAGE, run for 300 V*Hrs and transferred to a nitrocellulose membrane for 200 

V*Hrs. The transferred protein was excised around the 35 kDa mark and blocked with 5 % milk 

powder in TBS overnight at 4°C. Collected serum was thawed and diluted three fold with 5 % 

milk powder in TBST 0.1 % (Tween-20). The nitrocellulose strip was washed briefly with Tris 

Buffered Saline (TBS) (2 X 5 min). After washing the strip, it was incubated with the diluted 

serum for 1 hour at room temperature, mixing on a tilt table. The strip was collected and washed 

three times for five minutes with Tris Buffered Saline plus Tween (TBST) 0.1 % Tween-20. 

Elution of the purified antibodies was achieved through a continuous washing of the strip with 1 

mL of 100 mM glycine (pH 2.0) for 2 minutes. The glycine solution containing the eluted 

antibodies was collected and neutralized with 100 μL of 1 M Tris-HCl (pH 8.8). This elution step 
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was repeated three times per cycle. The above incubation with serum and elution of antibodies 

was repeated 3-6 times, depending on the yield. Eluted and neutralized antibodies were pooled 

and dialyzed overnight in 1 X Phosphate Buffered Saline (PBS) in 100 volume excess at 4°C. 

Dialyzed samples was collected and concentrated down to 200 μL using a 10 kDa cut off 

Centricon and the antibody concentration was determined through the Bradford assay.  

 

2.1.4 Affinity Purified anti-TOPP Antibody Optimization  

To validate low mass detection of affinity purified anti-TOPP antibody, 20 to 160 ng of 

recombinant TOPP7 was loaded on a 12 % SDS-PAGE gel. In addition, to examine the isoform 

specificity of the purified TOPP antibody, 100 ng of each recombinant anti-TOPP isoform were 

loaded onto 12 % SDS-PAGE. Both gels were run for 300 V*Hrs and transferred to 

nitrocellulose membrane over 200 V*Hrs. After transfer, the membrane was blocked with 5 % 

milk powder in TBS buffer for 1 hour at room temperature. Primary antibody solution consisting 

of 3 μg/mL of purified anti-TOPP antibody in 5 % milk powder in TBST 0.1 % buffer was 

incubated overnight at 4°C. After incubation, the membrane was washed with 4 cycles of TBST 

0.1 % (Tween-20) for 5 minutes each. Secondary antibody solution consisting of 1:5000 anti-

rabbit HRP antibody in 5% milk powder in TBST 0.1% (Tween-20) was applied to the 

membranes for 2 hours at room temperature on a tilt table. Then the membranes were washed 4 

times for 5 minutes with TBST 0.1 % (Tween-20). Finally the membranes were developed using 

Western Lighting ECL (Perkin Elmer) solution and exposed to x-ray film.  
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2.1.5 BAR Data Generation (University of Toronto) 

Tissue expression profiles for each TOPP isoform was performed using the Toronto BAR 

database (http://bar.utoronto.ca/) for plant tissue expression. Each TOPP isoform had their 

respective TAIR number exported to the BAR database to generate the expression profile. 

 

2.1.6 TOPP Tissue Detection Western Blot 

Seeds, roots, shoots, siliques, rosettes and flowers from mature A. thaliana plants, each 

were harvested with mortar and pestle and re-suspended in extraction buffer (25 mM HEPES-

NaOH pH 7.5, 150 mM NaCl, 0.1 % Tween-20 and 5 % glycerol). Ten day old A. thaliana dark 

grown cell culture was collected, re-suspended in extraction buffer. Each sample was lysed via 

French press at exit pressure 17,000 psi and collected from the supernatant after a 100,000 xg for 

40 minutes. Each sample was further diluted with SDS cocktail buffer and 20 μg of protein (2 μg 

of root extract) was ran on a 12 % SDS-PAGE for 300V*Hrs and transferred to nitrocellulose 

membrane for 200 V*Hrs.  TOPP isoforms within various parts of the plant were tested via 

western blotting as in 2.1.4. 

 

2.1.7 TOPP Detection in A. thaliana Nuclear Cell Extracts 

Nuclear extracts were isolated from A. thaliana dark grown cell culture as in Fu and 

Copeland (2012). Ten day old dark grown cell culture was harvested and frozen in liquid 

nitrogen and stored at -80°C until day of use. Forty grams of cells were thawed and re-suspended 

in 80 mL of lysis buffer (20 mM Tris-HCl (pH 7.4), 25 % glycerol, 20 mM KCl, 2 mM EDTA, 

2.5 mM MgCl2, 250 mM sucrose and 1 mM fresh PMSF). The suspension was homogenized 

with mortar and pestle and filtered through miracloth. Next, the filtered sample was spun at 1500 
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xg for 10 minutes at 4°C. The pellet was re-suspended in nuclear resuspension buffer (20 mM 

Tris-HCl (pH 7.4), 25 % glycerol, 2.5 mM MgCl2, 0.2 % Triton X-100) and boiled in SDS 

cocktail buffer. The supernatant was kept as the cytosolic fraction and directly treated with the 

SDS cocktail buffer. 

After extraction, 40 μg of each cell fraction were loaded onto a 10 % SDS-PAGE, run for 

160 V*Hrs and transferred onto a nitrocellulose membrane over 200 V*Hrs. After transfer, the 

membrane was blocked with 5 % milk powder in TBS buffer for 1 hour at room temperature. 

The membrane was split into 3 strips: >45 kDa, 25-45 kDa and <25 kDa. The middle strip was 

probed with affinity purified anti-TOPP antibody as in 2.1.4. The >45 kDa strip was blocked 

overnight and incubated with anti-UGPase primary antibody solution containing 1:2000 anti-

UGPase antibody (Agrisera AS05 086) in 0.5 % BSA in TBST 0.1 % (Tween-20) for 1.5 hours 

at room temperature. The <25 kDa strip was blocked overnight and incubated with histone H3 

primary antibody solution (Abcam 1791) containing 1:2500 anti-H3 and 0.5% BSA in TBST 

0.1% (Tween-20) for 1.5 hours at room temperature. Washes following primary antibody 

incubation and secondary antibody incubation were as in 2.1.4. 

 

2.1.8 TOPP Isoform Gateway Cloning 

Each TOPP isoform plasmid (pET101) containing E. coli CPRIL BL21 strain was grown 

and used for template for Gateway cloning. Each TOPP isoform plasmid underwent PCR using 

the KAPA-HIFI system (KAPA Biosystems) with 150 ng of plasmid as template and TOPP-

isoform specific Gateway primers (Appendix 2) per the KAPA-HIFI manual. Using the PCR 

protocol (95°C 5 min, [98°C 20 s, 40°C 15 s, 72°C 45 s]30 72°C 5 min, 4°C forever) the TOPP 

isoform genes were amplified. The PCR products were run on 0.8 % agarose gel in Tris-base, 
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Acetic Acid and EDTA (TAE) buffer for 100 V*Hrs. The gels were then soaked in EtBr-TAE 

solution for 20 minutes and placed upon a UV table. Bands illuminated by UV light and around 

the 1 kB marker were excised and purified from the gel (Omega Bio-Tek). Next 150 ng of the 

purified TOPP genes were incubated with 2 μl of BP clonase (Invitrogen) and 150 ng of freshly 

prepared PDONR 221 donation vector. The reaction was allowed to continue overnight at 25°C 

and halted the next day through Proteinase K treatment at 37°C for 1 hour. The product of the BP 

reaction was transformed into DH5α E. coli and plated on 50 μg/mL kanamycin - LB agar plates. 

Positive colonies were re-cultured overnight and their plasmids were isolated and sequenced 

across the TOPP gene. Perfect sequence transformants were regrown and freshly prepared for 

their plasmid which was then incubated with the destination vector pC-TAP and 2 μL of LR 

clonase (Invitrogen) overnight at 25°C. The solution was then incubated with Proteinase K for 1 

hour at 37°C and the product was transformed into DH5α on 50 μg/mL spectinomycin-LB agar 

plates. Positive colonies were regrown and made into glycerol stocks and sequenced again for 

integrity. 

 

2.1.9 Agrobacterium tumefaciens Transformation and Infection of Wild Type A. thaliana 

Agrobacterium infection line GV3101 was transformed using electroporation. One μg of 

freshly purified TOPP-cTAP or GFP-cTAP plasmid was added to 100 μL of chemically 

competent Agrobacterium cells in an electroporation cuvette. A single burst of 2.2 kV was 

applied and the cell-plasmid suspension was immediately diluted to 1 mL using warmed LB. The 

Agro-plasmid solution was then incubated at 30°C for 3 hours at 150 RPM. After incubation 100 

μL of the cells were plated on 50 μg/mL spectinomycin - 25 μg/mL gentamycin - 50 μg/mL 

rifampicin - LB agar plates and incubated in the dark at 30°C for 2 days. Successful colonies 
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were stored and their plasmids were tested for the TOPP gene using the screening protocol. The 

screening protocol includes a sample consisting of 1X REACT 3 PCR buffer, 3.75 mM MgCl2, 2 

μM dNTP, 2 μM Forward and Reverse Gateway primers (Used in 2.1.9) and 1 μL of prepared 

plasmid. The sample was then run under the PCR protocol (95°C 5 min [94°C 30 s, 60°C 30 s, 

72°C 90 s]30 72°C 10 min, 4°C forever) then diluted using PCR running dye and run on a 0.8% 

agarose in TAE buffer for 100 V*Hrs and visualized using EtBr in TAE. Nössen ecotype A. 

thaliana was grown for 4 weeks at 25°C with 16 hr photoperiods. Watering occurred every 2 

days with enough to keep the soil moist. Once flowering, transformed Agrobacterium was grown 

at 30°C and 150 RPM for 2 days with 25 μg/mL gentamycin - 50 μg/mL spectinomycin 

selection. After this incubation, the culture was reseeded into 500 mL of LB with the above 

selection and incubated for 2 days at 30°C and 150 RPM. After incubation, Agrobacterium cells 

were collected at 3500 xg for 20 min at 4°C. Collected cells were re-suspended in 200 mL of 5 % 

sucrose with 0.05 % Silwet L-77 in MS media. A. thaliana plants were then pruned of developed 

siliques and the flowers dipped into the Agrobacterium solution for 10 seconds. Plants were then 

immediately wrapped in plastic and left overnight in the dark at room temperature. Plants were 

then returned to their normal growth conditions and left until silliques formed. After 2 weeks the 

plants were harvested for their seeds which were immediately dry-sterilized by chlorine bomb 

for 4 hours and plated on gentamycin-MS agar plates. This was repeated for each TOPP isoform 

and the GFP-cTAP line (Clough and Bent 1998).  

 

2.1.10 Stable A. thaliana Transformant Screening  

Seedlings able to survive 50 μg/mL gentamycin after Agrobacterium infection were 

allowed to germinate and grow. Leaf samples from each surviving plant were then ground up 40 
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μL of a 2 X SDS cocktail mixture and run on a 12 % SDS-PAGE for 300 V*Hrs. The protein 

was then transferred to a nitrocellulose membrane for 200 V*Hrs and blocked overnight in 5% 

milk powder solution in TBS. The following morning, the membranes were probed for TOPP as 

in 2.1.4 but for four hours on primary antibody incubation. The membranes were also probed for 

GFP and for MYC using the following procedures. 

MYC primary antibody solution consisting of 0.5 μg/mL anti-MYC antibody and 0.5 % 

BSA in TBS was incubated for 2 hours at room temperature on a tilt table. After incubation, the 

membrane was washed with TBST 0.1 % (Tween-20) for 5 minutes, four times. Secondary 

antibody solution consisting of 1:5000 anti-rabbit HRP conjugate with 5 % milk powder in 

TBST 0.1 % (Tween-20) was applied to the membrane for 2 hours at room temperature. After 

incubation, the membrane was washed with 4 cycles of TBST 0.1 % (Tween-20) for 5 minutes 

each. Finally the membrane was developed using Western Lighting ECL (Perkin Elmer) solution 

and exposed to x-ray film.  

GFP primary antibody solution consisting of 1:500 of anti-GFP antibody (Roche Clone 

7.1 and 13.1) and 5 % milk powder in TBST 0.1 % (Tween-20) buffer was incubated on a tilt 

table at room temperature for 1.5 hours. After incubation, the membrane was washed with 3 

cycles of TBST 0.1 % (Tween-20) for 5 minutes each. Secondary antibody solution consisting of 

1:5000 anti-mouse HRP conjugate with 5 % milk powder in TBST 0.1 % (Tween-20) was 

applied to the membrane for 1 hour1 at room temperature. After incubation, the membrane was 

washed with 4 cycles of TBST 0.1 % (Tween-20) for 5 minutes each. Finally the membrane was 

elucidated using Western Lighting ECL (Perkin Elmer) solution and exposed to x-ray film.  

Plants positive for the MYC epitope and either the migrated TOPP or GFP epitope were 

harvested. Collected seeds were dry-sterilized through chlorine bomb for 4 hours and plated onto 
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MS-Free agar plates. The plates were kept at 4°C in the dark for two days to induce germination. 

After two days the seeds were transferred to 24 hr light condition at room temperature for 2 

weeks. Next the grown seedlings were transferred to soil for 4 weeks. In soil, the plants were 

grown under 16 hr photoperiod and watered every 2 days. When stems were present, they were 

cut every 4 days. After four weeks of growth, plants were harvested through collection of leaf 

tissue immediately submerged in liquid nitrogen and stored at -80°C.  

 

2.1.11 cTAP TOPP Proteomics Sample Generation 

This protocol was adapted from Rubio et al 2005. Previously frozen cTAP expressing 

cells (10g) were thawed, powderized via mortar and pestle and re-suspended in TAP buffer (15 

mL) (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10 % (v/v) glycerol, 0.1 % Nonidet P-40 (NP-

40), 1 mM PMSF and 1X SIGMA FAST Protease Inhibitor Cocktail, EDTA-Free). Re-

suspended cells were centrifuged at 100,000 xg for 40 minutes. Supernatants (50 mg via the 

Bradford Assay) were collected and incubated with 200 μL IgG-Sepharose for 2 hrs. The column 

was then washed with 150 CV of TAP buffer and then washed with 10 mL of TAP buffer plus 1 

mM DTT. Captured complexes were treated with 10 U of HRV C3 protease (Pierce) for 1 hour 

at 4°C. The supernatant was diluted with 5 mL of TAP buffer plus 1 mM DTT. Eluted proteins 

were collected and incubated with 100 μL of Ni-NTA agarose for 30 minutes at 4°C then washed 

with 30 mL of TAP buffer plus 1 mM DTT. Next, the nickel bound complexes were washed with 

10 mL of TAP buffer minus NP-40. Elution was performed by boiling for 5 minutes with 100 μL 

of elution buffer (1 % SDS, 15 % glycerol, 50 mM Tris-HCl (pH 8.7) and 150 mM NaCl). The 

supernatant was collected; a sample was taken for SDS-PAGE analysis on a 4-12 % gradient gel, 

colloidal stained then silver stained. Samples were also analyzed by western blot as in 2.1.10. 
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The rest of the sample was reduced with 5 mM DTT at 65°C for 20 minutes and alkylated with 

15 mM iodoacetamide for 1 hour at room temperature in the dark (Delahunty and Yates 2005). 

The reaction was quenched by adding another 5 mM of DTT to the sample and incubating at 

room temperature for 15 minutes. After alkylation, the sample was brought to 400 μL using ice 

cold HPLC grade water followed by the addition of 100 μL of 100 % TCA. The sample was 

mixed thoroughly and incubated on ice for 15 minutes (Polson et al. 2003). After incubation, the 

samples were spun at 14,000 RPM for 20 minutes at 4°C. The supernatant was removed then 1 

mL of 10 % TCA was added and spun at 14,000 RPM for 10 minutes at 4°C. The supernatant 

was again removed and another 1 mL wash of 10 % TCA was applied and spun as the previous 

cycle was. After the supernatant was removed, 1 mL of cold acetone was added and spun at 

14,000 RPM for 10 minutes. The supernatant was then removed. Finally, samples were dried in a 

speed-vac for 10 minutes and sent for mass spectrometric analysis.  
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2.2 Results and Discussion  

2.2.1 TOPP Purification, Antibody Validation and Fidelity Testing 

Previously performed by Templeton (2010), a rabbit was injected with a BSA/KLH 

conjugated peptide mixture. The peptide consisted of a common C-terminal end of Arabidopsis 

TOPP isoforms (Figure 14A). At the end of the peptide treatment, the rabbit was sacrificed and 

the sera collected. The TOPP polyclonal antibody collected was purified using recombinant 

versions of TOPP isoforms. The microcystin purification was used to purify TOPP isoforms. 

Microcystin is a well characterized inhibitor of the PPP family phosphatases and through its tight 

binding offers the means of purification. TOPP isoforms (1-5,7-9) were purified through 

covalently coupled microcystin to Sepharose beads (Figure 14B). Tight affinity enabled the 

column to be stripped of contaminant protein and TOPP isoforms were eluted through slight 

denaturing of PP1 causing release of microcystin due to loss of tertiary structure at the catalytic 

groove. Once transferred to nitrocellulose membrane, the TOPP mixture was used to sequester 

TOPP specific antibodies from the collected serum (Figure 14C). Although the antibody yield 

was low, the collected antibody showed specificity down to 20 ng of TOPP7 input (Figure 14D) 

and was able to recognize all purified TOPP isoforms (Figure 14E). Different degree of 

recognition for TOPP isoforms is observed but provides a strong signal for complex TOPP 

mixtures. Weaker signals for TOPPs 3 and 4 can be observed and perhaps are underrepresented 

during the antibody purifications. Intensity of TOPP3 and 4 signals cannot be attributed to 

peptide similarity as they contain the sequences used in the peptide. 

 

 

 



 

42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

Peptide Mixture: NH
2
-GEFDNAGA[L/M]MSVDK-COOH  

B 

D E 

116 

66 

45 

25 

35 

TOPP 100 ng 

1     2     3    4     5     7    8     9  

anti-TOPP 

116 

66 

45 

25 

35 

TOPP 100 ng 

1    2      3   4    5    7    8       9  

Colloidal 

C 

anti-TOPP 

TOPP7 (ng) 

160         80        40    20 

kDa 

kDa 



 

43 

Figure 14: A) Alignment of the PP1 isoforms at the C-terminal end. The highlighted region is 

the sequence in which the TOPP peptides were derived to create the polyclonal antibody. Below 

it is the consensus peptide.  A mixture of peptides was used with variance at the L and M 

position. Equal amounts of each peptide were used when generating the antibody. B) Colloidal 

coomassie stain of the purified TOPP isoforms. Each lane has 500 ng protein loaded. The TOPP 

protein band is marked with a red arrow. All TOPP isoforms display similar molecular mass. C) 

The antibody purification schematic for generating a pure fraction of anti-TOPP antibody. Red 

bands indicate the ponceau stained protein and the white background represents the 

nitrocellulose membrane after transferring. Blue outlines show antibody binding and elution. D) 

The detection range of the TOPP antibody, ranging from 20 ng to 160 ng. Recombinant TOPP7 

was used to test the detection range. Purified anti-TOPP antibody as in Figure 1C was used. E) A 

western blot of purified TOPP isoforms using purified anti-TOPP antibodies. One major band for 

each isoform is present and correlates to the most prominent bands as seen in the coomassie 

colloidal stained gel in Figure 1B. 

 

2.2.2 BAR TOPP Expression Data Analysis 

 BAR expression data was collected to assess the expression of TOPP throughout the life 

cycle of the plant. BAR data collected for each isoform reveals a few hot spots for specific TOPP 

isoforms such as TOPP9 which is showed to be expressed during pollen development (Figure 

15). All TOPP isoforms display relatively low expression in most Arabidopsis tissues. Another 

trend seen is that the TOPP isoform expression is consistent. No TOPP isoform displays large 

expression differences compared to the others.  
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Figure 15: A) University of Toronto BAR expression data for each TOPP isoform. The key 

(right) for tissue expression is found beside the heat map (left).  Heat signatures range from low 

(yellow) to high (red). TOPP isoforms display relatively low heat signatures. All available 

tissues were selected for TOPP expression data. 

 

This suggests that each TOPP isoform is expressed is similar amounts and that TOPP 

isoforms may share a pool of regulatory subunits. These findings are consistent with the idea that 

TOPP isoforms exist in the background of cellular function yet provides common profound 

effects in cellular processes. 

 

2.2.3 TOPP Localization within the Plant and the Cell 

To verify the findings of the BAR data, tissues protein extracts were examined for TOPP 

content. Arabidopsis tissue samples were taken for western blot analysis. The western blot 

revealed that the polyclonal antibody is able to detect multiple bands around the 35 kDa mark 

(approximate molecular weight of TOPP isoforms). The characteristic doublet appears in most 

tissues including seeds, roots, shoots, siliques rosettes and cell culture (Figure 16A) indicating 

different TOPP isoforms are present in each tissue. In cell culture, the doublet signal is also seen 

to titre with the amount of input (Figure 16A). It is unknown which isoforms appear to form the 

doublet, but it can be concluded that the presence of TOPP isoforms is seen in the majority of 

tissues except for root extract. Root extracts were underrepresented as only 2 µg was analyzed. 

Limitations in the root extract preparation excluded it from an equal analysis. The presence of 

TOPP within different plant tissues is consistent with the previously BAR data. 
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TOPP subcellular localization was also assessed during this study. Nuclear and cytosolic 

fractions were produced from Arabidopsis cell culture. PP1 in mammalian systems is found to 

have nuclear localization and play critical roles in mitosis and nuclear dephosphorylation events. 

Interestingly, PP1 in both animals and plants have been annotated without any known nuclear 

import sequence, suggesting that PP1 regulatory proteins may be responsible for TOPP nuclear 

import.  

Nuclear localization of PP1 in mammals only adds to PP1 character as major cellular 

controllers and potential nuclear roles within plant systems (Margolis et al. 2003). Fractions 

were analyzed using western blotting and the earlier purified TOPP antibody and TOPP species 

were found to be present in both nuclear and cytosolic fractions (Figure 16B), suggesting roles in 

processes found in each fraction. Also observed in the blotted fractions are different enrichments 

of bands in each fraction suggesting that the localization of PP1 isoforms has preference for 

different cellular fractions.  

According to TOPP primary sequences and the idea that their regulatory proteins may 

direct TOPP sub-cellular localization, the results support that notion. Nuclear import of protein 

involves preserved tertiary and quaternary structures between protein sub-units (PP1 and bound 

regulator) where PP1 tertiary structure is required to bind PP1 regulators. Preservation of tertiary 

and quaternary structure is consistent with known nuclear import mechanisms in both mammals 

and plants. 
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Figure 16: A) Tissue samples from Arabidopsis plants were extracted and blotted with purified 

anti-TOPP antibody.  Each input was 20 μg, except for root extract which was 2 μg due to the 

limitation of the sample prepared. Cell culture extracts were loaded at 5, 10 and 20 μg to 

visualize the range of TOPP signal across mass. The primary incubation with anti-TOPP 

antibody was performed overnight and produces a characteristic doublet band around the 35 kDa 

mark, consistent with TOPP isoform molecular weight and diversity. Besides the mentioned blot, 

a titre of dark cell culture tissue was also analyzed for TOPP content and the characteristic 

doublet is seen again. B) Nuclear and cytoplasmic extracts from Arabidopsis cell culture were 
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analyzed for TOPP content. Each lane contains 40 μg of protein. Histone 3 (Nuclear) and 

UGPase (Cytosol) markers were included for cell fraction identity and clarity of samples.  

 

2.2.4 Generation of TOPP cTAP Lines and TOPP Proteomics 

Cloning and preparation for a large scale TOPP interactor study by proteomics utilized 

Gateway cloning and Agrobacterium transformation. Eight of the nine TOPP isoforms were 

cloned successfully into pC-TAP vector containing the 6xHIS-9xMYC-Protein A tag (Figure 

17). Gene amplification through Gateway primers yielded a single band used for cloning (Figure 

17B) and the same signature band appeared through Agrobacterium screening (Figure 17C). 

Once transformed into Arabidopsis, the expression of marker epitopes was tested. The 

only successful transformants were TOPP5 and six control GFP lines. The TOPP western blot 

signal was found to migrate upward approximately 30 kDa, correlating to the size of the His-

MYC-Protein A tag (Figure 17D). A similar effect was seen in the GFP control line moving the 

GFP western blot signal from 30 kDa to 60 kDa (Figure 17D). The other marker epitope (MYC) 

was found to overlap with migrated TOPP and GFP signals and absent from wild type 

untransformed lines (Figure 17D). Confirmation of the transformation of Arabidopsis thaliana 

lines will provide the tissue and basis of the PP1 proteomic experiment. 
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Figure 17: A) Schematic representation of the Gateway cloning pipeline. All Gateway cloning 

vectors and genes used this protocol throughout this thesis. Gene products are purified and 

undergo two recombination events to donate the gene into the destination vector. B) PCR results 

of primary tagging for Gateway compatible genes. The PCR product was run on a 0.8 % agarose 

gel, stained with ethidium bromide and exposed to UV light. Example PCR of TOPP2 showing 

the prominent band at 1 kB (correlating to TOPP gene sizes) which was excised, purified and 

used in the Gateway BP reaction. C) PCR screening of cTAP-TOPP transformed Agrobacterium, 

ready for infection into the whole plant. PCR product was run on a 0.8 % agarose gel, stained 

with ethidium bromide and exposed to UV light. D) Portions of each TOPP/GFP-cTAP plant 

leaves were ground in SDS-cocktail buffer and examined for specific epitope marker relevant to 

cTAP cloning (MYC) and TOPP/GFP genes themselves. Western blots of whole plants infected 

with cTAP-TOPP positive for the MYC marker and migration shifts of PP1/GFP due to the tag.  

 

From the Arabidopsis thaliana transgenic lines of the TOPP proteome will be elucidated. 

Tagged TOPP5 acted as bait for PP1 interactors expressed inside the plant was purified using a 

tandem affinity purification step (Figure 18A). Successful purification of cTAP-TOPP5 and GFP 

can be seen in colloidal staining, silver staining and western blotting (Figure 18B). The migration 

of GFP and TOPP5 after HRV C3 cleavage can also be seen in the eluate fractions. Silver 

staining also shows additional bands that were co-purified. These bands represent potential 

TOPP5 interactors and will later be identified for mass spectrometric analysis. Primary analysis 

of candidate interactors will be searched for the canonical ‘RVxF, SILK, and MyPHone’ PP1 

binding motifs. 
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Figure 18: A) Schematic representation of the cTAP protocol. Each bait TOPP or GFP was 

purified from the soluble extract and incubated with IgG Sepharose. The recombinant Protein A 

tag selectively binds IgG Sepharose and is washed of non-bait protein interactors or IgG 

Sepharose interactors. The Protein A tag is cleaved and the eluted fraction is purified using an 

engineered Nickel tag. Stringent washing and further elution yields the bait protein and potential 
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interactors. After elution of the cTAP purified proteins, a sample was taken for SDS-PAGE 

analysis on a 4%-12% gradient gel for colloidal coomassie and silver staining.  B) Another 

sample was taken for GFP, TOPP and MYC epitope analysis of samples run on a 12% SDS-

PAGE.  

 

2.3 Conclusions 

 PP1 biochemistry in plants is remarkably similar to that of PP1 in mammalian systems. 

TOPP isoforms are seen to be ubiquitous throughout the plant, with the protein residing in low 

cellular levels. Despite the lack of a nuclear import signal, TOPP isoforms have incomplete 

evidence of regulator dependant sub-cellular localization. Following proteomic analysis, 

regulators of PP1 can be sorted using canonical ‘RVxF, SILK and MyPHone’ motifs. It is 

expected that proteomic analysis will provide evidence for regulator dependant localization and 

more importantly a putative list of PP1 interactors orthologous to mammalian PP1 regulators and 

perhaps novel PP1 interactors that have uniquely evolved in plant systems to support plant 

specific biochemical pathways. 

 

2.4 Future Directions  

 From the data presented in this chapter, there are many directions this project may take. 

Given the lack of research in plant PP1 regulators, the mass spectrometric data will uncover 

many new PP1 regulators. Depending on the number and relevance of novel proteins that are 

found to associate with TOPP5 during cTAP purification that contain the canonical ‘RVxF’ 

and/or ‘G/SILK’ and ‘MyPHone’ motifs there are many directions to take this project. Novel 

PP1 regulators of great cellular relevance such as those found in plant stress response systems, 
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metabolism, cell division, cell fate decision and differentiation should be followed up and their 

PP1 interaction validated through alternative methods such as in vitro binding assays. The 

number of PP1 regulators in human systems has reached over 200 and it is with reason that a 

similar or even expanded number of plant PP1 regulators could have influence in many critical 

plant pathways. Completion of the cTAP experiment for all TOPP isoforms would generate data 

for the complete TOPP interactome and perhaps add insight into the regulator specificity 

between isoforms.  
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CHAPTER THREE: VALIDATING THE PP1 INTERACTOR GEM 

3.0 Objectives and Hypothesis 

 In plant systems there is a short list of PP1 regulatory proteins (Uhrig et al. 2013). 

Previously identified by Templeton (2010) was a putative PP1 interactor called Glabra 2 

Expression Modulator (GEM). Using an in vitro approach, I will confirm and validate the 

interaction between PP1 and GEM. Confirming this interaction will build on the list of PP1 

regulators in plant systems and offers groundwork for the validation of other plant PP1 

regulators. The crystal structure of the GEM:PP1 complex will also be pursued to show a 

structural representation of the interaction. Finally, GEM possesses a GRAM domain which is 

known to bind Phosphatidyl-Inositol Phospholipid (PIP lipids). I predict an in vitro overlay 

analysis of GEM binding different species of lipids will accurately assess the specificity of the 

domain and that the domain will have high specificity for PIP3.  

 

3.1 Methods and Materials 

3.1.1 GEM Cloning and Site Directed Mutagenesis 

GEM cDNA was codon optimized (Genscript) and cloned into pDEST42 as in (2.1.9) 

with a C-terminal HISx6-V5-HISx6 tag (DNA Sequence in Appendix 3). Site directed 

mutagenesis of the codon optimized GEM sequence was performed to create two mutants: a PP1 

binding null mutant (RAHA) and an untagged GEM sequence. Purified plasmids (150 ng) 

underwent site directed mutagenesis using site directed primers (Appendix 3) through the 

KAPA-HIFI cloning system (KAPA Biosystems) and PCR protocol: (95°C 5 min, [98°C 20 s, 

50°C 15 s, 72°C 120 s]18 72°C 5 min, 4°C forever). The PCR product was digested with 10 U of 

DpnI for 1 hour at 37°C. After digestion, the product was transformed into E. coli DH5α and 
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plated on 100 μg/mL ampicillin-LB agar plates. Plates were incubated at 37°C overnight. 

Plasmids from successful colonies were sequenced. The plasmid was then transformed into E. 

coli CPRIL BL21 for protein expression.  

 

3.1.2 GEM Expression and Nickel Affinity Protein Purification 

GEM - E.coli BL21 STAR CPRIL (wild type and RAHA mutant) were seeded into an 

overnight LB culture containing 100 μg/mL ampicillin and grown at 37°C and 200 RPM. 

Saturated culture was seeded 1:100 into 1 L of LB media with 100 μg/mL ampicillin. The culture 

was incubated at 37°C and 200 RPM for 3 hours (OD600=0.4-0.6) and was induced with 0.1 mM 

IPTG for 2 hours with the same conditions. After incubation, cells were collected via 

centrifugation at 3500 xg for 20 minutes. The pelleted cells were re-suspended in Nickel lysis 

buffer (25 mM Tris-HCl pH 7.5, 50 mM NaCl, 5 % glycerol, 30 mM imidazole). The cells were 

then frozen at -80°C overnight. GEM expressing cells were thawed and treated with 3 mM 

benzamidine and 1 mM fresh PMSF followed by lysis via 10 rounds of sonication for 10 seconds 

at power level 8 and the above protease inhibitors were added again. Lysed cells were then 

centrifuged at 100,000 xg for 40 minutes. The supernatant was collected and filtered using two 

layers of miracloth and another treatment of protease inhibitors as above was given. The 

supernatants were then incubated with 0.5 mL of pre-equilibrated Ni-NTA agarose beads 

(Qiagen) at 4°C for 2 hours. After the incubation, beads were collected using a gravity column 

and washed with 300 CV of wash buffer (25 mM Tris-HCl pH 7.5, 1 M NaCl, 5 % glycerol, and 

0.05 % Triton X-100). After washing, GEM was eluted using the above wash buffer with 300 

mM imidazole. Eluted GEM was then collected and dialyzed overnight versus 100 volumes of 

QA (High Trap Q buffer) (25 mM Tris-HCl pH 8.0, 20 % glycerol and 0.5 mM EDTA) or 
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directly concentrated in a 10 kDa cut off Centricon and stored at -20°C. The dialyzed samples 

were loaded onto High Trap Q columns for further purification.  

 

3.1.3 GEM High-Trap Q Ion Exchange Purification 

Previously purified (15 mg) wild type GEM was loaded onto a 5 mL High Trap Q (GE 

Healthcare) column and washed with 40 mL of QA buffer. Elution was performed with a salt 

gradient (20 mM NaCl increase per minute for 20 minutes, 2 % per minute QB buffer (QA + 1 M 

NaCl) /min) via BioRad FPLC at 2 mL/min collecting 1 mL fractions. After the gradient was 

complete, the column was stripped via 100 % QB buffer for 5 minutes and equilibrated with QA 

buffer. Fractions were run on a 12 % SDS-PAGE to identify fractions containing GEM. Gels 

were stained with colloidal Coomassie Blue. Fractions that were shown to contain pure GEM 

(fractions 21-40) were combined and concentrated using a 10 kDa cut off Centricon and stored at 

-20°C. Alternatively, fractions 21-24 and fractions 30-35 were pooled as peak (21-24) and smear 

(30-35) based on the High Trap Q profile. 

 

3.1.4 GEM Protein Confirmation Gel Filtration Analysis 

Pure GEM samples collected from High Trap Q purification were tested for protein 

integrity and binding to recombinant PP1γ. Concentrated sample (50 μL) (GEM-Peak, GEM-

Smear, HsPP1γ and GEM:PP1γ) (Concentrations 0.1-0.3 mg/mL) were run on a Superose 6 Gel 

Filtration Column (GE Healthcare) at 0.5 mL/min in gel filtration running buffer (25 mM Tris-

HCl (pH 7.5), 150 mM NaCl, 5 % glycerol). The running times of each sample were timed and 

analysed against a previously prepared standard curve. Fractions for each listed input were 
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collected at 30 second intervals after the void volume (17 minutes) up to the low molecular 

weight standard elution time (6 kDa, 40 minutes).  

 

3.1.5 I2 Expression and Nickel Affinity Protein Purification 

This protocol was adapted from Templeton et al. (2011). Plasmids were obtained from 

Templeton et al. (2011). I2 (pET101) - E.coli BL21 STAR CPRIL (wild type and RAHA mutant 

[PP1 binding null]) were seeded into an overnight LB culture under 100 μg/mL ampicillin 

resistance and grown at 37°C and 200 RPM. Saturated culture was seeded 1:100 into 1 L of LB 

media with 100 μg/mL ampicillin. The culture was incubated at 37°C and 200 RPM for 3 hours 

(OD600=0.4-0.6) and was induced with 0.1 mM IPTG for 3 hours at the same conditions. After 

incubation, cells were collected via centrifugation at 3500 xg for 20 minutes. The pelleted cells 

were then re-suspended in Nickel lysis buffer (25 mM Tris-HCl pH 7.5, 50 mM NaCl, 5 % 

glycerol, 30 mM imidazole). Cells were then frozen at -80°C overnight. I2 was purified as in 

3.1.2. An additional step occurred after obtaining the first supernatant. Collected supernatants 

were heated to 80°C for 10 minutes, cooled and then spun at 100,000 xg for 40 minutes. After 

centrifugation, the supernatant was incubated with Ni-NTA agarose beads, then purification 

continued as in 3.1.2. 

 

3.1.6 Protein Phosphatase 1 (H. sapiens PP1γ) Purification 

Arabidopsis PP1 isoforms were purified as in Chapter 2. HsPP1γ purification followed 

the same protocol. The expression temperature was lowered to 28°C overnight OD600=0.4 was 

reached. This purification was repeated as above for higher yields of protein. 
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3.1.7 Linking Peptides to BSA  

Peptides (Appendix 4) were covalently linked to BSA as in Lateef et al. 2007. The 

peptide (2 mg each) was dissolved in 530 μL of 1x PBS with 10 mg of BSA. 370 μL of 0.2 M 

pyrophosphate was added and the solution was brought to 25 mM NaF. Finally, 100 μL of 

glutaraldehyde was added and the solution was stirred for 4 hours at room temperature. Next the 

samples were dialyzed against PBS for 2 hours. CnBr Sepharose (0.5 g) (GE Healthcare) was 

prepared through hydration with 1 mM HCl for 20 minutes. Hydrated and activated CnBr 

Sepharose was collected via centrifugation and 100 μL of column was added to each sample of 

BSA-linked peptide in 2 mL of coupling buffer (0.2 M Na2HPO4 pH 8.0) for 4 hours at 4°C. The 

column was then collected and quenched via the addition of 150 μL of 0.2 M Tris-HCl pH 8.0 

overnight at 4°C.  

 

3.1.8 A. thaliana Extract Preparation  

A. thaliana dark grown cell culture at ten days of age was collected through vacuum 

filtration. Collected cells were squeezed in miracloth and frozen at -80°C until use. Cells were 

then thawed and re-suspended through mortar and pestle in lysis buffer (50 mM HEPES-NaOH 

pH 7.5, 150 mM NaCl, 5 % glycerol and 0.1 % Tween-10) in a ratio of 1 g: 2 mL.  The 

suspension was then brought to 1 mM benzamidine and 1 mM PMSF. Cells were then lysed via 

French press at 2 rounds of 17,000 psi exit pressure and the above protease inhibitors were added 

again. Lysed cells were then centrifuged at 100,000 xg for 40 minutes. The supernatant was then 

collected and filtered using two layers of miracloth. Another treatment of protease inhibitors 

were added as above. 
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3.1.9 A. thaliana Peptide Pulldown 

Prepared peptide linked columns were incubated with 40 mg of 10 day old dark 

A.thaliana protein extract in lysis buffer as prepared above. The peptides used include GEM Dep 

and GEM Phos (Appendix). Protease and phosphatase inhibitors including 1 mM benzamidine, 1 

mM PMSF, 25 mM NaF and 50 mM pyrophosphate were added to the solution every 2 hours for 

the duration of the incubation of 4 hours. The column was collected and a sample of the flow 

through was taken. The column was then washed three times with 1 mL of wash buffer (25 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 5 % glycerol, 0.5 % Tween-20). Protein was eluted via two 20 

μL treatments of 2 X SDS and boiled for 5 minutes. Eluted proteins were then run on a 12 % 

SDS-PAGE gel for 300 V*Hrs and transferred to a nitrocellulose membrane for 200 V*Hrs. 

After transfer, the membrane was blocked with 5 % milk powder in TBS buffer for 1 hour at 

room temperature. TOPP detection via western blot was performed as in 2.1.4 but a 4 hour 

primary antibody incubation was used instead. 

 

3.1.10 HeLa Cell Extract Preparation 

Mycoplasma free HeLa cells were grown in DMEM with 10 % FBS and 100 U/mL 

penicillin and streptomycin at 37°C. At 70% confluence, the cells were spun at 3,500 xg for 10 

minutes. The cells were re-suspended in 500 µL of lysis buffer (50 mM Tris-HCl pH 7.5, 1 mM 

EDTA, 1 mM EGTA, 150 mM KCl, 0.5 mM DTT, 1 mM PMSF, 2 µg/mL Leupeptin, 1 µg/mL 

Pepstatin and 1 mM benzamidine) and lysed through 4 rounds of 30 seconds of sonication at 

power level 15. After lysis, the cells were spun at 4,000 xg for 10 minutes at 4°C. The 

supernatant was then taken and concentrated using a 10 kDa cut-off Centricon and stored at -
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80°C until use. Protein content was determined through the Bradford assay against a BSA 

standard.  

 

3.1.11 Peptide Pulldown (HeLa) 

Prepared peptide linked columns were incubated with 2 mg of HeLa cell extract in the 

extract’s lysis buffer. The peptides used include (Appendix 4): negative, Gm Dep, Gm Phos, 

GEM Dep and GEM Phos. Protease and phosphatase inhibitors including 1 mM benzamidine, 1 

mM PMSF, 25 mM NaF and 50 mM pyrophosphate (pH 7.5) were added to the solution every 2 

hours for the duration of the incubation of 4 hours at 4°C. The column was collected and a 

sample of the flow through was taken. The column was then washed three times with 1 mL of 

wash buffer (25 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 % glycerol, 0.5 % Tween-20). Protein 

was eluted via two 20 μL treatments of 2 X SDS and boiled for 5 minutes. Eluted proteins were 

then run on a 12 % SDS-PAGE for 300 V*Hrs and transferred to a nitrocellulose membrane for 

200 V*Hrs. After transfer, the membrane was blocked with 5 % milk powder in TBS buffer for 1 

hour at room temperature. Primary antibody solution consisting of 1:5000 of anti-HsPP1γ (SC-

7482) and 5 % milk powder in TBST 0.1 % (Tween-20) buffer was incubated overnight at 4°C. 

After incubation, the membrane was washed with 4 cycles of TBST 0.1 % (Tween-20) for 5 

minutes each. Secondary antibody solution consisting of 1:5000 anti-mouse HRP conjugate with 

5 % milk powder in TBST 0.1 % (Tween-20) was applied to the membrane for 2 hours at room 

temperature. After incubation, the membrane was washed with 4 cycles of TBST 0.1 % for 5 

minutes each. Finally the membrane was elucidated using Western Lighting ECL (Perkin Elmer) 

solution and exposed to x-ray film. 
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3.1.12 CnBr Protein Linking  

CnBr Sepharose (0.5 g) (GE Healthcare) was prepared through hydration with 1 mM HCl 

for 20 minutes. Hydrated and activated CnBr was collected via centrifugation and 100 μL of 

matrix was added to 10 μg of recombinant protein in 2 mL of coupling buffer (0.2 M Na2HPO4 

pH 8.0) for 4 hours at 4°C. The column was then collected and quenched via the addition of 150 

μL of 0.2 M Tris-HCl pH 8.0 overnight at 4°C. 

 

3.1.13 Peptide and Recombinant Protein Pulldown Using Recombinant Input 

The following peptides and proteins were linked to CnBr Sepharose as described earlier: 

recombinant GEM, negative, Gm Dep, Gm Phos, GEM Dep, GEM Phos. A sample of beads with 

coupled BSA was prepared as a negative. Each column was incubated with 1 μg/mL TOPP1 in 

0.1 % BSA in PBS for 4 hours. The columns were then washed three times with 1 mL of (25 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 5 % glycerol, 0.5 % Tween-20) for 5 minutes each. Protein was 

eluted via two 20 μL treatments of 2 X SDS sample buffer and boiled for 5 minutes. Eluted 

proteins were then run on a 12 % SDS-PAGE gel for 300 V*Hrs and transferred to nitrocellulose 

membrane for 200 V*Hrs. After transfer, the membrane was blocked with 5 % milk powder in 

TBS buffer for 1 hour at room temperature. TOPP detection via western blot was performed as in 

2.1.4 but a 4 hour primary antibody incubation was used instead. 

 

3.1.14 Whole Cell Protein Pulldowns Using Dark A. thaliana Cell Extracts 

The following proteins were linked to CnBr Sepharose as described earlier: recombinant 

GEM, RAHA-GEM, recombinant I2, RAHA-I2 and BSA. One sample without coupled protein 

was also included. Each column was incubated with 40 mg of A.thaliana dark cell culture in its 
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respective lysis buffer with 1 mM benzamidine and 1 mM PMSF for 4 hours at 4°C. The 

columns were then washed three times with 1mL of (25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 

% glycerol, 0.1 % Tween-10) for 5 minutes each. Protein was eluted via two 20 μL treatments of 

2 X SDS and boiled for 5 minutes. Eluted proteins were then run on a 12 % SDS-PAGE for 300 

V*Hrs and transferred to nitrocellulose membrane for 200 V*Hrs. After transfer, the membrane 

was blocked with 5 % milk powder in TBS buffer for 1 hour at room temperature. TOPP 

detection via western blot was performed as in 2.1.4 but 4 hour primary antibody incubation was 

used instead. This experiment was repeated using a stringent wash including 25 mM Tris-HCl 

(pH 7.5), 300 mM NaCl, 5 % glycerol, 0.5 % Tween-20 was used to wash cell extracts of the 

column instead. 

 

3.1.15 DIG-TOPP1 Overlay 

To investigate TOPP1 binding affinity, GEM, BSA and the following BSA-conjugated 

peptides were spotted on nitrocellulose membrane (peptides used: Negative, Gm DeP, Gm Phos, 

GEM DeP, GEM Phos (Appendix 4)). The membrane was then blocked with 5 % milk powder in 

TBS overnight at 4°C. Overlay protein was then prepared by labelling 1 μg/mL of TOPP1 with 

digoxigenin (DIG). DIG (0.5 mg) was dissolved in 1 mL of PBS and incubated with 10 μg of 

TOPP1 for 2 hours at room temperature. The reaction was quenched via dialysis against fresh 

PBS overnight at 4°C. The mixture was then diluted to 10 mL using PBS containing 0.1 % BSA. 

The membrane prepared earlier was washed with TBS and overlayed with the DIG labelled 

TOPP1 solution for 4 hours at room temperature. A negative control membrane was included 

where no TOPP1 labelled overlay solution was introduced, but rather a PBS solution. After 

incubation, the membrane was washed with four 5 minute washes with TBST 0.1 % (Tween-20). 
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Primary antibody solution consisting of 1:500 anti-DIG antibody and 5 % milk powder in TBST 

0.1 % (Tween-20) buffer was incubated on a tilt table for 45 minutes. After incubation, the 

membrane was washed with 4 cycles of TBST 0.1 % (Tween-20) for 5 minutes each. Finally the 

membrane was exposed using Western Lighting ECL (Perkin Elmer) solution and exposed to x-

ray film. 

 

3.1.16 HsPP1γ Protein Overlay 

Protein overlay experiments to assess HsPP1γ binding to GEM was performed. Four 

proteins: GEM, GEM-RAHA, I2, and I2-RAHA were loaded onto a 12 % SDS-PAGE gel in 

varying amounts (200 ng, 50 ng, 20 ng) and run for 300 V*Hrs and transferred to a nitrocellulose 

membrane for 200 V*Hrs. After transfer, the membrane was blocked with 5 % milk powder in 

TBS buffer overnight at 4°C. After 3 washes with TBS for 5 minutes each, the membrane was 

incubated with a 2 μg/mL solution of recombinant HsPP1γ with 5 % milk powder in TBST 0.1 

% (Tween-20) for 4 hours at room temperature. A negative control without HsPP1γ added to the 

overlay solution was also included. After incubation, the membrane was washed with 4 washes 

of 5 minutes with TBST 0.1 % (Tween-20). Primary antibody solution consisting of 1:5000 of 

anti-HsPP1γ (SC-7482) and 5 % milk powder in TBST 0.1 % (Tween-20) buffer was incubated 

overnight at 4°C. After incubation, the membrane was washed with 4 cycles of TBST 0.1 % 

(Tween-20) for 5 minutes each. Secondary antibody solution consisting of 1:5000 anti-rabbit 

HRP conjugate with 5% milk powder in TBST 0.1 % was applied to the membrane for 2 hours at 

room temperature on a tilt table. After incubation, the membrane was washed with 4 cycles of 

TBST 0.1 % for 5 minutes each. Finally the membrane was elucidated using Western Lighting 

ECL (Perkin Elmer) solution and exposed to x-ray film. 
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3.1.17 HsPP1γ Protein Overlay with Competitive Peptides 

Protein overlay experiments to assess HsPP1γ binding to GEM was performed. Four 

proteins: GEM, GEM-RAHA, I2, and I2-RAHA were loaded onto a 12 % SDS-PAGE gel in 

varying amounts (200 ng, 50 ng, 20 ng) and run for 300 V*Hrs and transferred to nitrocellulose 

membrane for 200 V*Hrs. After transfer, the membrane was blocked with 5 % milk powder in 

TBS buffer for overnight at 4°C.  Four overlay solutions were prepared: a negative control with 

no HsPP1γ, a positive control with 2 μg/mL HsPP1γ, a GEM-Dep peptide solution at 200 μg/mL 

with 2 μg/mL HsPP1γ and a final solution of GEM-Phos peptide solution at 200 μg/mL with 2 

μg/mL HsPP1γ. These overlay solutions were diluted using TBST 0.1 % (Tween-20) buffer with 

25 mM NaF and 50 mM pyrophosphate (pH 7.5) and were pre-incubated at room temperature for 

1 hour before exposure to membrane. The membrane was then washed 3 times for 5 minutes 

with TBS and was incubated with a one of the prepared overlay solutions for 4 hours at room 

temperature. After incubation, the membrane was washed with 4 washes of 5 minutes with TBST 

0.1 % (Tween-20). Primary antibody solution consisting of 1:5000 of anti-HsPP1γ (SC-7482) 

and 5 % milk powder in TBST 0.1 % (Tween-20) buffer was incubated on a tilt table overnight 

at 4°C. After incubation, the membrane was washed with 4 cycles of TBST 0.1 % (Tween-20) 

for 5 minutes each. Secondary antibody solution consisting of 1:5000 anti-rabbit HRP conjugate 

with 5 % milk powder in TBST 0.1 % (Tween-20) was applied to the membrane for 2 hours at 

room temperature on a tilt table. After incubation, the membrane was washed with 4 cycles of 

TBST 0.1 % (Tween-20) for 5 minutes each. Finally the membrane was elucidated using 

Western Lighting ECL (Perkin Elmer) solution and exposed to x-ray film. 
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3.1.18 pNPP Dephosphorylation Assays 

Previously purified TOPP isoforms (20 μg) (1, 5 and 8) and varying amounts of GEM 

were brought to 20 μL of volume using assay dilution buffer (50 mM Tris-HCl pH7.5, 1 mM 

EDTA, 0.1 % β-Mercaptoethanol and 5 % glycerol) in a 96 well plate. The amount of GEM 

added was in stoichiometric ratios 0.25, 1 and 4 compared to that of TOPP isoforms used. The 

mixture of protein was incubated at 30°C and 120 RPM for 10 minutes prior to the addition of 

assay buffer. After incubation, 30 μL of assay activation buffer (50 mM Tris-HCl pH 7.5, 20 mM 

MgCl2, 0.2 mM MnCl2, 20 mM pNPP) was added and quickly mixed into each reaction. The 

reaction was incubated at 30°C and 120 RPM for 1 hour then quenched with 150 μL of 0.5 M 

EDTA pH 8.0. The reaction was measured at 405 nm using a Spectra MAX 384 PLUS 

spectrophotometer. This experiment was performed in triplicate (n=3).  

 

3.1.19 Crystal Screening  

Previously purified HsPP1γ and GEM were concentrated using 10 kDa cut off Centricons 

to a concentration of 4 mg/mL. Protein solutions containing pure GEM or a 1:1 molar mixture of 

GEM to PP1γ were dispensed using a Hydra-II-Plus-One pipetting robot. Each drop consisted of 

0.5 μL of each protein mixture and 0.5 μL of well solution. Sparse matrix screens (IndexHT, 

CrystalHT and PEG/ION HT [Hampton Research]) were set in a 96 well plate (Corning). Plates 

were then sealed and protein sitting drops were equilibrated over 25 days at 23°C. 

 

3.1.20 GEM Lipid Affinity Overlay  

 GEM constructs were engineered without a purification tag through site-directed 

mutagenesis as in 3.1.1. No-TAG GEM consturcts (pDEST42) were sent to University of 
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California, San Diego, to Dr. Stanley Field’s laboratory for a standardized lipid binding assay, 

performed by Dr. Matt Buschman. The lipid blots were performed as described previously 

(Dippold et al.) with minor modifications. Briefly, 180, 60 and 20 pmol lipid (each mono, di and 

tri phosphorylated Phosphatidyl inositol) were spotted on PVDF membranes and probed with 

35S-labeled protein from a 20 µl IVT mix (Promega TNT Gold) with 33 µCi translabel. AKT and 

SNX29 (PX protein) were used as positive controls. 

 

3.2 Results and Discussion 

3.2.1 GEM Sequence Analysis and PP1 Interactor Protein Purification  

 The GEM sequence was analyzed by BLAST in previous work from Templeton (2010). 

The known ‘RVxF’ motif and two phosphorylation sites determined by mass spectrometry 

(Templeton 2010) gave the basis for the GEM derived peptide designs (Figure 19A). Peptides 

with and without the known phosphorylation site immediately C-terminal to the ‘RVxF’ site 

were designed and synthesized. The phosphorylation of nearby residues to the PP1 binding 

‘RVxF’ site has been shown to attenuate PP1 docking (Vulsteke et al. 1997). The phosphorylated 

version of the peptide was included to study the effect of phosphorylation as control for PP1 

binding these GEM derived peptides. Additionally, a GRAM domain was annotated at GEM’s 

C-terminal end (Figure 19A). This domain has not been characterized in plant systems and is odd 

to have one annotated in a plant protein. This GRAM domain will be of interest later in this 

chapter.  
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Figure 19: A) GEM sequence annotation and outline of the synthetic peptide used. The 

canonical PP1 binding motif ‘RVxF’ can be found in yellow (KSVHW), previously known 

phosphorylation sites near the ‘RVxF’ site discovered by Templeton (2010) are found in red and 

an annotated PIP3 binding domain (GRAM) can be found in green. The synthesized peptide is 

outlined in red below the GEM annotation. B) Purified samples of TOPP isoforms. Repeat of 

Figure 14B. Beside it, newer microcystin Sepharose preps produced cleaner preparations of both 

plant (TOPP5) and human (PP1γ) PP1 are seen. These fractions have been coomassie colloidal 

stained and imaged. C) Purification samples (2 μg) of I2, GEM and their RAHA mutants. The 

major band for GEM, I2 and their mutants are the band of interest. The largest band (>35 kDa) 

for GEM (marked by red arrow) was sent for mass spectrometry (LC-MS/MS), showing a 59 % 

coverage of the expected GEM sequence (right). I2 and GEM mutants produce very similar 

purification profiles and were adjusted for any contaminating bands.  

 

Active TOPP protein was used for in vitro binding and dephosphorylation assays. TOPP 

isoforms obtained through microcystin-Sepharose purification provided impure TOPP eluates 

containing many other non-degradative products (other bands not seen in western blot, Chapter 2 

Figure 14E). Once the microcystin-Sepharose was refined, TOPP and human PP1γ preparations 

under the same protocol produce nearly completely pure preparations (Figure 19B, middle, 

right).  Clean preparations were used for the remainder of the experiments except for the pNPP 

assays. GEM and mutant GEM (RAHA, PP1 binding null) purifications yielded one major band 

(GEM) plus a single major contaminant (20 kDa) (Figure 19C). This contaminant was later 

found to be a degradation product of GEM via western blotting (Figure 20C). GEM and GEM-

RAHA purification yielded nearly identical preparations with the same contaminant. The major 
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band in GEM was analyzed using mass spectrometry (LC-MS/MS). The band was excised and 

sent to the SAMS laboratory at the University of Calgary. The band was identified as GEM with 

59% sequence coverage and is marked by a red arrow on Figure 19C. 

 

 I2 and I2-RAHA (PP1 binding null) were found to purify similarly to Templeton 2010 

preparations. The major I2 band migrates to approximately 30 kDa with two other contaminant 

bands (Figure 19C). Other lower molecular weight contaminants have been cited by Templeton 

as degradation bands of recombinant I2 confirmed through western blotting. GEM, GEM-

RAHA, I2 and I2-RAHA protein preparations served as material for the in vitro study of PP1 

binding to these regulators.   

 

3.2.2 GEM Purification and Structure Integrity 

 After purification with Ni-NTA, GEM was further purified using High Trap Q ion 

exchange chromatography (Figure 20A). Through SDS-PAGE analysis (Figure 20B) the first 

peak (8 minutes, Fraction 15-19) was found to be the lower molecular weight degradation 

contaminant (Figure 20A). The second peak and most prominent peak was found to be full-

length GEM (11 minutes, Fraction 21-24) (Figure 20A). This peak was used in crystallographic 

analysis. The third and final notable peak was the large broad shoulder eluting after the GEM 

peak (14-30 minutes, Fraction 25-40) (Figure 20A), but also found to be full-length GEM 

through SDS-PAGE analysis (Figure 20B). A sample from this peak was also taken for gel 

filtration analysis. The two GEM elution profiles suggest a different in protein confirmation. The 

large uniform peak is characteristic of a properly folded and soluble protein in contrast to the 

large smear which suggests an aggregated and partially folded protein. To clarify the state of the 
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GEM eluting in the suspected aggregation fractions a sample of the smeared peak was used for 

gel filtration analysis (Figure 20D).  
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Figure 20: A) The High Trap Q profile following GEM Nickel purification. 20 mg of Nickel 

purification eluate was loaded onto the column. Of the two major bands of the nickel 

purification, both elute early but distinct peaks are seen. Recombinant GEM is seen to be the 

second peak and the broad shoulder following it. A peak in NaCl gradient seen at 21 minutes is a 

column stripping wash. Lines seen are Absorption 214 nm (Green), Conductivity (Red) and 

Gradient Percent (Black). B) The coomassie colloidal stained 12 % SDS-PAGE containing 

samples of each fraction collected during High Trap Q purification. Equal volumes from each 

fraction were used and analyzed for protein content. GEM is seen to elute where the second peak 

(Fraction 21) is seen, and continues to elute as a broad shoulder after. The low molecular weight 

contaminant is seen to elute earlier then GEM. C) The purification evolution of the GEM. 

Originally, Templeton (2010) purified GEM (left) before the coding region was codon optimized 

(middle). The western blot of the codon optimized purification shows the minor contaminant (18 

kDa) to be a C-terminal degradation product of GEM via anti-V5 western blot analysis. The final 

elute from High Trap Q purification (right) can be seen where pure GEM has been eluted. D) 

The gel filtration profile from GEM samples collected after High Trap Q purification. Standard 

(Top) such as blue dextran (void), carbonic anhydrase (29.6 kDa) and bovine serum albumin (66 

kDa) (top) were first run together. Next (bottom) a sample of GEM elute from the broad shoulder 

(A) was run and is seen to elute at the 37 minute mark. 

 

 In contrast to the work done by Templeton (2010), the cDNA used to produce GEM were 

codon optimized by Genscript to be favored by E. coli systems for expression (Appendix 3). The 

evolution of the GEM protein purification can be seen in Figure 20C. After codon optimization, 

GEM purification produced fewer contaminant bands compared to Templeton (2010). As 
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mentioned before, use of a V5 antibody detected the lower contaminant band, suggesting that the 

contaminant band was a C-terminal degradation product of full length GEM. Finally, after High 

Trap Q purification, pure GEM was obtained and used for crystallographic and in vitro assays 

(Figure 20C). 

 The mentioned fractions of GEM collected from High Trap Q purification were also used 

in gel filtration to test the confirmation of GEM eluted in High Trap Q purification (Figure 20A). 

Using a Superose 6 gel filtration column (GE Healthcare), standard were run as markers for the 

GEM elution profile (Figure 20D Top). Blue dextran eluted at 17 minutes where a suspected 

aggregation peak would be found to elute. Furthermore, carbonic anhydrase (29.6 kDa) (37 

minutes) and bovine serum albumin (66 kDa) (34 minutes) were used as standards correlating to 

GEM monomer molecular weight (37 kDa) and dimer molecular weight (70 kDa). When a 

sample of suspected aggregate GEM was run on the column, two peaks emerged at 35 and 37 

minutes (Figure 20D Bottom). No peak in the void volume and suspected aggregate elution time 

were observed (Figure 20D Bottom). This data suggests that GEM exists in two meric phases 

with a preference for the monomeric state (approximately three fold intensity at 37 minutes than 

at 35 minutes) over the dimeric state. An identical gel filtration profile is observed for GEM 

samples taken at the clearly defined peak. From this, it can be concluded that the smear in the 

High Trap Q elution profile contains non-aggregate GEM. Later preparations of GEM included 

the smeared fractions in crystallographic analysis. A possible reason for a smeared GEM elution 

profile is that the protein is naturally “sticky”. High glycerol content is included in the High Trap 

Q purification as previous attempts found merged peaks of GEM and the contaminant protein 

without high glycerol. 
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3.2.3 TOPP Peptide and Recombinant Regulator Interactions  

 To assess the effect of the nearby phosphorylation to the PP1 docking ‘RVxF’ motif, a 

series of peptides were tested for their ability to bind and retain PP1 from cell extracts. Using 

peptides conjugated to BSA conjugated to Sepharose beads, a series of protein pulldowns were 

performed. Originally using A. thaliana dark cell culture tissue, phospho and dephospho-peptides 

derived from the GEM ‘RVxF’ site were incubated with the extract, washed and blotted for any 

binding TOPP isoforms. As seen in Figure 21A, the characteristic doublet appears in the input 

sample and both flow through samples. Unfortunately, the conjugated peptide failed to sequester 

TOPP isoforms. Despite maximizing peptide exposure through carrier proteins, TOPP isoforms 

proved to be difficult to bind to the selected peptides. When this experiment was further resolved 

by using HeLa cell extracts and positive control peptides, the experiment gained some validity. 

The positive control dephospho-peptide (Gm peptide) showed a high degree of binding to human 

PP1 isoforms whereas the phospho version showed a decrease in sequestered PP1 isoforms with 

the remainder in the flow through (Figure 21B). When the GEM derived peptides were exposed 

to HeLa cell extract a similar trend as the positive control emerges. The dephospho-GEM peptide 

was able to bind some, but not all of the available PP1 isoforms in contrast to the phospho 

version, which was unable to bind significant amounts (Figure 21B). Using the human PP1 

isoforms as a surrogate to plant PP1 isoforms, we see a trend that phosphorylation near the PP1 

binding site (RVxF) attenuates PP1 docking and association.  
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Figure 21: A) The results of the peptide pulldown using the GEM derived peptide as bait for 

PP1 from A. thaliana extract. The eluate from protein bound to the bait peptide was blotted for 

TOPP using the purified TOPP antibody. Negative (Neg) and Flow through (FT) fractions are 

included. B) The results of the peptide pulldown using the GEM derived peptide as bait for PP1 

from HeLa extract. The eluate from protein bound to the bait peptide was blotted for TOPP using 

the purified TOPP antibody. Positive control peptides from known human PP1 interactors were 

included.  C) The results of the peptide pulldown using the GEM derived peptides as bait for PP1 

from recombinant purified TOPP1 input. The eluate from protein bound to the bait peptide was 

blotted for TOPP using the purified TOPP antibody. Positive control peptides from known 

human PP1 interactors were included. Recombinant GEM was also included and compared 

against a blank negative control (Neg). D) The results of the protein pulldown using the GEM 

derived peptide as bait for PP1 from A. thaliana extracts. The eluate from protein bound to the 

bait peptide was blotted for TOPP using the purified TOPP antibody. Recombinant GEM, GEM 

RAHA, I2 and I2 RAHA were used as bait for TOPP isoforms. Two stringencies of washing are 

present (Left panel, low stringency 150 mM NaCl, 0.1 % Tween) (Right panel, high stringency, 

250 mM NaCl, 0.5 % Tween). 

 

To further resolve plant PP1 isoforms binding to the GEM derived peptides, the same 

series of linked peptides as in Figure 21B were incubated with recombinant plant TOPP1. 

Included was Sepharose conjugated BSA and recombinant GEM to test the association. Peptides 

incubated with recombinant TOPP1 showed similar results to Figure 21A, where binding of 

TOPP1 to peptides was not seen, but an unusual dimer of TOPP1 is observed at the 66 kDa mark 

of flow through fractions (Figure 21C Top). Strikingly, when recombinant GEM was incubated 
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with recombinant TOPP1, a strong band is observed at approximately the 40 kDa area (Figure 

21C Top). This band is unseen in the BSA negative control. Also seen is a reversion of the 

unbound TOPP1 to its monomeric form once incubated with covalently linked GEM. This result 

suggests that the interaction between TOPP and GEM (Templeton 2010) has validity and more 

importantly that either TOPP isoforms disliked the peptide presented to them (requires more 

residues surrounding the ‘RVxF’ site, or poor peptide exposure) or that there exists a secondary 

binding site for concerted TOPP binding. It should be noted that GEM has no annotated ‘SILK’ 

or ‘MyPHone’ secondary binding sites. Although it is more likely that the peptide design was not 

optimal for TOPP binding or that peptide exposure for TOPP binding was low, whole protein 

affinity is probable between TOPP isoforms and GEM. 

 Using previously purified GEM, I2 and their PP1 binding null mutants (RAHA versions), 

these recombinant proteins were linked to Sepharose beads and incubated with dark cell A. 

thaliana extracts. Each sample was washed and blotted for retention of TOPP isoforms. When 

performing a light wash (150 mM NaCl, 0.1 % Tween) (Figure 21D Left) produced the 

characteristic doublet of TOPP isoforms in input samples. Moving across, an enriched 

overlapping doublet can be observed in GEM, GEM-RAHA and I2 lanes, with a massive 

reduction of the doublet in I2-RAHA samples at the 35 kDa marker (Figure 21D Left). When 

repeating this experiment with stringent washing (250 mM NaCl, 0.5 % Tween) and the 

characteristic doublet is seen to fade away in GEM-RAHA and I2 samples, but retained in wild 

type GEM samples (Figure 21D Right, Band marked by red arrow).  

The retention of the TOPP band by recombinant GEM under more stringent washing 

condition but not by its mutant suggests the character of the interaction. First, GEM-RAHA 

lacking its TOPP binding site presents a primary mechanism for TOPP docking and the 
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association that drives their interaction. Secondly, given the increased stringency of washing 

between the two trials, the interaction between GEM and TOPP isoforms is incredibly tight or 

more likely, that recombinant GEM is very sticky and non-specific interactions resist light 

washing conditions. Non-specific interaction would explain the retention of TOPP isoforms by 

GEM-RAHA under light washing conditions.  

 

3.2.4 Protein Overlay and pNPP Phosphatase Assay 

 A series of overlay experiments were conducted with plant and human PP1. Using the 

series of peptides as in section 3.2.4, each peptide linked to BSA was spotted onto nitrocellulose 

membrane. Recombinant GEM and BSA were spotted in a similar fashion onto the same 

membrane as the peptides. The membrane was blocked then exposed to DIG-labelled TOPP5. 

The retention of labelled TOPP5 was assessed through western blotting. TOPP5 was found not to 

associate with the conjugated peptides (Gm positive controls and GEM derived peptides) (Figure 

22A). Consistent with 3.2.4, GEM spotted onto the membrane was able to retain DIG labelled 

TOPP1 (Figure 22A). DIG labelling was required due to cross-reactivity between the TOPP 

antibody and conjugated peptide when spotted onto nitrocellulose.  

Next, a series of overlay experiments using recombinant HsPP1γ was conducted. After 

transferring various amounts of GEM, GEM-RAHA, I2 and I2-RAHA onto a nitrocellulose 

membrane, HsPP1γ was overlaid and blotted for retention. It is seen that human PP1 was well 

retained by wild type GEM and I2 and ignored by GEM-RAHA and I2-RAHA (Figure 22B). 

This provides consistent and expected findings of the mechanism of PP1 binding to GEM.  
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Figure 22: A) The DIG overlay assessing TOPP1 affinity for peptides and recombinant GEM. 

Recombinant GEM and peptides conjugated to BSA such as the GEM derived peptides and 

positive control peptides were spotted and overlayed with DIG-labelled TOPP1. Each spot was 

increased from 10 ng to 1000 ng. B) The protein overlay using recombinant GEM, GEM-RAHA, 

I2 and I2 RAHA as bait for HsPP1γ. Each protein was increased from 20 ng to 200 ng. PP1 

binding was assessed through western blot. C) Protein overlay performed as in B but HsPP1γ 

were pre-incubated with GEM derived peptides and phosphatase inhibitors for 2 hours prior to 

overlay exposure. PP1 binding was assessed through western blot. Top left panel: Negative 

control, no PP1γ added. Top Right Panel: Positive control, PP1γ added, no peptide. Bottom Left: 

Dephospho-peptide added to PP1γ solution. Bottom Right: Phospho-peptide added to PP1γ 

solution. D) pNPP assay where the remaining TOPP phosphatase activity was detected through 

405 nm absorbance of the cleaved pNPP indicator. Recombinant GEM was titrated against 

constant stoichiometric levels of various TOPP isoforms and the activity of each was measured. 

Assay was performed in triplicate (n=3) and error bars are standard deviation. 

D 

GEM:PP1 
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Next the overlay was tested further through pre-incubation of HsPP1γ with the GEM 

derived peptides in an attempt to block binding of HsPP1γ to recombinant protein. As seen in 

Figure 22C (Top Right), PP1γ is seen to bind GEM only in the positive control. This is likely due 

to the inclusion of phosphatase inhibitors. The extent of the inhibitors has not previously altered 

PP1γ binding, but could slightly denature PP1γ to reduce affinity. Next PP1γ was pre-incubated 

with GEM peptides. When incubated with the dephospho version of the peptide, the binding of 

PP1γ to GEM on the membrane was abolished (Figure 22C, Bottom Left) through direct 

competition for the PP1 docking site and slightly increased to I2. The phospho version of the 

GEM peptide drastically promotes PP1γ retention on the membrane (Figure 22C, Bottom Right). 

It again shows that the phospho-version of the peptide concerts interaction possibly through 

masking the RVxF site or through a mass action effect. This effect is unseen against I2 and I2-

RAHA. 

TOPP isoform activity was assessed in the presence and absence of GEM via the pNPP 

assay. Three TOPP isoforms were incubated with varying amounts of GEM and phosphatase 

activity indicator pNPP. Three isoforms (1,5,8) showed similar but varying effects from GEM 

inhibition (Figure 22D). All three isoforms had reduced activity (~30-40 % reduction when GEM 

concentration was four-fold higher), but TOPP5 showed more inhibition at lower GEM 

stoichiometric ratios. TOPP5 was reduced to 60 % of its original activity when incubated at a 1:1 

ratio with GEM. This provides evidence of in vitro inhibition of TOPP isoforms by its putative 

regulatory proteins. A slight difference of TOPP isoform activity from GEM inhibition suggests 

slight isoforms preferences. Isoform preferences have been seen in mammalian systems (Terry-

Lorenzo et al. 2002) and perhaps a specific isoform maybe required for appropriate targeting of 

the PP1:GEM complex to their substrates . 
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3.2.5 In vitro GEM Lipid Binding Assay 

 In collaboration with Dr. Stanley Field’s Lab (UCSD), a radiographic lipid assay was 

performed on untagged GEM transcripts. Using in vitro translation to produce radiolabelled 

GEM, a lipid overlay assay was performed. Radiolabelled GEM, PX (PI(3)P control) and AKT 

(PIP3 control) were produced in detectable amounts with incorporated 35S methionine (Figure 

24A). When these proteins were overlayed onto spotted PIP lipids, clear trends were seen. AKT 

and PX were found to bind to their respective lipids and GEM was found to have high preference 

for PIP3 lipids over PIP2 and PIP variants (Figure 24B). PIP3 specificity is consistent with known 

GRAM/PH domain interactions and consistent with PIP lipid overlay assays performed by 

Templeton (2010, pg 129). Although there exists some specificity for PIP2 and PIP lipids by 

GEM, the interaction appears reduced and independent of phosphorylation permutation of the 

available phosphorylation sites.  

Given the lack of stereo-specificity of PIP lipid phosphorylation sites, this suggests that 

the GRAM domain of GEM interacts using purely the charge of the lipid. As seen in some other 

GRAM domains, a positive pocket is able to bind PIP lipids without specificity (Kutateladze 

2010). This pure charge interaction of GEM and PIP lipids suggests a reason for the retention of 

GRAM domains within plants. 
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Figure 23: A) In vitro translation results of the no-tag GEM constructs used in the lipid binding 

radiographic assays (left, C1-1 and C1-2). Translated proteins were run on a SDS-PAGE gel and 

radiolabelled methionine (35S) was detected through auto-radiography. Positive controls PX and 

AKT were also include (right). B) The lipid binding assay where spotted lipids were exposed to 

radiolabelled protein (GEM [C1-1,C1-2], PX [PI(3)P control] and AKT [PIP3 control]). The 

overlaid protein lipid preference was detected through autoradiography. GEM constructs were 

exposed for 60 hours prior to data collection.  

 

 Although unexpectedly conserved despite the lack of plants ability to generate PIP3 

lipids, this evidence suggests an altered role of GRAM domains within plants. The GRAM 

domain may have been conserved and altered to bind dually phosphorylated PIP lipids and 

facilitate protein docking to membranes. The GEM GRAM domain shows specificity to dually 
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phosphorylated lipids, commonly seen at the plasma membrane (McLaughlin and Murray 2005). 

Furthermore, GEM was shown to exist in nuclear fractions, but also in cytosolic fractions by 

Templeton (2010).  A cytosolic role of GEM is possible and perhaps is facilitated through its 

GRAM domain. It is unknown where the GEM:PP1 interaction will play a role in either the 

nucleus or in the plasma membrane.  

 

3.2.6 HsPP1γ and GEM Crystallographic Screening Results 

From the results of the crystals screens of GEM and the GEM:PP1 complex, a few trends 

are seen regarding their crystallizations. First and foremost, all performed screens were unable to 

produce any viable crystals for analysis. In the GEM crystal screens (Table 2A) the index screen 

produced an even distribution of results. Clear drops, phase separation and precipitates. Tris and 

HEPES buffers typically resulted in clear drops or phase separation. Ammonium persulfate 

overwhelmingly precipitated GEM from solution. From the Crystal HT and PEG ION HT 

screens, GEM was found to produce clear drops and phase separation under glycol, PEG, iodide 

metals and 1+ cation metals. Like Index HT, Crystal HT and ION/PEG HT screens heavily 

precipitated under ammonium persulfate precipitants. One small needle like structure was 

created in the ION/PEG HT screen of GEM under ammonium phosphate conditions. This 

condition will be examined further, along with attempting more diverse crystal screens of GEM. 

 Looking at the GEM:PP1 complex crystal screens (Index, Crystal, PEG ION), all screens 

heavily precipitated under almost every condition except for 1+ cation conditions where a clear 

drops were observed (Table 2B). Based on these screens, it appears that a more gentle approach 

will be needed. No condition in these screens appears suitable for a starting point for resolving a 

usable crystal. Two more screens have been started in the meantime. These screens are tuned 
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toward protein complex crystallization and phosphatase crystallization. The screens have 

recently been started and will be observed over the next 30 days.  

 

Table 2: The results of the crystallographic screens of GEM and the GEM:PP1γ complex. Each 

plate was observed at 18 and 25 days after vapor diffusion onset. Each well was scored for drop 

clarity, phase separations, precipitate (and degree of) and any formed crystals.2  

Table A GEM 

Screen Index Crystal Ion 

Day 18 25 18 25 18 25 

Clear Drop 23 6 6 5 29 29 

Phase Separation 35 16 16 17 29 28 

Light Precip 9 21 21 19 11 12 

Medium Precip 7 40 40 41 8 8 

Heavy Precip 22 13 13 14 18 18 

Needle 0 0 0 0 1 1 

 

 

 

 

                                                 

2 Table A is the results of GEM crystallization alone. Table B is the GEM:PP1 complex crystallization results. 

Listed numbers are the number of observed wells containing the crystal phenotype. Each column is the total count 

from one 96-well plate. 
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Table B GEM:PP1 

Screen Index Crystal Ion 

Day 18 25 18 25 18 25 

Clear Drop 20 18 37 31 17 17 

Phase Separation 24 23 28 33 3 3 

Light Precip 25 25 17 16 39 37 

Medium Precip 22 23 5 6 32 34 

Heavy Precip 5 5 9 10 5 5 

Needle 0 0 0 0 0 0 

 

3.3 Conclusions 

 Given the predicted binding of GEM and PP1, in vitro analysis highly suggests that the 

GEM:PP1 interaction is true and highly controlled through GEM’s RVxF site. Phosphorylation 

at this site was shown to attenuate the ability of PP1 to bind. Mutational analysis of GEM’s 

RVxF site provides more evidence in the mechanism of association. In vitro analysis of TOPP 

and GEM provide unique challenges. TOPP isoforms are largely difficult to work with, 

displaying finicky binding and low activity in vitro while GEM is an incredibly sticky protein 

where non-specific interactions must always be accounted for. Finally, as further support to 

experiments performed by Templeton 2010, GEM indeed has high preference for PIP3 lipid in 

vitro but also plant relevant lipids such as PIP2. 
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3.4 Future Directions  

 From the above data, there are a few key experiments remaining and a very clear 

direction that this project can be taken. Experimentally, the HsPP1γ: GEM crystal structure 

should be completed. Well optimized purification of both PP1γ and GEM has been developed 

along with a good amount of preliminary crystal screening. Improving protein crystals can be 

optimized around the partial positive crystal previously found. Within the crystal structure it is 

important to locate the ‘RVxF’ site of GEM and the conformation of GEM’s GRAM domain 

when bound to PP1 and when not. Furthermore, the GEM:PIP3 crystal structure should also be 

elucidated. The GRAM domain of GEM could not be threaded into previously known GRAM 

domain structures and contained no highly conserved PIP binding residues across many 

GRAM/PH domain containing proteins.  

 Another direction this project can be taken is to determine the cellular mechanism and 

target of the PP1:GEM interaction. A logical place to start is monitoring the phospho-status of 

known phospho-sites of other GEM interacting proteins found to directly influence the root hair 

differentiation checkpoint as in Caro et al. 2007. The chromatin remodelling proteins such as 

CDT1, TTG1, GL3, and WER should be prime candidates to investigate the differentiation 

trigger, potentially activated or deactivated by the GEM:PP1 interaction. There also exists a 

small cytosolic fraction of GEM found by Templeton in 2010. It should not be ruled out that the 

PP1:GEM interaction is purely within the nucleus or cytosolic fractions only. The importance of 

their interaction is possible based on their localization and the PP1 target directed by GEM may 

not be the mentioned chromatin remodelling proteins found by Caro et al. (2007). 

 Finally, the presence of a GRAM domain in plant proteins begs the question of the 

existence and relevance of PIP3 lipids in plant systems. With no characterized way to create the 
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tri-phosphorylated lipid, is suggests that plant systems have no reason to conserved GRAM and 

PH domains. Lipid detection studies to search for PIP3 lipids in plant systems should be 

conducted, along with a thorough bioinformatics approach to find uncharacterized kinases with 

conserved or unobserved kinase domains. The presence of PIP3 lipid binding proteins offers a 

potentially critical pathway in plant systems that could provide novel insights into well-known 

cellular processes.  
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Appendixes 

Appendix 1: Peptide Sequences Used to Generate TOPP Specific Antibody 

 Peptide Mixture (1:1, w/w) 

 NH3-GEFDNAGALLSVDK-COO- 

 NH3-GEFDNAGAMLSVDK-COO- 

Appendix 2: Gateway Primers Used for Generating cTAP TOPP Constructs 

 
cTAP TOPP1 

Forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCGGAGAAGCCGGCGCAAG 

cTAP TOPP1 

Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCAGAAAAGGCGACTTCTTTTCTG 

cTAP 

TOPP2/5 

Forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCGCAACAAGGGCAGGGAAGC 

cTAP TOPP2 

Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGTCTAAGAACCGGGGCTTTCGATCAGC 

cTAP TOPP3 

Forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAAGATAGTGTGGTGGATG 

cTAP TOPP3 

Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGTCGCCTTTTCCACCACCCTTGCGAG 

 

cTAP TOPP4 

Forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCGACGACGACGACGACGCAG 

cTAP TOPP4 

Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGTCAATCTTTGTGGACATCATGAACTTG 

 

cTAP TOPP5 

Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGTCAAAGAACCGCGACCTCCGATCCAC 

 

cTAP TOPP6 

Forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGATCCTGGTACTTTAAACTC 

 

cTAP TOPP6 

Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGTCGTTGTATTCTTTCGAATTTTGCG 

 

cTAP TOPP7 

Forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGATGAGACTTTACTTGACG 

 

cTAP TOPP7 

Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGTCACGACCTTTTCCACCCTTATGAG 

 

cTAP 

TOPP8/9 

Forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGATGACGAGTATGGAAGGGATG 

 

cTAP TOPP8 

Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGTCAGCACTCAAATTATAACCTAAGG 

 

cTAP TOPP9 

Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGTCAGACTTCCCCATTTTCGGTACCTTC 
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Appendix 3:GEM Codon Optimized DNA Sequence and Site Directed Mutagenesis Primers 

5’-ATGGAACCGCCGAAAGGTGATACCGTCGTGAAAACCGAAGTGCCGGTGAAAGACCCGAGCCTGAGCGTTG 

TGGACAGCAAAACCAAAGGTGTGGAAGATGCGAACACCGAAATTGCCCTGAGCGACGAAGTGGAAATCGA 

AACCAAAGGCAGTGATTCCACGCCGGTTAAAGCGCCGAGTCGTACCAGCAGCGGCAGCAAAAAATCTGTG 

CATTGGTCCCCGGAACTGGTGTCAGGCTCGCAGGAACCGGATCAAAAAGCGGCCAGTTCCTCATCGGCCG 

GTTCAAACCCGTACATTGCCCGCTCGCCGGCGGAAACCAGCGATGCATCTCTGAAAGACACGATGGAAAC 

GGTCAAAGGCGTGCTGGGTCGTTGGGGCAAACGCGTCGCAGAAGCAGCGAAGAAAACCGAAAGCCTGGCG 

GGTAATACCTGGCAGCACCTGCGTACGGCACCGAGCTTTGCTGATGCGGCGATGGGCCGCATTGCGCAAT 

CTACGAAAGTTTTCGCCGAAGGCGGTTACGAAAAAATCTTTCGTCAGACCTTCGAAACGGACCCGGAAGA 

ACAACTGCTGAATAGTTTTGCATGCTATCTGAGCACCTCTGCTGGTCCGGTTATGGGCGTCCTGTATATC 

AGCTCTGCAAAACTGGCTTACTGTAGTGATAACCCGCTGTCCTATAAAAATGGCGACCAGACGGAATGGT 

CTTATTACAAAGTGGTTATTCCGCTGCATCAACTGAAAGCAGTTAACCCGAGTGCTTCCATCGTCAATCC 

GGCGGAAAAATACATTCAGGTGATCAGCGTTGATAACCACGAATTTTGGTTCATGGGTTTCCTGAATTAT 

GACGGCGCCGTTACCTCACTGCAAGACTCCCTGCAAGCGGGTGCCCTGCGTTCGGTCCATCATCATCATC 

ATCACTGA-3’ 

 

GEM RAHA Forward AAAAAATCTGCGCATGCGTCCCCGG 

GEM RAHA Reverse CCGGGGACGCATGCGCAGATTTTTT 

Gem No-TAG Forward GCGTTCGGTCTAACATCA 
GEM No-TAG Reverse TGATGTTAGACCGAACGC 

 

Appendix 4: Peptide Sequences Used in Protein Pulldown Experiments 

 

GEM Dephospho SGSKSVHWSPE 

 

Gem Phospho SGSKSVHWpSPE 

Negative ZAP-RAHA  

Gm Dephospho KK9-RVSF 

Gm Phospho KK9-RVpSF 
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Appendix 5: TAIR Numbers of Proteins Used 

  

TOPP1 At2g29400 

TOPP2 At5g59160 

TOPP3 At1g64040 

TOPP4 At2g39840 

TOPP5 At3g46820 

TOPP6 At5g43380 

TOPP7 At4g11240 

TOPP8 At5g27840 

TOPP9 At3g05580 

GEM At2g22475 
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Appendix 6: Figure Permissions   

Moorhead 2009 Figure Image. Permission Taken From: 

http://www.portlandpresspublishing.com/content/rights-and-permissions 
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