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ABSTRACT 

Plants are usually exposed to a wide array of environmental stresses, such as drought, increased 

salinity, temperature changes and nutrient deprivation. To maximize their chances of survival 

under stressful conditions plants utilize various cellular response mechanisms, including 

changes in gene expression and the production of protective proteins. In addition to mounting a 

stress response, plants must have the correct response mechanism only when required and occurs 

only for the duration of the stress. Plants utilize the ubiquitin-proteasome system (UPS) to 

regulate stress responses such as signal transduction pathways that are activated by stress-related 

hormones or kinases. The UPS regulates the abundance of proteins by first attaching ubiquitin 

molecules and then targeting the modified protein by the 26S proteasome for degradation. The 

ubiquitin ligases (E3) are the central enzymes of the UPS as they are responsible for selecting 

substrates for ubiquitination. Recently, the Arabidopsis thaliana E3 Keep on Going (KEG) was 

shown to negatively regulate the activity of the stress hormone abscisic acid (ABA) by 

ubiquitinating components of the hormone signaling network, including Calcineurin B-Like 

Interacting Protein Kinase 26 (CIPK26). This revealed a possible role for ubiquitin-dependent 

proteolysis in regulating the activity of members of the CIPK family of stress-related protein 

kinases. CIPKs activate downstream signaling proteins via phosphorylation, which leads to 

changes in gene expression that mediate responses to diverse environmental stimuli. With this 

work, we investigate the role of the UPS in regulating members of the Arabidopsis thaliana 

CIPK family, specifically CIPK3, CIPK8, CIPK20, and CIPK24. I examine ubiquitination and 

the proteasome-dependent degradation of the selected CIPKs in the plant cell using transient 

protein expression systems. All the examined CIPKs were found to be ubiquitinated in plant 

cells. Interestingly, the outcome of the ubiquitination in the CIPK proteins are different. I found 

that CIPK3, CIPK8, and CIPK20 are targeted for degradation by 26S proteasome, while CIPK24 

remains stable when expressed in plant cells. These findings expand our understanding of how 

the UPS regulates these essential proteins under normal growth condition. The significance of 

the regulation of the CIPK proteins by the UPS will ideally lead to improving our understanding 

of plant responses to environmental stresses. This knowledge could be applied to the generation 

of stress tolerant plants with improved crop quality and yield maintenance during growth under 

adverse environmental conditions. 
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CHAPTER ONE: INTRODUCTION  

1.1. Ubiquitin Proteasome System (UPS) 

The Ubiquitin-Proteasome System (UPS) is a complex regulatory pathway that is involved 

in modulating the activities of numerous proteins in eukaryotic cells (Hershko et al., 1998). The 

UPS works mainly to control the degradation of unnecessary, mis-folded and short-lived 

regulatory proteins (Ciechanover, 1998; Goldberg, 2003). The pathway consists of two distinct 

sequential steps, starting with ubiquitination of a particular substrate followed by degradation 

of the modified substrate by the 26S proteasome (Figure 1) (Vierstra, 2003). The 26S 

proteasome is an ATP-dependent protease, which functions in the cytoplasm and the 

endoplasmic reticulum (Rivett et al., 1992; Pickart & Cohen, 2004). The UPS controls many 

cellular processes that are essential for growth and development, including protein signaling, 

cell cycle progression, and transcription (Vierstra, 2009; Lander et al., 2012). In plants, the UPS 

functions as one of the major regulatory systems to control the activity of intercellular proteins 

to regulate growth, development and responses to biotic and abiotic stresses (Smalle et al., 2003; 

Kurepa & Smalle, 2008).  

The structure of the 26S proteasome is comprised of 33 different subunits forming two 

sub-complexes, the Core Particle (CP) or 20S proteasome and the 19S Regulatory Particle (RP) 

(Figure 1C) (Coux et al., 1996; Smalle & Vierstra, 2004; Finley, 2009). The CP is assembled 

from four heptameric rings, consisting of two peripheral and two central rings (Figure 1C). The 

related peripheral rings are composed of seven alpha (Ŭ) subunits and the central rings are 

composed of seven beta (ɓ) subunits (Glickman & Ciechanover, 2002). The RP is located on 

both ends of the CP and makes up the lid and base subcomplexes (Figure 1C). The RP serves as 

a gate that recognizes and control access of the ubiquitinates substrate into the interior of the 
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CP. The lid subcomplex contains ubiquitin receptors that work to recognize polyubiquitinated 

proteins with four attached ubiquitin moieties (Yao & Cohen, 2002). The base subcomplex 

directly interacts with the Ŭ-subunits of the CP and contains six distinct AAA+ ATPases (named 

Rpt1 to Rpt6) that work to unfold the substrate protein and translocate the polypeptides into the 

CP (Glickman & Ciechanover, 2002). The CP is responsible for cleaving the substrate allowing 

the short peptides to be recycled in the cell.  The proteolytic ɓ-subunits, ɓ1, ɓ2, and ɓ5, of each 

ring work to breakdown the substrate into short peptides of 3-25 residues in length (Kisselev et 

al., 1999; Callis, 2014). The degradation of a particular protein by the 26S proteasome require 

at least four ubiquitin molecules attached as a linear polyubiquitin chain to the target protein 

(Bhattacharyya et al., 2014).  

1.1.1. Ubiquitination 

The covalent attachment of ubiquitin molecule(s) to a selected substrate is known as 

ubiquitination. Ubiquitin (Ub) is a small, 8.5 kD, regulatory protein that is widely conserved in 

all eukaryotic cells (Craig et al., 2009; Zuin et al., 2014). Examination of the ubiquitin amino 

acid sequence across eukaryotes has shown that ubiquitin is highly conserved between human, 

yeast and plant species (Komander & Rape, 2012; Zuin et al., 2014). Only three to four amino 

acids variation is observed between eukaryotes when comparing ubiquitin across eukaryotes 

(Zuin et al., 2014). Ubiquitin consist of 76 amino acids and contains seven lysine (K) residues 

at positions K6, K11, K27, K29, K31, K48 and K63, each of which can be used to create 

ubiquitin-ubiquitin linkages on a target substrate (Sun & Chen, 2004).  

 



 3 

The process of ubiquitination is accomplished by the sequential action of three enzymes 

E1 (ubiquitin-activating enzyme, UBA), E2 (ubiquitin-conjugating enzyme, UBC) and E3 

(ubiquitin-protein ligase) (Glickman and Ciechanover, 2002). Ubiquitination begins when the 

ubiquitin molecule is being activated through an ATP-dependent reaction by the E1 (Figure 1A) 

(Vierstra, 2003). The activated ubiquitin is then transferred from E1 to the  E2 forming an E2-

Ub intermediate. The E2 is involved in regulating the topology of the polyubiquitin chain in that 

it assists in determining which lysine is used for ubiquitin-ubiquitin linkages (Van Wijk & 

Timmers, 2010; Valimberti et al., 2015). In the final step of the ubiquitination cascade, an E3 

ligase mediates the transfer of ubiquitin from the E2-Ub intermediate to a lysine residue on the 

substrate (Figure 1B) (Spratt et al., 2012).  

A single ubiquitin molecule can attached to a lysine residue on the substrate, referred to 

as monoubiquitination. Alternatively, a chain of ubiquitin molecules can be attached to the 

lysine residue and this is called polyubiquitination (Hunter, 2007; Sadowski et al., 2012). The 

attachment of one or more ubiquitin molecules to a target protein may have varied outcomes 

including regulation of protein activity, trafficking, localization as well as changes in abundance 

(Komander & Rape, 2012; Stone, 2014). The lysine residue used to assemble the ubiquitin chain 

also determines the fate of the modified substrate (Sadanandom et al., 2012). For example, K63-

linked ubiquitin chains primarily function by regulating protein activation and endocytosis (Sun 

& Chen, 2004; Yang et al., 2010). Whereas, a polyubiquitin chain that is assembled using K48 

linkages is involved in targeting modified proteins for degradation via the 26S proteasome 

(Verma et al., 2004).   
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Figure 1. The Ubiquitin Proteasome System  

The Ubiquitin Proteasome System is a multi-enzyme pathway that uses the ubiquitin moiety as 

a signal to target a substrate for degradation by the 26S proteasome.  

(A) Ubiquitination pathway. The process of ubiquitination is controlled by a cascade of three 

enzymes known as ubiquitin-activating enzyme E1, ubiquitin-conjugating enzyme E2, and 

ubiquitin ligase E3 (Glickman and Ciechanover, 2002). The pathway begins with the activation 

of an ubiquitin molecule by the E1 enzyme. The activated Ub is then transferred to the E2 

enzyme. The E3 enzyme interacts with the E2-Ub intermediate and the substrate and facilitates 

the transfer of ubiquitin from the E2 to the substrate.  

(B) The process of ubiquitination is repeated to generate a chain of ubiquitin molecules, called 

polyubiquitination. The polyubiquitinated protein modified with a chain containing at least four 

ubiquitin molecules and is sent for degradation by the 26S proteasome. 

(C) The 26S proteasome mediates substrate degradation. The polyubiquitin chain enables 

substrate recognition by the 19S RP, which recognizes and unfolds the polyubiquitinated 

substrates. The unfolded protein is fed into the central chamber of the 20S CP where it is broken 

down into short peptides by proteases. Ubiquitin is recycled into the cell and is available for 

reuse. 
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1.1.2.  Ubiquitin Ligases  

The capability of the ubiquitin pathway to regulate protein abundance is dependent on 

the large variety of ubiquitin ligases (Stone at al., 2005; Deshaies & Joazeiro, 2009). The 

Arabidopsis thaliana (Arabidopsis) genome contains more than 1400 genes that encode for E3 

ubiquitin ligases (Smalle & Vierstra, 2004). E3 ubiquitin ligases can be classified based on the 

type of domain used to interact with the E2-Ub intermediate including the Homology to E6-

Associated Carboxy-Terminus (HECT), U-box, and Really Interesting New Gene (RING) 

domains (Moon et al., 2004) (Figure 2A). The Arabidopsis genome encodes for 7 HECT-type, 

64 U-box-type, and 470 RING-type E3 ligases (Stone et al., 2005: Mazzucotelli et al., 2006). In 

addition to the E2 binding domain, E3 ligases utilize different types of protein-protein 

interaction domains to interact with various substrate proteins (Pickart, 2001; Smalle & Vierstra, 

2004). The HECT-type E3s form an isopeptide bond with ubiquitin before transferring the 

molecule to the target substrate (Figure 2A) (Kim & Huibregtse, 2009). In contrast to HECT 

type E3s, U-box-type and RING-type E3s function by bringing the target substrate and the E2-

Ub intermediate into close proximity in order to mediate the transfer of ubiquitin to the substrate 

(Figure 2A) (Azevedo et al., 2001; Stone et al., 2005).   

RING-type E3s are the most abundant class of ubiquitin ligases in the Arabidopsis 

proteome (Moon et al., 2004).  They are characterized by a RING domain that contains eight 

cysteine and histidine residues that coordinate two zinc ions forming a cross-braced structure 

(Freemont, 1993; Pickart, 2001). RING-type E3 ligases can be further divided into single or 

multi-subunit enzymes (Figure 2B). Single subunit RING-type E3s contains both the E2 and 

substrate binding domains within a single polypeptide (Berndsen & Wolberger, 2014). The 

multi-subunit RING-type E3 ligase utilizes different proteins within the complex to bind the E2 
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and substrate  (Berndsen & Wolberger, 2014). The multi-subunit RING E3s ligases, known as 

Cullin-based RING E3 (CRLs) are comprised of the scaffold protein Cullin, which interacts 

with the E2-binding RING-box 1 (RBX1) protein and the substrate binding protein. The 

substrate recognition proteins can bind directly to the Cullin or indirectly through adapter 

proteins (Hotton & Callis, 2008; Berndsen & Wolberger, 2014) (Figure 2B).  
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Figure 2. The Different Types of E3 Ubiquitin Ligases. 

A) Schematic representation of the three major groups of E3 ubiquitin ligases, which are 

characterized based on the domains that bind to the E2-Ub. Homologous to E6-AP carboxyl 

terminus (HECT)-type E3s play a direct role in catalyzing the transfer of ubiquitin to the 

substrate by first forming a E3-Ub intermediate prior to transfer of ubiquitin to the substrate. U-

box-type and Really Interesting New Gene (RING)-type E3s function by bringing the E2-Ub 

and substrate into close proximity in order to promote the transfer of ubiquitin directly to the 

substrate. 

B) RING type E3 ligases can be assembled as monomeric or multimeric enzymes. Monomeric 

E3s contain the E2-Ub and substrate binding domains within the same protein, whereas the 

multimeric E3 ligases use different subunits to interact with the E2-Ub and the substrate. An 

example of the complex multi-subunit E3 ligases is the SKP-Cullin-F-box (SCF) CRL which 

contains CUL1 that interacts with the substrate recognition F-box protein through an adaptor 

called Arabidopsis S-phase kinase-associated protein 1-like (ASK1) (Hotton & Callis, 2008; 

Deshaies & Joazeiro, 2009) 
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1.1.3. The Role of UPS in Plant Responses to Environmental Stresses  

Plants are exposed to a wide array of environmental changes, such as drought, increased 

salinity, and temperature changes, which negatively affect their growth and development. Plants 

have established number of defense mechanisms to enable survival during environmental 

changes. The ubiquitination pathway can influence plant responses to particular environmental 

stresses by modulating the abundance of stress-responsive proteins (Zhou et al., 2010; Stone, 

2014). During stress the ubiquitin gene expression observed to increased during the exposure to 

high temperature, salinity, and drought which indicate the important of the ubiquitination 

pathway in plant responses to stress  (Sun & Callis, 1997; Guo et al., 2008). The E2 enzyme, 

Arabidopsis thaliana Ubiquitin-conjugating enzyme 32 (AtUBC32), is a stress-inducible gene 

that is up regulated in response to drought and salt stresses (Callis et al., 1995; Zhou et al., 2010). 

The overexpression of AtUBC32 is able plant to be less tolerance to drought stress, whereas, the 

loss of AtUBC32 results in higher tolerance of the stress (Cui et al., 2012).  

E3 ligases have also been shown to play important roles in stress responses. Recent 

studies have identified significant roles for E3 ligase in regulating synthesis and signal 

transduction of plant hormones, including the stress-related hormone abscisic acid (ABA)  

(Vierstra, 2009; Stone, 2014). ABA is an essential plant hormone that regulates plant responses 

to abiotic stresses such as drought and salinity (Nakashima et al., 2013). ABA functions by 

regulating maturation and prolongs dormancy to ensure that seedling growth and development 

occurs during favorable growth conditions (Finkelstein et al., 2013). The single subunit RING 

domain-containing E3 ligases Salt- and Drought-Induced Ring Finger1 (SDIR1), is function to 

up regulating ABA signalling (Ryu et al,. 2010; Stone, 2014). SDIR1 is expressed in all 

Arabidopsis tissues and its expression is increased by high salinity and drought stress (Zhang et 
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al., 2007). Overexpression of SDIR1 causes hypersensitivity to ABA, high salinity, and drought 

conditions (Zhang et al., 2007). SDIR1 acts as a positive regulator in the ABA signaling by 

upregulating expression of ABA-responsive transcription factors including Abscisic Acid 

Insensitive 5 (ABI5), Abscisic Acid-Responsive Element-Binding (ABRE-binding) Factor 3 

(ABF3), and ABF4 (Zhang et al., 2007). The single subunit RING-type E3 Keep on Going 

(KEG) mediates the degradation of ABI5, ABF3, and ABF1 (Finkelstein et al., 2005; Stone et 

al., 2006; Chen et al., 2013).  

During favorable growth conditions, KEG has been shown to negatively regulate ABA 

signaling by targeting ABI5 for degradation using the 26S proteasome to preserve low levels of 

ABI5, enabling seedling establishment (Stone et al., 2006). During stress growth conditions, the 

level of ABA increases and promote KEG self-ubiquitination leading to degradation of the E3 

by the 26S proteasome (Liu & Stone, 2010). The decrease in KEG abundance results in the 

accumulation of ABA-responsive transcription factors that mediate changes in gene expression 

required for minimizing the negative effects of stress on growth and development (Liu & Stone, 

2010). KEG is also involved in regulating the abundance of the Calcineurin B-like Interacting 

Protein Kinase 26 (CIPK26) (Lyzenga et al., 2013). KEG has been demonstrated to interact with 

and target CIPK26 for degradation via the 26S proteasome (Lyzenga et al., 2013). By targeting 

both the kinase (e.g. CIPK26) and transcription factors (e.g. ABI5) for degradation, KEG is able 

to effectively inhibit ABA signaling and dampen ABA responses in the absence of stress.  
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1.2. Calcineurin B-like Interacting Protein Kinase (CIPK) Family  

Sucrose non-fermenting 1 (SNF1) is a protein kinase originally found in Saccharomyces 

cerevisiae (yeast) (Alderson et al., 1991). SNF1 proteins control many important cellular 

activities including cell division and responses to external environmental stimuli (Hunter, 1987). 

Plants contain a large group of protein kinases related to SNF1 known as SNF1-related kinases 

(SnRKs) (Hunter, 1987). The SnRK family has been categorized into three subfamilies: SnRK1, 

SnRK2 and SnRK3 (Figure 3) (Xue-Fei et al., 2012). SnRKs are serine/threonine (Ser/Thr) 

protein kinases that participate in various cellular processes (Xue-Fei et al., 2012). SnRK1s 

regulates glucose metabolism, hormonal signaling, such as Auxin and ABA, and generation of 

alternative energy sources including sucrose, starch, amino acids and lipids (Ruben et al., 2011). 

The SnRK2 and SnRK3 subfamilies are involved in abiotic stress responses and regulating 

abscisic acid (ABA) signaling (Kulik et al., 2011; Xue-Fei et al., 2012).    

SnRK3s, also known as Calcineurin B-like Interacting Protein Kinases (CIPKs), are 

located in the nucleus and cytoplasm of plant cells (Batistic et al., 2010). CIPKs interact with 

intercellular calcium (Ca2+) binding Calcineurin B-like (CBL) proteins (Shi et al., 1999; Kim et 

al., 2000). The primary role of the CIPKs is to induce the required cellular changes in response 

to environmental stress in order to maintain nutrient homeostasis and promote cell survival 

(Ruben et al., 2011; Xue-Fei et al., 2012). The numbers of CIPK proteins differ among plant 

species; for instance, Arabidopsis contains 26 genes that encode for CIPKs while the rice (Oryza 

sativa) genome encodes for 31 CIPK proteins (Table 1) (Kolukisaoglu et al., 2004; Chen et al., 

2011). The table number 1 presents number of CBL-CIPK obtained from bioinformatics 

research reports that used comparative genomic analyses to identify CBL-CIPK protein family 

members in different plant species. According to comparative genomic analyses, CBL-CIPK 
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networks are found in a large number of plant species, that provides evidence for the importance 

of these proteins in plants (Weinl & Kudla, 2009; Kanwar et al., 2014). 
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Table 1. Numbers of CBL and CIPK proteins in different plant species.  

Species CBL-CIPK  Evident 

Arabidopsis thaliana 10 CBLs and 26 CIPKs Kolukisaoglu et al., 2004 

Populus trichocarpa 10 CBLs and 31 CIPKs Zhang et al., 2008 

Oryza sativa 10 CBLs and 31 CIPKs Chen et al., 2011 

Zea mays 8 CBLs and 43 CIPKs Chen et al., 2011 

Vitis vinifera 8 CBLs and 21 CIPKs Weinl & Kudla, 2009 

Sorghum bicolor 6 CBLs and 32 CIPKs Weinl & Kudla, 2009 
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1.2.1. Structure and Regulation of SnRK Proteins 

All SnRK proteins consist of an amino-terminal Ser/Thr kinase domain, a variable domain 

followed by a carboxyl-terminal auto-regulatory domain (Figure 3) (Jiang & Carlson, 1996; 

Hashimoto et al., 2012). Although the SnRK subfamilies are similar in structure, each subfamily 

has unique structural characteristics (Figure 3). SnRK1 members have a ubiquitin-associated 

(UBA) domain and a kinases-associated 1 (KA1) domain (Figure 3A). The UBA domain is used 

to mediate the interaction with ubiquitinated proteins (Farras et al., 2001).  The KA1 domain is 

responsible for the interaction with the clade A type 2C protein phosphatases (PP2C), which 

dephosphorylates and inactivate the SnRK1s (Rodrigues et al., 2013). The SnRK2 carboxyl-

terminal regulatory domain is divided into two domains, DI and DII (Figure 3B). DII has an 

interaction region for recognition of the PP2C phosphatases (Yoshida et al., 2002). Interactions 

with PP2C inhibit the activity of SnRK2 proteins in ABA- signaling responses (Fujii & Zhu, 2009). 

The DI domain contains an autophosphorylation site, which enables SnRK2s to gain full activity 

independent of ABA (Belin et al., 2006). The SnRK3/CIPK carboxyl-terminal regulatory domain 

has an auto-inhibitory NAF domain and a protein phosphatase interaction (PPI) domain (Figure 

3C) (Albrecht et al., 2001; Weinl & Kudla, 2009). The 24 amino acid NAF domain, named for the 

presence of conserved amino acids asparagine (N), alanine (A) and phenylalanine (F), is required 

for mediating the interaction with calcium binding CBLs, which activates the kinase (Guo et al., 

2001; Chaves-Sanjuan et al., 2014). The protein phosphatase interaction (PPI) domain is 

responsible for the interaction with PP2C such as the ABA-responsive ABA-insensitive 1 (ABI1) 

or ABA-insensitive 2 (ABI2) (Ohta et al., 2003).   
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Figure 3. Comparison of Domain Structure of SnRK Subfamilies  

Schematic representation of the general structure of the SnRK1, SnRK2, and SnRK3 sub families.  

A) Common structure of SnRK1 proteins. SnRK1contains a kinase domain (green), variable 

domain (gray) and regulatory domain that include the ubiquitin (Ub)-associated (UBA) domain 

and the kinases-associated 1 (KA1) domain. The UBA domain is used to interact with 

ubiquitinated proteins and KA1is responsible for the interaction with clade A type 2C protein 

phosphatases (PP2C).  

B) SnRK2 protein structure showing the regulatory domain, which is divided into DI and DII. DI 

is essential for kinase activity and is responsible for ABA-independent activation. DII has a region 

for recognition of the PP2Cs.  

C) The regulatory domain of SnRK3/CIPK subfamily protein consists of an auto-inhibitory NAF 

domain and a PPI domain, which interacts with PP2Cs. 
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1.2.2. CIPK Dependent Signaling  

Plant CIPKs and their activators, the calcium-binding CBLs, act as signaling mechanisms 

that decode intracellular calcium levels and function to regulate cellular responses to different 

environmental stimuli (Batistic & Kudla, 2012). In the absence of stress, CIPKs have little kinase 

activity (Gong et al., 2002a). PP2Cs that bind to CIPK function to inhibit activity by 

dephosphorylating the activation loop of the kinases domain (Figure 4A) (Ohta et al., 2003). 

During exposure to stresses, the level of cellular calcium increases and generates a specific and 

temporary unique oscillation inside the cell. The increase in calcium levels results in activation of 

CBL allowing for interaction with other proteins (Figure 4B) (Luan et al., 2002; Batistic et al., 

2008). The interaction between CBLs and CIPKs disrupt the auto-inhibitory effect of the NAF 

domain to allow activation of the kinase domain. The activated CIPK then phosphorylates the 

appropriate target proteins to mediate stress responses (Figure 4B) (Guo et al., 2001; Gong et al., 

2002b; Li et al., 2006).  

The physiological role of the CBL-CIPK network was first identified in the Salt Over 

Sensitive (SOS) pathway during the study of plant response to high salt stress (Qiu et al., 2002; 

Mao et al., 2016). The SOS pathway contributes to plant salt stress tolerance, which consists of 

two signaling components, changes in intracellular Ca2+ levels and the interaction between CBL 

and CIPK (Zhu et al., 1998; Gong et al., 2004). Under high salt conditions, CBL4 interacts with 

CIPK24 to maintain the transport of sodium ions across the plasma membrane (Shi et al., 2002; 

Gong et al., 2004). In addition to response to salt stress, the CBL-CIPK pathway has been found 

to play a major role in plant adaptation to the changing environment, by regulating the uptake of 

ions, including potassium (Li et al., 2006), and magnesium (Tang et al., 2015; Mao et al., 2016). 

For example, in order to regulate potassium uptake from the environment CBL9 and CBL1 interact 
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with CIPK23 in response to low potassium levels. The interaction leads to increases in potassium 

ion uptake from the environment into the cell (Li et al., 2006; Hashimoto et al., 2012).  CBL-CIPK 

pathways also targeting in the vacuolar membrane in order to help plants avoid toxicity due to 

harmful ions such as high level of magnesium (Mg2+) (Kim et al., 2007; Tang et al., 2015). CIPK3 

interaction with CBL2 is involved in protecting plants from high Mg2+ by sequestering it into the 

vacuole (Tang et al., 2015; Mao et al., 2016). 

Some members of the CIPK family are responsive to changes in ABA levels during 

environmental stress (Sanchez Barrena et al., 2013). ABA is an essential plant hormone that 

regulates plant responses to stresses such as drought and salinity (Nakashima et al., 2013). In the 

absence of ABA, the clade A type 2C protein phosphatases (PP2Cs) interact with several CIPKs 

to inhibit activity through dephosphorylation of the kinase (Quintero et al., 2011; Sanchez Barrena 

et al., 2013). In response to stress and an increase in ABA levels, PP2C activity is inhibited, which 

allows for phosphorylation of CIPKs and activation of ABA signal transduction pathway (Figure 

4C). The activated CIPKs phosphorylate ABA-responsive transcription factors that mediate 

changes in gene expression required for plant responses to stresses such as drought and salinity 

(Pandey et al., 2008). In addition, CBLs interact with CIPKs to regulate ABA signaling. The 

interaction between CIPK3 and CBL9 has been shown to negatively regulate ABA signal 

transduction (Kim et al., 2003; Pandey et al., 2008).  
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Figure 4. Regulation of Calcineurin B-like Interacting Pr otein Kinase (CIPK) Activity  

A) In the absence of stress CIPK is inactive. The auto-inhibitory NAF domain (red) and interaction 

between the PP2C protein and PPI negatively regulate CIPK proteins by inhibiting kinase activity.  

B) During stress, the level of cellular Ca2+ increases and this leads to CBL interaction with the 

NAF domain, which disrupts the inhibitory effect of the domain and activates the kinase. The 

activated kinase then phosphorylates target proteins required for stress responses.  

C) In response to stress ABA levels increase leading the activation of the ABA receptors 

(PYR/RCAR), which interact with PP2Cs to disrupt the interaction between PP2C and CIPKs. 

Subsequently, CIPK is activated and available to phosphorylate a specific target protein to promote 

stress responses.  
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1.2.3. CIPK and the Ubiquitin-Proteasome System 

The SnRKs subfamily proteins are involved in ABA signaling and were recently shown to 

be regulated by the UPS (Farrás, 2001; Lyzenga et al., 2013). CIPK26 a member of the interact 

with the ABA-responsive protein phosphatases, ABI1 and ABI2, as well as the transcription factor 

ABI5 (Lyzenga et al., 2013). These interactions leads to inhabit the kinases activites of CIPK26. 

In fact, overexpression of CIPK26 renders plants sensitive to the inhibitory effects of ABA on 

germination and root growth (Lyzenga et al., 2013).  Protein-protein interaction assays also 

demonstrated interactions between CIPK26 and the RING-type E3 ligase, KEG (Lyzenga et al., 

2013). CIPK26 was shown to be ubiquitinated and degraded by the 26S proteasome, and KEG is 

involved in regulating the proteasome-dependent turnover of the kinase (Lyzenga et al., 2013). 

CIPK26 is the only SnRK3 subfamily member that regulated by the UPS.  In contrast, the members 

of the SnRK1 subfamily have been shown to be regulated by the UPS. The abundance of SnRK1 

family members, AKIN10 and AKIN11, are modulated by SKP-Cullin-F-box E3 complex in 

Arabidopsis (Farrás, 2001). SnRK2.6 is also a target for Arabidopsis CHY ZINC-FINGER AND 

RING PROTEIN1 (CHYR1) E3 ligase (Ding et al., 2015). Interaction between SnRK2.6 and 

CHYR1 positively regulates plant responses to ABA and drought stress (Ding et al., 2015).   
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1.3. Purpose of Study  

The UPS is involved in every aspect of plant growth and development including plant 

responses to biotic and abiotic stresses. E3 ligase mediates the selection of specific substrates for 

ubiquitination, thus regulating protein activity and abundance changes in the cell. The importance 

of E3 ligases has been well established; however, the identities of many ubiquitination substrates 

remain unknown. This project investigates the regulation of the CIPK family members by the UPS, 

specifically CIPK3, CIPK8, CIPK20, and CIPK24.   This goal will be achieved by 1) determining 

if CIPK proteins are ubiquitinated in plant cells and 2) demonstrating proteasome-dependent 

degradation of the selected CIPKs. Studying the regulation of CIPK by the UPS will provide a 

better understanding of how plants regulate these essential kinases. The significance of UPS and 

CIPK interactions will ideally lead to an improved understanding of how plants respond to 

environmental stresses. This knowledge could be useful in the generation of stress tolerant plants 

with improved crop quality and yield maintenance during growth under adverse environmental 

conditions. 
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CHAPTER TWO: MATERIALS AND METHODS  

2.1. Plant Materials and Growth Conditions  

Tobacco (Nicotiana tabacum) seedling were grown in the soil for 6 weeks in a photoperiod 

of 16 h light, and 8 h dark at 22°C in a growth chamber. Plants were watered twice weekly with a 

1g/L of plant fertilizer (Plant-Prod, product number 10529). The Arabidopsis thaliana ecotype 

Columbia (Col-0) seeds were sterilized with sterilization solution which includes 50% (v/v) bleach 

and 0.1% Triton X-100, then grown on solid ½ Murashige and Skoog (MS) medium (0.8% agar 

and 1% sucrose).  Seeds were subjected to a cold treatment at 4°C for 48 hours. After cold 

treatment, seeds were incubated under continuous light at 22°C for 10 days and seedlings 

transferred to soil then grown under the same photoperiod as described above. 

2.2. Transient Protein Expression in Nicotiana tabacum 

Transient expression of fusion proteins in tobacco plants was carried out as previously 

described in Sparkes et al., 2006. Full-length cDNAs of CIPK3 (At2g26980), CIPK8 (At4g24400), 

CIPK20 (At5g45820), and CIPK24 (At5g35410) were previously cloned into the plant 

transformation vector pEarleyGate 201 (Earley et al., 2006), which allows for the production of 

CIPK as a fusion protein with the Yellow fluorescent protein (YFP) and hemagglutinin (HA) tag 

(YFP-HA-CIPK). The plasmid was then introduced into Agrobacterium tumefaciens 

(Agrobacterium) strain GV3101. The transformed Agrobacterium was incubated overnight in 

Luria-Bertani Broth (LB) medium with appropriate selection antibiotics at 27 °C. The 

Agrobacterium cultures were then harvested and resuspended in an infiltration solution containing 

5 mg/ml D-glucose, 50 mM MES, two mM Na3PO4, and 0.1 mM acetosyringone. The resuspended 

Agrobacterium were adjusted to an optical density (OD) of OD600 å 0.8 with additional 
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infiltration solution. The prepared Agrobacterium were then injected into the underside of tobacco 

leaves using a 1 ml needleless syringe. The infiltrated plants were placed in a growth cabinet for 

48h. The infiltrated tobacco leaves were then collected and frozen in liquid nitrogen and stored at 

-80°C. 

2.3. Transient Protein Expression in Arabidopsis thaliana  

Transient expression of fusion proteins in Arabidopsis plants was carried out as described 

in Lee and Yang, 2006. Agrobacterium was transformed with plant transformation vector as 

described above in section 2.2. Transformed Agrobacterium were incubated overnight in LB 

medium with appropriate selection antibiotics at 27 °C. The incubated Agrobacterium cultures 

were collected through centrifugation (3000g for 5 min). Agrobacterium cultures were suspended 

in 4 ml of induction medium (10.5 g/L K2HPO4, 4.5 g/L KH2PO4, 1 g/L (NH4) 2SO4, 0.5 g/L 

NaCitrate, 1 g/L glucose, 1 g/L fructose, 4 g/L glycerol, 1 mM MgSO4, 10 mM 2 methanesulfonic 

acid (MES) and 100 ɛM acetosyringone) supplemented with 100 ɛM acetosyringone and 

appropriate antibiotics. The suspension Agrobacterium was grown at 27°C for 6h. After 

incubation, Agrobacterium cultures were collected by centrifugation (3000g for 5 min) then re-

suspend in the infiltration medium (10 mM MgSO4, 10 mM MES, and 200 ɛM acetosyringone). 

Agrobacterium were adjusted to an OD of 0.4 at 600 nm. The bacterial suspension was infiltrated 

into 4-week-old leaves using a 1 ml needleless syringe. After infiltration, Arabidopsis plants were 

placed in the growth room for 48h. The infiltrated tissues were collected and frozen in liquid 

nitrogen then stored at -80°C. 
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2.4. Protein Extraction and Western Blot Analysis  

For extraction, infiltrated tissue was homogenized in the protein extraction buffer 

containing of 20mM Tris-HCl (pH 7.5), 100mM NaCl, 1mM EDTA, 1mM EGTA, 1mM PMSF, 

10mM DTT, 30ɛM MG132, 6% glycerol, and protease inhibitor cocktail (Sigma-Aldrich). The 

samples were centrifuged for 10 minutes at 14, 000 g at 4°C to pellet plant debris. The supernatant 

of plant homogenate was transferred to a fresh 1.5 ml tube. 5x Sodium dodecyl sulfate (SDS) 

loading buffer (300 mM Tris-HCl pH 6.8, 30% glycerol, 12% SDS, 5% ɓ-mercaptoethanol, 0.6% 

Bromophenol Blue) was added to samples and boiled for 5 minute followed by centrifugation at 

10,000g for 1 minute. Samples were then subjected to SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE).  Separated proteins were then transferred from the SDS-PAGE gel to 

polyvinylidene fluoride (PVDF) membrane using a semi-dry electo-transfer unit (Thermo 

Scientific). After transfer, membranes were blocked in a TBST (50mM Tris-HCl, pH 7.5, 150mM 

NaCl, 0.05% Tween 20) with 5% milk for 1 hour at room temperature, followed by incubation 

with primary antibodies for 1 hour (Table 2). Membranes were washed three times for 10 minutes 

with TBST. Secondary antibodies (Table 2) were then applied for 1 hour.  Antibodies were diluted 

in TBST with 0.5% milk and used according to manufacturerôs instructions (Table 2). Table 1 

shows the list of primary and secondary antibodies that we used to detect YFP-HA-CIPK fusion 

protein. GFP antibody was used in immunoblot analysis for protein extraction and cell free 

degradation assays to detect the presence of the protein. Ubiquitin antibody was used to detect the 

ubiquitination in CIPK proteins. After the incubation with the secondary antibody, membranes 

were washed three times, 10 minutes each wash, with TBS-T before visualization with an 

Enhanced Chemiluminescence (ECL) Western Blotting Substrate kit according to manufacturerôs 
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instructions (Thermo Scientific). Ponceau S (1g\L Ponceau S, 3% (v/v) acetic acid) was used to 

visualize total protein on the membrane.   
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Table 2. List of primary and secondary antibodies used 

Protein Tag Primary Antibody Secondary 

Antibody 

Dilution Factor 

Ubiquitin Mouse anti-Ubiquitin  

(Sigma-Aldrich) 

Anti-Mouse  

(Sigma-Aldrich) 

1:5000 

GFP Rabbit anti- GFP  

(Sigma-Aldrich) 

Anti- Rabbit 

(Sigma-Aldrich) 

1:5000 
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2.5. Cell-free Degradation Assays 

Cell-free degradation assays were performed as previously described by Wang et al. 

(2010). Briefly, plant tissue was collected from infiltrated tobacco and Arabidopsis tissue 

expressing YFP-HA-CIPK and protein extraction was carried out as described in section 2.4. Total 

protein extract was divided equally into two treatments; one treated with the 30ɛM of the 26S 

proteasome inhibitor MG132 and the other with an equivalent volume of extraction buffer. The 

reaction mixtures were incubated for 30 minutes at 25°C before adding 10mM adenosine 

triphosphate (ATP) to activate the reaction, which marked time point zero. Equal volume of each 

reaction mixture was removed at the indicated time points, and 6x SDS loading buffer was added 

to stop the reaction. Samples were subjected to SDS-PAGE, and the abundance of each CIPK 

protein was detected by Western blot analysis with YFP antibodies as described in section 2.4.   

2.6. Post-Translational Modification Prediction, Sequence Alignment and Generation of the 

Sequence Similarity Tree 

Sequences for all 26 CIPK proteins were obtained from The Arabidopsis Information Resource 

(TAIR) database (https://www.arabidopsis.org). For posttranslation modification predictions, the 

ubiquitin prediction software UbiProber (Chen et al., 2013) was utilized to predict the 

ubiquinitation sites (http://bioinfo.ncu.edu.cn/UbiProber.aspx). Sequence alignments were done 

using The European Bioinformatics Institutes (EBI) Clustal Omega protein sequence alignment 

program (McWilliam et al., 2013) (http://www.ebi.ac.uk/Tools/msa/clustalo/). A sequence 

similarity tree comparing CIPKs was constructed using complete FASTA formatted amino acid 

sequences and the Phylogeny.fr website (http://www.phylogeny.fr) (Dereeper et al., 2010).  

 

http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.phylogeny.fr/
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2.7. Immunoprecipitation 

 Total protein extracts, prepared as described above, from un-infiltrated (control) and 

infiltrated tobacco tissue expressing YFP-HA-CIPK were incubated with EZview Red HA-

Agarose beads (HA-beads) (Sigma-Aldrich). HA-beads were prepared according to 

manufacturerôs instructions and incubated with protein extracts at 4°C for 2 hours. After 

incubation, the beads were collected through centrifugation at 8, 200g for 30 seconds, followed by 

two washes with the TBS for ten minutes each (50 mM Tris-HCl, pH7.5, 150 mM NaCl), then 

30ɛL of 1X SDS was added and the sample was boiled for 5 minutes, followed by 3 minutes in a 

centrifuge at 10 000g. Samples were loaded onto the SDS-PAGE gels, followed by western blot 

analysis with ubiquitin antibody to detect the ubiquitinated protein and GFP antibody to detect the 

isolation of the protein (Table 2).  

2.8. P62-Agarose Pull Down Assay  

Total protein extracts were prepared from un-infiltrated (control) and infiltrated tobacco 

tissue expressing YFP-HA-CIPK using protein extraction buffer containing (20mM Tris-HCl (pH 

7.5), 100mM NaCl, 1mM EDTA, 1mM EGTA, 1mM phenylmethylsulfonyl fluoride (PMSF), 6% 

glycerol, and protease inhibitor cocktail (Sigma-Aldrich). P62 Agarose (Sigma-Aldrich) beads 

were prepared according to manufacturerôs instructions and 25ɛm of the beads were incubated 

with protein extract at 4 °C for 2 hours.  After incubation, the beads were collected through 

centrifugation at 8, 200g for 30 seconds, followed by two 10 minute washes with the TBS washing 

buffer (50 mM Tris-HCl, pH7.5, 150 mM NaCl) then 30ɛL of 1X SDS was added and boiled for 

5 minutes, followed by 3 minutes of centrifugation at 10 000g. Samples were loaded onto the SDS-

PAGE gels, followed by immunoblot analysis with GFP antibodies to detect the isolation of the 

protein. 
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2.9. Pixel Intensity Analysis 

Pixel intensity of western blot samples was quantified using ImageJ software 

(http://imagej.nih.gov/ij/) (Abramoff et al., 2004). Exposed films that were obtained from cell free 

degradation assays were scanned and imported into ImageJ. The mean value for each protein bands 

was quantified using 16-bit grey scale. The pixel intensity values of were inverted to percent to 

determine the percentage remaining of each protein abundance over 240 minutes. The average of 

three trails for the remaining percent of each protein was used to compare protein abundance in + 

and - MG132 treatment. Standard Error were obtained to show the difference of protein abundance 

at each time point.  One-way a nova test were used to determine the significant deference of the 

overtime point for protein abundance in + and - MG132 treatment.  

2.10. Determining Protein Half-life  

Protein half-life for each protein was determined using the half-life calculator 

(http://www.calculator.net/half-life-calculator.html). The decay process is computed by the 

flowing formulas: Nt = N0(1/2) t/t1/2, t1/2 = ln (2) Ű = ln (2)/ɚ; where, N0 is the initial quantity, 

Nt is the quantity that still remains after a time t, t1/2 is the half-life, Ű is the mean lifetime, and ɚ 

is the decay constant (calculator.net, 2017). 

 

  

http://imagej.nih.gov/ij/
http://www.calculator.net/half-life-calculator.html
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CHAPTER THREE: RESULTS  

3.1. Selection of CIPK Protein Family Members for Analysis 

Recently the UPS was shown to regulate the abundance of CIPK26 (Lyzenga et al., 2013), 

suggesting possible regulation of the CIPK proteins family by the ubiquitination pathway. The 

main purpose of this study is to continue this investigation to determine if  regulation by the UPS 

is common in the CIPK family. To accomplish this, members of the CIPK family were selected 

for this study based on their amino acid sequence similarity to CIPK26. A phylogenetic tree was 

generated to demonstrate relationships between CIPK26 and other members of the CIPK family 

(Figure 5). CIPK3 was included in our study as it is the most closely related to CIPK26 (Figure 5). 

CIPK3 was found to share 77 percent amino acid sequence similarity with CIPK26 (Table 3). 

CIPK8 and CIPK24 were also utilized in this study as slimier members; they each shared 62 

percent sequence similarity and belong to the same clade of CIPK26 (Figure 5 and Table 3). The 

fourth selected member was CIPK20, which is in a different clade in the sequence similarity tree 

(Figure 5) and shows only 53 percent sequence similarity to CIPK26 (Table 3). In addition, two 

of the selected CIPKs were predicted to interact with various RING-type E3 ligases (Table 4). 

Information on predicted interactions were obtained from Bio-Analytic Resource Plant Biology 

(BAR), which provides evidence for CIPK8 interaction with two RING E3 ligases (At2g16090 

and At5g06420) and CIPK24 is predicted to interact with one RING E3 ligase (At1g30860). This 

analysis served as the basis for utilizing CIPK3, CIPK8, CIPK20, and CIPK24 as representative 

proteins to study the possible regulation of the CIPK family proteins by the UPS. The selected 

proteins are not an extensive representation of the family as members that are not closely related 

(> 50% Amino acid sequence similarity) to CIPK26 are not included in the analysis.  
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Figure 5. Phylogenetic Relationships between Arabidopsis thaliana CIPK   Family Members 

Sequence similarity tree for the 26 members of the CIPK family generated using full  length amino 

acid sequences. The red arrows indicate the four CIPKs that were chosen for this research. The 

black arrow indicates CIPK26 the only family member known to be regulated by the UPS. 

Numbers represent bootstrap values.      
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Table 3: Amino acid sequence similarity between CIPK3, CIPK8, CIPK20, CIPK24, and 

CIPK26. 

 CIPK3 CIPK8 CIPK20 CIPK24 CIPK26 

CIPK3 100% 57% 53% 58% 77% 

CIPK8  100% 49% 52% 56% 

CIPK20   100% 47% 53% 

CIPK24    100% 58% 

CIPK26     1005 
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Table 4: Known and predicted CIPK-interacting RING-type E3 

Calcineurin B-like Interacting Protein 

kinases 

Interacting 

RING E3 *  

Evidence for  Interaction  

Loci Name Function  Loci References 

At2g26980 CIPK3  ABA signaling   

Response to cold 

stress 

Not known Pandey et al., 2008 

At5g45820 CIPK20 ABA signaling  Not known Gong et al., 2002 

At4g24400 CIPK8  Nitrate sensing At2g16090 Geisler-Lee et al., 2007 

Leran et al., 2015 
At4g24400 CIPK8  At5g06420 

At5g35410 CIPK24 Salt tolerance  At1g30860 Geisler-Lee et al., 2007 

Qiu et al.,2002; Gong et al., 

2004 

At5g21326 CIPK26 ABA signaling At5g13530 

(KEG) 
Lyzenga et al., 2013 

 * Prediction interactions are based on information obtained from Bio-Analytic Resource for 

Plant Biology (BAR), http://bar.utoronto.ca/welcome.htm, using the Arabidopsis 

Interactions Viewer tool.  
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3.2. Transient Expression of Selected CIPKs in Tobacco and Arabidopsis Leaves 

The transient protein expression system provides an efficient and rapid approach for 

exploring protein function in the plant cells and represents an advantageous alternative to the time 

consuming of generation of transgenic plants (Sparkes et al., 2006). The use of the transient 

expression approach will  allow for post-translational modifications (PTM) of the CPIKs, which 

may regulate their activity and abundance within the cell. Before the objectives of the study were 

carried out, we first had to determine if  the selected CIPKs could be efficiently expressed in the 

transient expression systems. Plant transformation vectors allowing the expression of yellow 

fluorescence protein (YFP) and hemagglutinin (HA) tagged CIPK (YFP-HA-CIPK) were 

introduced into the epidermal cells of Nicotiana tabacum (tobacco) leaves using Agrobacterium 

mediated infiltration.  

After forty eight hours, the infiltrated tissues were collected, protein extracts were prepared 

and subjected to western blot analysis using GFP antibodies to detect the presence of YFP-HA-

CIPK. As shown in Figure 8A, YFP-HA-CIPK3, YFP-HA-CIPK8, YFP-HA-CIPK20, and YFP-

HA-CIPK24 were successfully expressed in tobacco leaves. The CIPK proteins are from 

Arabidopsis thaliana, therefore the results obtained using the transient tobacco system were 

confirmed using an Arabidopsis based transient expression system (Lee & Yang 2006). Infiltrated 

Arabidopsis tissues were collected and protein extracts were prepared and subjected to western 

blot analysis using GFP antibodies to detect the presence of YFP-HA-CIPK. Results in Figure 8B 

shows that YFP-HA-CIPK3, YFP-HA-CIPK8, YFP-HA-CIPK20, and YFP-HA-CIPK24 are all 

expressed in transiently transformed Arabidopsis leaves.   
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Figure 6. Expression of CIPK3, CIPK8, CIPK20, and CIPK24 in Transient Expression 

Systems  

Transient expression of YFP-HA-CIPK3, YFP-HA-CIPK8, YFP-HA-CIPK20 and YFP-HA-

CIPK24 in tobacco (A) and Arabidopsis (B) leaves.  Protein extracts prepared from infiltrated and 

un-infiltrated (control) tissue were subjected to Western blot (WB) analysis with GFP antibodies 

that recognize the YFP tag on the YFP-HA-CIPK fusion proteins.  
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3.3. CIPKs Contain Multiple Predicted Ubiquitination Sites 

To begin investigating whether the Arabidopsis CIPK proteins undergo regulation by UPS, 

we examined the extent to which CIPK3, CIPK8, CIPK20, and CIPK24 may be ubiquitinated. 

Possible sites for ubiquitination were identified using the UbiProber prediction software (Chen et 

al., 2013). The prediction software identified ten lysine residues for CIPK3, five lysine residues 

for CIPK8, seven lysine residues for CIPK20, and six lysine residues for CIPK24 as possible sites 

for ubiquitination (Figure 7 and Supplemental Figure 1).  

We then determined if  the predicted ubiquitination sites are also found in other members of 

the CIPK family. A multiple sequence alignment was generated using the complete amino acid 

sequence of all 26 CIPKs (Figure 7). The alignment showed that three ubiquitination sites were 

conserved across all members of the CIPK family including the selected CIPKs (CIPK3, CIPK8, 

CIPK20, and CIPK24) (Figure 7). The conserved ubiquitination sites were found in the kinases 

domain of all CIPK proteins. The identification of these three conserved sites suggests that the 

ubiquitination may regulate CIPK function. 
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Figure 7. Amino Acids Sequence Alignment for the CIPK Family Highlighting Predicted 

Ubiquitination Sites for CIPK3 , CIPK8, CIPK20, and CIPK24 

Predicted ubiquitination sites for CIPK3, CIPK8, CIPK20, and CIPK24 are highlighted in blue 

and black boxes. Three predicted sites (blue boxes) are conserved across all CIPK proteins. The 

period (.) indicates amino acids that have weakly similar properties, the colon (:) shows amino 

acids that have highly similar properties, the asterisk (*) indicates amino acids that are conserved.  
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3.4. Arabidopsis CIPKs are Ubiquitinated in Plant Cells 

The above results suggest that CIPK3, CIPK8, CIPK20, and CIPK24 may be ubiquitinated 

in plant cells. To demonstrate experimentally the ubiquitnation of CIPK3, CIPK8, CIPK20, and 

CIPK24 in planta, we performed an immunoprecipitation assay to isolate YFP-HA-CIPK followed 

by western blot analysis with ubiquitin antibodies to determine if  the isolated protein is modified 

with ubiquitin. To isolate each CIPK, HA-beads were incubated with total protein extract prepared 

from infiltrated tobacco tissue transiently expressing YFP-HA-CIPK. The isolated proteins were 

then assessed by western blot analysis with ubiquitin antibodies in order to detect the ubiquitinated 

form of YFP-HA-CIPK (Figure 8A and Supplemental Figure 2) and GFP antibodies to ensure that 

YFP-HA-CIPK was bound to the HA-beads (Figure 8B and Supplemental Figure 2). The result in 

Figure 8A and Supplemental Figure 2 shows the ubiquitination of all four YFP-HA-CIPKs, which 

is indicated by the presence of high molecular weight versions of the proteins.  

To provide further support for ubiquitination of CIPKs in plant cells, pull-down assays was 

performed using p62-agarose beads. The agarose beads utilize the ubiquitin-binding ubiquitin-

associated (UBA) domain of p62 to interact with and isolate ubiquitinated proteins (Kong et al., 

2015).Total protein extract prepared from tobacco tissue transiently expressing YFP-HA-CIPK8 

was incubated with the p62-agarose beads. If YFP-HA-CIPK8 is ubiquitinated in planta then 

western blots using GFP antibody should be able to detect the presence of YFP-HA-CIPK8 among 

the isolated proteins. As shown in Figure 9, YFP-HA-CIPK8 was detected among the ubiquitinated 

proteins.  
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Figure 8. CIPK3, CIPK8, CIPK20 and CIPK24 are Ubiquitinated in Plant Cells  

Total protein extracts prepared from tobacco tissue transiently expressing YFP-HA-CIPK were 

incubated with HA-beads to immunoprecipitate (IP) YFP-HA-CIPK. Isolated proteins were 

subjected to Western blot (WB) analysis with ubiquitin (Ub) antibodies to detect the ubiquitinated 

YFP-HA-CIPK (A) and GFP antibodies to detect the presence of YFP-HA-CIPK (B). Protein 

extracts prepared from untransformed tobacco tissue was used as a control.  
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Figure 9. Ubiquitin  Pull-Down Assay Showing Ubiquitination  of CIPK8 in Plant Cells 

A) Total protein extract prepared from uninfiltrated (control) and infiltrated tobacco tissue 

transiently expressing YFP-HA-CIPK8 was subjected to Western blot (WB) analysis with GFP 

antibodies to demonstrate expression of YFP-HA-CIPK8. 

B) Total protein extract prepared from un-infiltrated (control) and infiltrated tobacco tissue 

transiently expressing YFP-HA-CIPK8 was incubated with ubiquitin-beads (p62 agarose) to pull 

down ubiquitinated proteins. The isolated proteins were then subjected to Western blot (WB) 

analysis with GFP antibodies to detect the presence of YFP-HA-CIPK8. 
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3.5. 26S Proteasome Dependent Degradation of CIPK Proteins 

The above results indicate that all the four CIPK family members are ubiquitinated in vivo. 

Therefore, it is worth determining if  the outcome of ubiquitination is proteasomal degradation. As 

previously discussed, CIPK26 is degraded by the 26S proteasome, therefore other CIPK family 

members may also be regulated in a similar manner (Lyzenga, 2013). Cell-free degradation assays 

were performed to determine if  the CIPKs were similarly targeted to the 26S proteasome for 

degradation (Wang et al., 2010). Protein extracts obtained from infiltrated tobacco tissue 

transiently expressing each YFP-HA-CIPK were used in the degradation assays. In addition, 

protein extracts were treated with proteasome inhibitor (MG132) to demonstrate that the observed 

degradation of each protein was dependent on the activity of the 26S proteasome.  

The results in Figures 10A and 11A, show that the abundance of CIPK3 and CIPK20 

reduced significantly within four hours during the assays. Whereas, the abundance of CIPK3 and 

CIPK20 remain relatively constant over the indicated time in assays that included proteasome 

inhibitor (Figures 10B and 11B). The figure 10C and 11C represent the average percent remaining 

of CIPK3 and CIPK20 over time from two separate trials, respectively (see also Supplemental 

Figures 3-4 for CIPK 3and 5-6 for CIPK20). The proteasome-dependent turnover of CIPK8 was 

also observed in the cell free degradation assays. The abundance of CIPK8 decreases significantly 

over time in the absence of proteasome inhibitor (Figure 12A; Supplemental Figure 8). Whereas 

in the presence of proteasome inhibitor the abundance of CIPK8 remains relatively stable (Figure 

12B). The graph indicates the percent remaining of CIPK8 over 90 minutes (Figure 12; 

Supplemental Figure 7).  

 



 53 

The half-life for each protein was calculated using a protein half-life calculator. The half-

life is the amount of time it takes for the abundance of each protein to be decreased by fifty  percent 

(Figure 13). CIPK3 and CIPK20 each have a half-life of approximately 2.5 hours, whereas CIPK8 

has a shorter half-life of approximately 30 minutes (Figure 13). 

CIPK24 is ubiquitinated in vivo, however the abundance of CIPK24 remained relatively 

unchanged over time in all cell free degradation assays (Figure 16A and 16B; Supplemental Figure 

9 and 10). The figure 16C is the average percent remaining of CIPK24 abundance over 240 

minutes. These results suggest that ubiquitinated CIPK24 is not targeted to the 26S proteasome for 

degradation.   

To provide further evidence for proteasome dependent turnover of the CIPKs, cell free 

degradation assays were repeated using protein extracts obtained from Arabidopsis leaf tissue 

transiently expressing each YFP-HA-CIPK. The results show that, similar to tobacco, CIPK3, 

CIPK8, and CIPK20 are degraded by the 26S proteasome, whereas CIPK24 levels remain 

relatively stable over the indicated timepoints (Figure 15). Taking these results together CIPK3, 

CIPK8, and CIPK20 are regulated by the UPS as shown in tobacco and Arabidopsis, while CIPK 

24 is ubiquitinated but not degraded by the 26S proteasome. 
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Figure10. CIPK3 is Degraded by the 26S Proteasome  

Cell free degradation assays were performed using protein extracts prepared from tobacco tissue 

transiently expressing YFP-HA-CIPK3. Assays were without (-) (A), or with 50 µM (+) (B) of the 

proteasome inhibitor, Mg132. The abundance of YFP-HA-CIPK3 at the indicated time points was 

determined by Western blot (WB) analysis with GFP antibodies. Ponceau S staining shows protein 

loading. The figure (C) indicates the average percent remaining for YFP-HA-CIPK3 at each time 

point for two replicates. Error bars represent standard error. The asterisk (*)  indicates a statistically 

significant variation between mean of + and ï MG132 treatment within indicated time points.  

*    P < 0.01 

**  P < 0.001 
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Figure11. Proteasome Dependent Degradation of CIPK20 

Cell free degradation assays were performed using protein extracts prepared from tobacco tissue 

transiently expressing YFP-HA-CIPK20. Assays were without (-) (A), or with 50 µM (+) (B) of 

the proteasome inhibitor, Mg132. The abundance of YFP-HA-CIPK20 at the indicated time points 

was determined by Western blot (WB) analysis with GFP antibodies. Ponceau S staining shows 

protein loading. The figure (C) indicates the average percent remaining for YFP-HA-CIPK20 at 

each time point for two replicates. Error bars represent standard error. The asterisk (*)  indicates a 

statistically significant variation between mean of + and ï MG132 treatment within indicated time 

points.  

*    P < 0.01 

**  P < 0.001 
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Figure 12. CIPK8 is Degraded by the 26S Proteasome in Tobacco Cells 

Cell free degradation assays were performed using protein extracts prepared from tobacco tissue 

transiently expressing YFP-HA-CIPK8. Assays were without (-) (A), or with (+) (B) 50 µM  of 

the proteasome inhibitor, Mg132. The abundance of YFP-HA-CIPK8 at the indicated time points 

was determined by Western blot (WB) analysis with GFP antibodies. Ponceau S staining shows 

protein loading. The figure (C) indicates the average percent remaining for YFP-HA-CIPK8 at 

each time point for two replicates. Error bars represent standard error. The asterisk (*)  indicates a 

statistically significant variation between mean of + and ï MG132 treatment within indicated time 

points.  

. *    P < 0.01 

**  P < 0.001 

 

  



 59 

 

 

  



 60 

Figure13. Calculated Half -life for  CIPK3, CIPK8 and CIPK20.  

The figure presents the calculated half life of CIPK3, CIPK8 and CIPK20. The blue and red bars 

represent CIPK3 and CIPK20 half-life, which is approximately 1.5 hours during four hours trials. 

The orange bar represents CIPK8, which has a short half-life of approximately 30 minutes over 

one and half hour trials. The asterisk (*) indicates a statistical significant (p< 0.005) variation 

within calculated half-life for CIPK3, CIPK8 and CIPK20.   
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Figure14. CIPK24 is not Degraded in Plant Cells. 

Cell free degradation assays were performed using protein extracts prepared from tobacco tissue 

transiently expressing YFP-HA-CIPK24. Assays were preformed without (-) (A) or with (+) (B) 

50 µM of the proteasome inhibitor, Mg132. The abundance of YFP-HA-CIPK8 (arrow) at the 

indicated time points was determined by Western blot (WB) analysis with GFP antibodies. 

Ponceau S staining shows protein loading. The figure (C) indicates the average percent remaining 

for YFP-HA-CIPK24 at each time point for two replicates. Error bars represent standard error.  
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Figure 15: Proteasome-Dependent Degradation of CIPK3, CIPK8 and CIPK20, and 

Stability  of CIPK24 in Arabidopsis thaliana.  

Cell free degradation assays were performed using protein extracts prepared from Arabidopsis 

tissue transiently expressing YFP-HA-CIPK3, YFP-HA-CIPK8, YFP-HA-CIPK20 or YFP-HA-

CIPK24. Assays were preformed without (-) (A) or with (+) (B) 50 µM of the proteasome inhibitor, 

Mg132. The abundance of YFP-HA-CIPK3 (A), YFP-HA-CIPK8 (B), YFP-HA-CIPK20 (C) or 

YFP-HA-CIPK24 (D) at the indicated time points was determined by Western blot (WB) analysis 

with GFP antibodies. Ponceau S staining shows protein loading.   
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CHAPTER FOUR: DISCUSSION 

4.1. The Ubiquitination of CIPK Protein Family 

The purpose of this study was to determine if  regulation by the UPS is a common 

occurrence in the CIPK family. The analysis demonstrated ubiquitination of all family members 

that were investigated in the study. However, proteasome dependent degradation was only 

observed for three of the four kinases examined. Ubiquitination of CIPK3, CIPK8, CIPK20, and 

CIPK24 contributes an additional layer of regulation in CIPK function. CIPK proteins are 

regulated by CBL proteins, which bind to the NAF domain to relieve inhibition and activate the 

kinase in response to stress-induced increases in calcium levels (Weinl & Kudla, 2009). ABA 

responsive protein phosphatases, ABI1 and ABI2, play a critical role in regulating CIPKôs 

activities through dephosphorylation of the kinase in the absence of stress. Here we provide 

convincing evidence that CIPKs are also ubiquitinated in plant cells by using immunoprecipitation 

and ubiquitin pulldown assays coupled with Western Blot analysis (Figures 10 and 11). The 

experimental results are complemented by prediction analysis, which identified a number of 

potential ubiquitination sites in each CIPK (Figure 9). Of the identified predicted sites, three were 

conserved within the kinase domain across all 26 members of the family (Figure 9). Regulation of 

function by the UPS may be more common in the CIPK family than previously reported. A 

literature search of high-throughput mass spectrometry studies centering on the Arabidopsis 

ubiquitome, identified SnRK1.1 and SnRK2.4 as the ubiquitinated proteins (Kim et al., 2013). 

Thus, ubiquitination regulates the function of members from all three SnRK subfamilies.  
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4.2. Ubiquitin-mediated Degradation of CIPKs  

Ubiquitination of a substrate is thought to have different outcomes, most notably targeting 

the modified protein to the 26S proteasome for degradation. All  four CIPKs examined in this sudy 

are ubiquitinated in plant cells. The outcome of the ubiquitination of CIPK3, CIPK8, and CIPK20 

seems to be degraded by the 26S proteasome. The degradation of these CIPKs indicates extensive 

involvement of the UPS in regulating the activity of SnRK subfamily members. Ubiquitination 

and proteasomal degradation of CIPK3, CIPK8, and CIPK20 are observed under non-stress 

conditions suggesting that the UPS is required for maintaining low abundance of the kinases during 

favourable growth conditions. Previous reports support this hypothesis, as CIPK26 degradation 

mediated by KEG also occurs during non-stress conditions (Lyzenga et al., 2013). In response to 

stress, ubiquitination of CIPK could be inhibited allowing the abundance of the kinase to increase. 

The accumulated and activated CIPK would then mediate the required stress response. Ubiquitin-

dependent proteolysis has been implicated in controlling the abundance of various kinases and in 

providing the proper response to particular stresses. The mammalian AMP-activated protein kinase 

distantly related to SNF1 proteins, is subject to ubiquitin-dependent degradation mediated by the 

E3 ligase Cell Death-Inducing DFF45-like Effector Ŭ in order to balance the consumption of 

energy in plant cell (Qi et al., 2008). In Arabidopsis, the SnRK1.2/AKIN11 abundance is degraded 

through the 26S proteasome in response to phosphate starvation (Fragoso et al., 2009). The results 

of this study strongly suggest that the UPS regulates CIPK function to maintain low abundance to 

inhibit activity until the plant perceives stress. 
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4.3. Ubiquitin-dependent, Proteasome-independent Regulation of CIPK24  

Most ubiquitinated substrate proteins are targeted for degradation by the 26S proteasome. 

However, degradation is not the only outcome of ubiquitination; other ubiquitin substrates are 

regulated in different ways (Erales & Coffino, 2014). Ubiquitination may regulate protein-protein 

interaction, protein activation, or localization within the cell (Katzmann et al., 2002). Proteasome 

independent outcomes of ubiquitination are usually mediated by monoubiquitination and 

polyubiquitination that generates non- K48 linked ubiquitin chains (Schnell & Hicke, 2003). For 

example, ubiquitin chains built using K63 are linked to protein relocalization (Moreno et al., 2010). 

As demonstrated by mass spectrometry analysis of the Arabidopsis proteome, the most abundant 

linkages of the polyubiquitn chain are K48, K63, and, K11 (Kim et al., 2013). In this study CIPK24 

is polyubiquitinated; however, the kinase was not turned over in cell free degradation assays. This 

strongly suggests that CIPK24 is stable in plant cells and not subjected to proteasomal degradation. 

Unlike the other family members studied, ubiquitination of CIPK24 may involve the assembly of 

non-K48 linked ubiquitin chains such as K63 or K11 ubiquitin-ubiquitin linkages. Modification of 

CIPK24 may result in changes in localization of the kinases or promote interaction with other 

proteins. Alternatively, CIPK24 may have a long half-life and any decrease in abundance may 

only be apparent during cell-free degradation assays carried out for longer than the time (four 

hours) used in this study. Future study of CIPK24 could determine the lysine is used to make 

ubiquitin-ubiquitin linkages in the polyubiquitin chain. This analysis could provide insights into 

the outcome of ubiquination and the observed stability of CIPK24 in this study. 
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4.4. Summary 

CIPK3, CIPK8, CIPK20, and CIPK24 are regulated by the ubiquitination pathway. The 

ubiquitination of CIPK3, CIPK8, and CIPK20 results in degradation via the 26S proteasome, 

possibly to maintain the kinases at low levels to avoid an unnecessary activation of stress responses 

during favourable growth conditions. CIPK24 is ubiquitinated in plant cells; however, the outcome 

of ubiquitination of CIPK24 does not result in degradation and remains to be determined. These 

findings help to demonstrate the extent to which the CIPK family is regulated by the UPS. 

 



 70 

REFERENCES 

Abramoff, D., Magalhaes, J., & Ram, J. (2004). Image processing with ImageJ. Biophotonics 

International, 11(7), 36-42. 

 

Albrecht, V., Ritz, O., Linder, S., Harter, K., & Kudla, J. (2001). The NAF domain defines a novel 

proteinïprotein interaction module conserved in Ca2+Ȥregulated kinases. The EMBO 

Journal, 20(5), 1051-1063. 

 

Alderson, A., Sabelli, P. A., Dickinson, J. R., Cole, D., Richardson, M., Kreis, M., ... & Halford, 

N. G. (1991). Complementation of snf1, a mutation affecting global regulation of carbon 

metabolism in yeast, by a plant protein kinase cDNA. Proceedings of the National 

Academy of Sciences USA, 88(19), 8602-8605. 

 

Azevedo, C., Santos-Rosa, M. J., & Shirasu, K. (2001). The U-box protein family in plants. Trends 

in Plant Science, 6(8), 354-358. 

 

Batistic, O., & Kudla, J. (2012). Analysis of calcium ling pathways in plants. Biochim Biophys 

Acta (BBA)-General Subjects, 1820(8), 1283-1293.  

 

Batistic, O., Sorek, N., Schu¨ltke, S., Yalovsky, S., & Kudla, J. (2008). Dual fatty acyl 

modification determines the localization and plasma membrane targeting of CBL/CIPK 

Ca2+ signaling complexes in Arabidopsis. The Plant Cell, 20(5), 1346-1362. 

 

Batistic, O., Waadt, R., Steinhorst, L., Held, K., & Kudla, J. (2010). CBL mediated targeting of 

CIPKs facilitates the decoding of calcium signals emanating from distinct cellular stores. 

The Plant Journal, 61(2), 211-222. 

 

Belin, C., De Franco, P. O., Bourbousse, C., Chaignepain, S., Schmitter, J. M., Vavasseur, A., ... 

& Thomine, S. (2006). Identification of features regulating OST1 kinase activity and OST1 

function in guard cells. Plant Physiology, 141(4), 1316-1327. 

 

Berndsen, C. E., & Wolberger, C. (2014). New insights into ubiquitin E3 ligase mechanism. 

Nature Structural and Molecular Biology, 21(4), 301-307. 

 

Bhattacharyya, S., Yu, H., Mim, C., & Matouschek, A. (2014). Regulated protein turnover: 

snapshots of the proteasome in action. Nature Reviews Molecular Cell Biology, 15(2), 122-

133. 

 

Blom, N., Gammeltoft, S., and Brunak, S. (1999). Sequence and structure-based prediction of 

eukaryotic protein phosphorylation sites. Journal of Molecular Biology. 294, 1351ï62.  

 

Callis, J., Carpenter, T., Sun, W., & Vierstra, D. (1995). Structure and evolution of genes encoding 

polyubiquitin and ubiquitin-like proteins in Arabidopsis thaliana ecotype Columbia. 

Genetics, 139, 921-939. 

 



 71 

Callis, J. (2014). The ubiquitination machinery of the ubiquitin system. The Arabidopsis Book, 

e0174.  

 

Chaves-Sanjuan, A., Sanchez-Barrena, J., Gonzalez-Rubio, M., Moreno, M., Ragel, P., Jimenez, 

M., ... & Albert, A. (2014). Structural basis of the regulatory mechanism of the plant CIPK 

family of protein kinases controlling ion homeostasis and abiotic stress. Proceedings of the 

National Academy of Sciences USA, 111(42), 4532-4541. 

 

Chen, F., Gu, Z.,  Liu, F., Ma, B., & Zhang, H. (2011). Molecular analysis of rice CIPKs involved 

in both biotic and abiotic stress responses. Rice Science, 18(1), 1-9. 

 

Chen, T., Liu, H., Stone, S., & Callis, J. (2013). ABA and the ubiquitin E3 ligase KEEP ON 

GOING affect proteolysis of the Arabidopsis thaliana transcription factors ABF1 and 

ABF3. The Plant Journal, 75(6), 965-976. 
 

Ciechanover, A. (1998). The ubiquitinïproteasome pathway: on protein death and cell life. The 

EMBO Journal, 17(24), 7151-7160. 

 

Coux, O., Tanaka, K., & Goldberg, L. (1996). Structure and functions of the 20S and 26S 

proteasomes. Annual Review of Biochemistry, 65(1), 801-847. 

 

Craig, A., Ewan, R., Mesmar, J., Gudipati, V., & Sadanandom, A. (2009). E3 ubiquitin ligases and 

plant innate immunity. Journal of Experimental Botany, 60(4), 1123-1132. 

Cui, F., Liu, L., Zhao, Q., Zhang, Z., Li, Q., Lin, B., ... & Xie, Q. (2012). Arabidopsis ubiquitin 

conjugase UBC32 is an ERAD component that functions in brassinosteroid-mediated salt 

stress tolerance. The Plant Cell, 24(1), 233-244. 

Dereeper, A., Audic, S., Claverie, M., & Blanc, G. (2010). Blast-explorer helps you building 

datasets for phylogenetic analysis. BMC Evolutionary Biology, 10(1), 8. 

 

Deshaies, J., & Joazeiro, C. (2009). RING domain Ubiquitin Ligases. Annual Review of 

Biochemistry, 81(1), 399.  

 

Ding, S., Zhang, B., & Qin, F. (2015). Arabidopsis RZFP34/CHYR1, a ubiquitin E3 ligase, 

regulates stomatal movement and drought tolerance via SnRK2. 6-mediated 

phosphorylation. The Plant Cell, 27(11), 3228-3244. 

 

Earley, W., Haag, R., Pontes, O., Opper, K., Juehne, T., Song, K., & Pikaard, S. (2006). Gateway΅
compatible vectors for plant functional genomics and proteomics. The Plant Journal, 45(4), 

616-629. 

 

Farras, R., Ferrando, A., Jasik J., Kleinow, T., Okresz, L., Salchert, K., é Tiburcio, A. (2001). 

SKP1-SnRK protein kinase interactions mediate proteasomal binding of a plant SCF 

ubiquitin ligase. The EMBO Journal, 20(11), 2742-2756. 

 



 72 

Erales, J., & Coffino, P. (2014). Ubiquitin-independent proteasomal degradation. Biochimica 

Biophysica Acta (BBA)-Molecular Cell Research, 1843(1), 216-221. 

 

Finley, D. (2009). Recognition and processing of ubiquitin-protein conjugates by the proteasome. 

Annual Review of Biochemistry, 78, 477-513. 

 

Finkelstein, R., Gampala, S. S., Lynch, T. J., Thomas, T. L., & Rock, C. D. (2005). Redundant and 

distinct functions of the ABA response loci ABA-INSENSITIVE (ABI) 5 and ABRE-

BINDING FACTOR (ABF) 3. Plant Molecular Biology, 59(2), 253-267. 

 

Finkelstein, R. (2013). Abscisic acid synthesis and response. The Arabidopsis Book, 11(e0166). 

Fragoso, S., Espíndola, L., Páez-Valencia, J., Gamboa, A., Camacho, Y., Martínez-Barajas, E., & 

Coello, P. (2009). SnRK1 isoforms AKIN10 and AKIN11 are differentially regulated in 

Arabidopsis plants under phosphate starvation. Plant Physiology, 149(4), 1906-1916. 
 

Freemont, S. (1993). The RING finger. Annals of the New York Academy of Sciences, 684(1), 

174-192. 

Fujii, H., & Zhu, J. (2009). An autophosphorylation site of the protein kinase SOS2 is important 

for salt tolerance in Arabidopsis. Molecular plant, 2(1):183ï190. 

 

Geisler-Lee, J., O'Toole, N., Ammar, R., Provart, N. J., Millar, A. H., & Geisler, M. (2007). A 

predicted interactome for Arabidopsis. Plant Physiology, 145(2), 317-329. 

 

Glickman, H., & Ciechanover, A. (2002). The ubiquitin-proteasome proteolytic pathway: 

destruction for the sake of construction. Physiological Reviews, 82(2), 373-428. 

 

Goldberg, A. (2003). Protein degradation and protection against misfolded or damaged proteins. 

Nature, 426(6968), 895-899. 

 

Gong, D., Guo, Y., Jagendorf, T., & Zhu, K. (2002a). Biochemical characterization of the 

Arabidopsis protein kinase SOS2 that functions in salt tolerance. Plant Physiology, 130(1), 

256-264. 

 

Gong, Y., Guo, K. S., Chumaker, & Zhu, J. (2004). The SOS3 family of calcium sensors and SOS2 

family of protein kinases in Arabidopsis. Plant Physiology, 134(3), 919-926. 

 

Gong, D., Zhang, C., Chen, X., Gong, Z., & Zhu, J. K. (2002b). Constitutive activation and 

transgenic evaluation of the function of an Arabidopsis PKS protein kinase. Journal of 

Biological Chemistry, 277(44), 42088-42096. 

 

Guo, Q., Zhang, J., Gao, Q., Xing, S., Li, F., & Wang, W. (2008). Drought tolerance through 

overexpression of monoubiquitin in transgenic tobacco. Plant Physiology, 165, 1745-1755. 

 

 

Guo, Y., Halfter, U., Ishitani, M., & Zhu, K. (2001). Molecular characterization of functional 



 73 

domains in the protein kinase SOS2 that is required for plant salt tolerance. The Plant Cell, 

13(6): 1383-1400. 

 

Hashimoto, K., Eckert, C., Anschütz, U., Scholz, M., Held, K., Waadt, R., ... & Kudla, J. (2012). 

Phosphorylation of calcineurin B-like (CBL) calcium sensor proteins by their CBL-

interacting protein kinases (CIPKs) is required for full activity of CBL-CIPK complexes 

toward their target proteins. Journal of Biological Chemistry, 287(11), 7956-7968. 

 

Hershko, A., Ciechanover, A., & Varshavsky, A. (1998). The ubiquitin system. Nature Medicine, 

6(10), 1073-1081. 

 

Half Life Calculator. (2017). Retrieved from http://www.calculator.net/half-life- calculator.html 

 

Hotton, K., & Callis, J. (2008). Regulation of cullin RING ligases. Annual Review of Plant Biology, 

59, 467-489. 
 

Hunter, T. (1987). A thousand and one protein kinases. Cell, 50(6), 823-829. 

Hunter, T. (2007). The age of crosstalk: phosphorylation, ubiquitination, and beyond. Molecular 

Cell, 28(5), 730-738. 

 

Jiang, R., & Carlson, M. (1996). Glucose regulates protein interactions within the yeast SNF1 

protein kinase complex. Genes and Development, 10(24), 3105-3115. 

 

Kanwar, P., Sanyal, S., Tokas, I., Yadav, A., Pandey, A., Kapoor, S., & Pandey, G. (2014). 

Comprehensive structural, interaction and expression analysis of CBL and CIPK 

complement during abiotic stresses and development in rice. Cell Calcium, 56(2), 81-95. 

 

Katzmann, J., Odorizzi, G., & Emr, D. (2002). Receptor downregulation and multivesicular-body 

sorting. Nature Reviews Molecular Cell Biology, 3(12), 893-905. 

 

Kim, G., Waadt, R., Cheong, Y. H., Pandey, G. K., Dominguez΅Solis, J. R., Schültke, S., ... & 

Luan, S. (2007). The calcium sensor CBL10 mediates salt tolerance by regulating ion 

homeostasis in Arabidopsis. The Plant Journal, 52(3), 473-484. 

 

Kim, D., Scalf, M., Smith, L., and Vierstra, R. (2013). Advanced proteomic analyses yield a deep 

catalog of ubiquitylation targets in Arabidopsis. The Plant Cell, 25(5), 1523-1540. 

 

Kim, H. C., & Huibregtse, J. M. (2009). Polyubiquitination by HECT E3s and the determinants of 

chain type specificity. Molecular and Cellular Biology, 29(12), 3307-3318. 

 

Kim, N., Cheong, H., Gupta, R., & Luan, S. (2000). Interaction specificity of Arabidopsis 

calcineurin B-like calcium sensors and their target kinases. Plant Physiology, 124(4), 1844-

1853. 

 

 

Kim, N., Cheong, H., Grant, J., Pandey,  K., & Luan, S. (2003). CIPK3, a calcium sensorï



 74 

associated protein kinase that regulates abscisic acid and cold signal transduction in 

Arabidopsis. The Plant Cell, 15(2), 411-423. 

 

Kisselev, A. F., Akopian, T. N., Woo, K. M., & Goldberg, A. L. (1999). The sizes of peptides 

generated from protein by mammalian 26 and 20 S proteasomes Implications for 

understanding the degradative mechanism and antigen presentation. Journal of Biological 

Chemistry, 274(6), 3363-3371. 

 

Kolukisaoglu, U., Weinl, S., Blazevic, D., Batistic, O., & Kudla, J. (2004). Calcium sensors and 

their interacting protein kinases: genomics of the Arabidopsis and rice CBLïCIPK 

signaling networks. Plant Physiology, 134(1),43ï58. 

 

Komander, D., & Rape, M. (2012). The ubiquitin code. Annual Review of Biochemistry, 81, 203-

229. 

 

Kong, L., Cheng, J., Zhu, Y., Ding, Y., Meng, J., Chen, Z., ... & Gong, Z. (2015). Degradation of 

the ABA co-receptor ABI1 by PUB12/13 U-box E3 ligases. Nature Communications, 6, 

8630 

 

Kulik, A., Wawer, I., KrzywiŒska, E., Bucholc, M., & Dobrowolska, G. (2011). SnRK2 Protein 

Kinases-Key Regulators of Plant Response to Abiotic Stresses. OMICS꜡: A Journal of 

Integrative Biology, 15(12), 859-872.  
 

Kurepa, J., Toh, A., & Smalle, J. (2008). 26S proteasome regulatory particle mutants have 

increased oxidative stress tolerance. The Plant Journal, 53(1), 102-114. 

Lander, C., Estrin, E., Matyskiela, E., Bashore, C., Nogales, E., & Martin, A. (2012). Complete 

subunit architecture of the proteasome regulatory particle. Nature, 482(7384), 186-191. 

 

Leran, S., Edel, K., Pervent, M., Hashimoto, K., Corratge-Faillie, C., Offenborn, J., Tillard, P., 

Gojon, A., Kudla, J., & Lacombe, B. (2015). Nitrate sensing and uptake in Arabidopsis are 

enhanced by ABI2, a phosphatase inactivated by the stress hormone abscisic acid. Science 

Signaling, 8, 1-7. 

 

Lee, W., & Yang, Y. (2006). Transient expression assay by agroinfiltration of leaves. Arabidopsis 

Protocols, 225-229. 

 

Li, L., Kim, G., Cheong, Y., Pandey, G., & Luan, S. (2006). Ca2+  signaling pathway regulates a 

K+ channel for low-K response in Arabidopsis. Proceedings of the National Academy of 

Sciences USA, 103(33), 12625-12630. 

 

Liu, H., & Stone, S. (2010). Abscisic acid increases Arabidopsis ABI5 transcription factor levels 

by promoting KEG E3 ligase self-ubiquitination and proteasomal degradation. The Plant 

Cell, 22(8), 2630-2641. 

 



 75 

Luan, S., Kudla, J., Rodriguez-Concepcion, M., Yalovsky, S., & Gruissem, W. (2002). 

Calmodulins and calcineurin Bïlike proteins calcium sensors for specific signal response 

coupling in plants. The Plant Cell, 14(l 1), 389-400. 

 

Lyzenga, W. J., Liu, H., Schofield, A., Muise-Hennessey, A., & Stone, S. L. (2013). Arabidopsis 

CIPK26 interacts with KEG, components of the ABA signalling network and is degraded 

by the ubiquitinïproteasome system. Journal of Experimental Botany, 64(10), 2779-2791. 

 

Mao, J., Manik, S., Shi, S., Chao, J., Jin, Y., Wang, Q., & Liu, H. (2016). Mechanisms and 

Physiological Roles of the CBL-CIPK Networking System in Arabidopsis thaliana. Genes, 

7(9), 62. 

 

Mazzucotelli, E., Belloni, S., Marone, D., De Leonardis, A. M., Guerra, D., Di Fonzo, N., ... & 

Mastrangelo, A. M. (2006). The E3 ubiquitin ligase gene family in plants: regulation by 

degradation. Current Genomics, 7(8), 509-522. 

 

McWilliam, H., Li, W., Uludag, M., Squizzato, S., Park, Y. M., Buso, N. (2013). Analysis Tool 

Web Services from the EMBL-EBI. Nucleic Acids Research, 41, 597-600.  

 

Moon, J., Parry, G., & Estelle, M. (2004). The ubiquitin-proteasome pathway and plant 

development. The Plant Cell, 16, 3181. 
 

Moreno, D., Towler, M., Hardie, D., Knecht, E., & Sanz, P. (2010). The laforinïmalin complex, 

involved in Lafora disease, promotes the incorporation of K63-linked ubiquitin chains into 

AMP-activated protein kinase ɓ subunits. Molecular Biology of the Cell, 21(15), 2578-

2588. 

 

Nakashima, K., and Yamaguchi-Shinozaki, K. (2013). ABA signaling in stress-response and seed 

development. Plant Cell Reports 32(7), 959-970. 
 

Ohta, M., Guo, Y., Halfter, U., & Zhu, J. (2003). A novel domain in the protein kinase SOS2 

mediates interaction with the protein phosphatase 2C ABI2. Proceedings of the National 

Academy of Sciences USA, 100(20), 11771-11776. 

Pickart, C.. (2001). Mechanisms underlying ubiquitination. Annual Review of Biochemistry, 70(1), 

503-533. 

 

Pickart, C. M., & Cohen, R. (2004). Proteasomes and their kin: proteases in the machine age. 

Nature Reviews Molecular Cell Biology, 5(3), 177-187. 

 

Pandey, G. K., Grant, J. J., Cheong, Y. H., Kim, B. G., & Luan, S. (2008). Calcineurin-B-like 

protein CBL9 interacts with target kinase CIPK3 in the regulation of ABA response in seed 

germination. Molecular Plant, 1(2), 238-248. 

 

 

 

Ohta, M., Guo, Y., Halfter, U., & Zhu, J. (2003). A novel domain in the protein kinase SOS2 



 76 

mediates interaction with the protein phosphatase 2C ABI2. Proceedings of the National 

Academy of Sciences, 100(20), 11771-11776. 

 

Qi, J., Gong, J., Zhao, T., Zhao, J., Lam, P., Ye, J., Li, J. Z., Wu, J., Zhou, H. M., & Li, P. (2008). 

Downregulation of AMP-activated protein kinase by Cidea-mediated ubiquitination and 

degradation in brown adipose tissue. The EMBO Journal, 27, 1537-1548. 

 

Qiu, Q. S., Guo, Y., Dietrich, M., Schumaker, K., & Zhu, J. (2002). Regulation of SOS1, a plasma 

membrane Na+/H+ exchanger in Arabidopsis thaliana, by SOS2 and SOS3. Proceedings 

of the National Academy of Sciences USA, 99(12),8436-441. 

 

 Quintero, F., Martinez-Atienza, J., Villalta, I., Jiang, X., Kim, W., Ali, Z., ... & Pardo, J. (2011). 

Activation of the plasma membrane Na/H antiporter Salt-Overly-Sensitive 1 (SOS1) by 

phosphorylation of an auto-inhibitory C-terminal domain. Proceedings of the National 

Academy of Sciences USA, 108(6), 2611-2616. 

 

Rivett, A., Palmer, A., & Knecht, E. (1992). Electron microscopic localization of the multicatalytic 

proteinase complex in rat liver and in cultured cells. Journal of Histochemistry and 

Cytochemistry, 40(8), 1165-1172. 

 

Rodrigues, A., Adamo, M., Crozet, P., Margalha, L., Confraria, A., Martinho C., Elias, A., Rabissi, 

A., Lumbreras, V., González-Guzmán, M. & Antoni, R. (2013). ABI1 and PP2CA 

phosphatases are negative regulators of Snf1-related protein kinase1 signaling in 

Arabidopsis. The Plant Cell, 25(10), 3871-3884. 

 

Ruben, G. B., Erwin, S., & Jing, W. (2011). The AMPK/SNF1/SnRK1 fuel gauge and energy 

regulator: structure, function and regulation. FEBS Journal, 278(21), 3978-3990. 

 

Ryu, M. Y., Cho, S. K., & Kim, W. T. (2010). The Arabidopsis C3H2C3-type RING E3 ubiquitin 

ligase AtAIRP1 is a positive regulator of an abscisic acid-dependent response to drought 

stress. Plant physiology, 154(4), 1983-1997. 

 

Sadowski, M., Suryadinata, R., Tan, A., Roesley, S., & Sarcevic, B. (2012). Protein 

monoubiquitination and polyubiquitination generate structural diversity to control distinct 

biological processes. IUBMB Life, 64(2), 136-142. 

 

Sadanandom, A., Bailey, M., Ewan, R., Lee, J., & Nelis, S. (2012). The ubiquitinïproteasome 

system: central modifier of plant signalling. New Phytologist, 196(1), 13-28. 

 

Sánchez-Barrena, M., Martínez-Ripoll, M., & Albert, A. (2013). Structural biology of a major 

signaling network that regulates plant abiotic stress: the CBL-CIPK mediated pathway. 

International Journal of Molecular Sciences, 14(3), 5734-5749. 

 

Schnell, J. D., & Hicke, L. (2003). Non-traditional functions of ubiquitin and ubiquitin-binding 

proteins. Journal of Biological Chemistry, 278(38), 35857-35860. 

 



 77 

Shi, J., Kim, K. N., Ritz, O., Albrecht, V., Gupta, R., Harter, K., ... & Kudla, J. (1999). Novel 

protein kinases associated with calcineurin Bïlike calcium sensors in Arabidopsis. The 

Plant Cell, 11(12), 2393-2405. 

Shi, H., Quintero, F. J., Pardo, J. M.,  & Zhu, J. K. (2002). The putative plasma membrane Na+/H+ 

antiporter SOS1 controls long-distance Na+ transport in plants. The Plant Cell, 14, 465-

477.  

 

Smalle, J., Kurepa, J., Yang, P., Emborg, T., Babiychuk, E., Kushnir, S., & Vierstra, R. D. 

(2003).The pleiotropic role of the 26S proteasome subunit RPN10 in Arabidopsis growth 

and development supports a substrate-specific function in abscisic acid signaling. The Plant 

Cell, 15(4), 965-980. 

 

Smalle, J., & Vierstra, R. (2004). The ubiquitin 26S proteasome proteolytic pathway. Annual. 

Review. Plant Biology. 55, 555-90  
 

Sun, L., & Chen, Z. J. (2004). The novel functions of ubiquitination in signaling. Current opinion 

in cell biology, 16(2), 119-126. 

 

Sparkes, I., Runions, J., Kearns, A., & Hawes, C. (2006). Rapid, transient expression of fluorescent 

fusion proteins in tobacco plants and generation of stably transformed plants. Nature 

Protocols, 1(4), 2019-2025. 

 

Spratt, D. E.,Wu, K., Kovacev, J., Pan, Z.Q., & Shaw, G. S. (2012). Selective recruitment of an 

E2ubiquitin complex by an E3 ubiquitin ligase. Journal of  Biological Chemistry, 287(21), 

17374-17385. 

 

Stone, S. L., Hauksdóttir, H., Troy, A., Herschleb, J., Kraft, E., & Callis, J. (2005). Functional 

analysis of the RING-type ubiquitin ligase family of Arabidopsis. Plant Physiology, 

137(1), 13-30. 

 

Stone, S. L. (2014). The role of ubiquitin and the 26S proteasome in plant abiotic stress signalling. 

Frontiers in Plant Science, 5(135), 1-10.  

 

Stone, S. L., Williams, L. A., Farmer, L. M., Vierstra, R. D., & Callis, J. (2006). KEEP ON 

GOING, a RING E3 ligase essential for Arabidopsis growth and development, is involved 

in abscisic acid signaling. The Plant Cell, 18(12), 3415-3428. 

 

Sun, C. W., & Callis, J. (1997). Independent modulation of Arabidopsis thaliana polyubiquitin 

mRNAs in different organs and in response to environmental changes. The Plant Journal, 

11(5), 1017-1027. 

 

Sun, L., & Chen, Z. J. (2004). The novel functions of ubiquitination in signaling. Current Opinion 

in Cell Biology, 16(2), 119-126. 

 

Tang, R.J., Zhao, F.G., Garcia, V.J., Kleist, T.J., Yang, L., Zhang, H.X., & Luan, S. (2015). 

Tonoplast CBL-CIPK calcium signaling network regulates magnesium homeostasis in 

Arabidopsis. Proceedings of the National Academy of Sciences, 112(10), 3134-3139. 



 78 

 

Valimberti, I., Tiberti, M., Lambrughi, M., Sarcevic, B., & Papaleo, E. (2015). E2 superfamily of 

ubiquitin-conjugating enzymes: constitutively active or activated through phosphorylation 

in the catalytic cleft. Scientific Report, 5, 14849. 

 

Van Wijk, S., & Timmers, H. (2010). The family of ubiquitin-conjugating enzymes (E2s): 

deciding between life and death of proteins. The FASEB Journal, 24(4), 981-993. 

 

Vierstra, R. (2003). The ubiquitin/26S proteasome pathway, the complex last chapter  in the life 

of many plant proteins. Trends in Plant Science, 8, 135-142.  

 

Vierstra, R. (2009). The ubiquitinï26S proteasome system at the nexus of plant biology. Nature 

Reviews Molecular Cell Biology, 10(6), 385-397. 

 

Wang, Y., Gao, S., & Tang, Y. (2010). Advance of the Sucrose Non-fermenting 1 related  

protein in kinase family in plants. Bulletin, Biochemistryand Biotechnology, 11, 

7-17 

 

Weinl, S., & Kudla, J. (2009). The CBLïCIPK Ca2+-decoding signaling network: Function and 

perspectives. New Phytologist, 184(3), 517-528.  

 

Xue-Fei, D., Na, C., Li, W.,  Xiao-Cui., Q., Tian-Lai, L., & Guo-Liang, Z. (2012). The SnRK 

protein kinase family and the function of SnRK1 protein kinase. International Journal of 

Agriculture and Biology, 14(4): 575-579. 
 

Yoshida, R., Hobo, T., Ichimura, K., Mizoguchi, T., Takahashi, F., Aronso, J., ... & Shinozaki, K. 

(2002). ABA-activated SnRK2 protein kinase is required for dehydration stress signaling 

in Arabidopsis. Plant and Cell Physiology, 43(12), 1473-1483. 
 

Yang, W., Zhang, X., & Lin, H. (2010). Emerging role of Lys-63 ubiquitination in protein kinase 

and phosphatase activation and cancer development. Oncogene, 29(32), 4493-4503. 

Yao, T., & Cohen, R. E. (2002). A cryptic protease couples deubiquitination and degradation by 

the proteasome. Nature, 419(6905), 403-407. 

 

Verma, R., Oania, R., Graumann, J. & Deshaies, R.J. (2004).Multiubiquitin chain receptors define 

a layer of substrate selectivity in the ubiquitin-proteasome system. Cell, 1(18),99ï110. 

 

Zhang, H., Yin, W., & Xia, X. (2008). Calcineurin B-like family in Populus: comparative genome 

analysis and expression pattern under cold, drought and salt stress treatment. Plant Growth 

Regulation, 56(2), 129-140. 

 

Zhang, Y., Yang, C., Li, Y., Zheng, N., Chen, H., Zhao, Q., ... & Xie, Q. (2007). SDIR1 is a RING 

finger E3 ligase that positively regulates stress-responsive abscisic acid signaling in 

Arabidopsis. The Plant Cell, 19(6), 1912-1929. 

 



 79 

Zhou, G., Chang, R., & Qiu, L. (2010). Overexpression of soybean ubiquitin-conjugating enzyme 

gene GmUBC2 confers enhanced drought and salt tolerance through modulating abiotic 

stress-responsive gene expression in Arabidopsis. Plant Molecular Biology, 72(4-5), 357-

367. 
 

Zhu, J., Liu, J., & Xiong, L. (1998). Genetic analysis of salt tolerance in Arabidopsis: evidence for 

a critical role of potassium nutrition. The Plant Cell, 10(7), 1181-1191. 

 

Zuin, A., Isasa, M., & Crosas, B. (2014). Ubiquitin Signaling: Extreme Conservation as a Source 

of Diversity. Cells, 3, 690-701. 
 

  



 80 

APPENDIX 

 

The following section includes supplement figures (S-1 to S-6) represent replicates, different time 

points for the previous data displayed in the results section.  
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Supplemental figure 1. Post-Translational Modification Predictions of Arabidopsis CIPK3 

At2g26980, CIPK8 At4g24400, CIPK20 At5g45820, and CIPK24 At5g35410. Protein 

sequence of CIPK3 (A), CIPK8 (B), CIPK20 (C), and CIPK24 (D) with predicted ubiquitination 

site in lysine (K) residue, red box (Chen et al., 2013a) and phosphorylation sites, which presented 

in the serine (S), threonine (T) and tyrosine (Y), green box (Blom et al., 1999).  
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Supplemental figure 2. CIPK 3, and CIPK8, CIPK 20, and CIPK24 are Ubiquinated in plant 

cell. 

Figure A-E present the second replicate (A to D) and third replicate (E) of the immunoprecipitate 

(IP) of CIPK3, CIPK8, CIPK20, and CIPK24. Total protein extracts from tobacco tissue 

transiently expressing YFP-HA-CIPK were incubated with HA-beads to immunoprecipitate (IP) 

YFP-HA-CIPK. Isolated proteins were subjected to Western blot (WB) analysis with ubiquitin 

(Ub) antibodies to detect the ubiquitinated YFP-HA-CIPK (labeled as Pull-Down) and GFP 

antibodies to detect the presence of YFP-HA-CIPK (labeled as Total protein). Untransformed 

tobacco tissue was used as a control in the experiments.  
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Supplemental figure 3. CIPK3 is degraded by the 26S proteasome.  

Cell free degradation assay (A) was performed using protein extracts prepared from tobacco tissue 

transiently expressing YFP-HA-CIPK3. Assay represents a replicate that shown in Figure 10. 

Assay was carried out without (-) or with (+) 50 µM (+) proteasome inhibitor, Mg132 for 240 

minutes. The abundance of YFP-HA-CIPK3 at each replicate was determined by Western blot 

(WB) analysis with GFP antibodies. Ponceau S staining shows protein loading.  
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Supplemental figure 4. CIPK3 is degraded by the 26S proteasome.  

Cell free degradation assay was performed using protein extracts prepared from tobacco tissue 

transiently expressing YFP-HA-CIPK3. Assays (A-C) represent three replicates carried out 

without (-) or with (+) 50 µM proteasome inhibitor, Mg132 for 120 minutes. The abundance of 

YFP-HA-CIPK3 in each replicate was determined by Western blot (WB) analysis with GFP 

antibodies. Ponceau S staining shows protein loading. The graph (D) indicates the average percent 

remaining for YFP-HA-CIPK3 at each time point for all three replicates. Error bars represent 

standard error. The asterisk (*) indicates a statistically significant (p< 0.001) variation between 

mean of + and ï MG132 treatment within indicated time points.  
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