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Abstract 

 

Ubiquitination is a post-translational modification that results in a single 

(monoubiquitination) or multiple (polyubiquitination) ubiquitin molecule(s) being 

covalently attached to a selected protein substrate. A common consequence of 

ubiquitination is degradation of the polyubiquitinated protein by the 26S proteasome. 

Ubiquitination requires the sequential action of three enzymes: E1 (ubiquitin activating 

enzyme), E2 (ubiquitin conjugating enzyme), and E3 (ubiquitin ligase). E1 activates 

ubiquitin and E2 receives the activated ubiquitin from E1. The E2-ubiquitin intermediate 

interacts with the E3, which recruits the substrate. The E2 and E3 then coordinate the 

attachment of ubiquitin to a lysine residue on the selected protein substrate. My research 

focuses on characterizing the function of the RING-type E3 ligase, XBAT35.2, via 

identification of substrates for the E3 ligase. Accelerated Cell Death 11 (ACD11) has 

been identified as a potential substrate for XBAT35.2. ACD11 is a pathogen-related 

protein that is an important component of the programmed cell death pathway in plants. 

acd11, a lethal recessive mutant in Arabidopsis, constitutively expresses cell death and 

defense related genes. ACD11 is thought to inhibit cell death and activation of defense 

pathways in the absence of pathogens. The interaction between ACD11 and XBAT35.2 

was confirmed using immunoprecipitation assays. Cell free degradation assays were used 

to determine if ACD11 was a target for the ubiquitin proteasome system and also to 

demonstrate that XBAT35.2 mediated the turnover of ACD11. My results show that 

ACD11 is quite stable in a cell free degradation assay, however, when transiently co-

expressed with XBAT35.2, ACD11 is rapidly turned over. I also demonstrate that 

XBAT35.2-mediated turnover of ACD11 is dependent on the function of the 26S 

proteasome. Unexpectedly, XBAT35.2 is itself unstable and subjected to proteasome 

dependent degradation.  The observed turnover of XBAT35.2 requires its own RING E3 

ligase activity as the nonfunctional E3 is not degraded. This suggests that XBAT35.2 

undergoes self-ubiquitination and auto-regulation. These results provide evidence that 

ACD11 is a substrate for XBAT35.2 E3 ligase activity. These results also correlate with 

previous studies, which show that overexpression of XBAT35.2 is capable of inducing 

cell death in tobacco cells and promoting plant defense against pathogens in Arabidopsis 

transgenic plants. A model is proposed where in the absence of pathogen, XBAT35.2 is 

continually self-ubiquitinated and degraded by the 26S proteasome, allowing ACD11 to 

accumulate and inhibit cell death and pathogen defense pathways. In the presence of 

pathogens, XBAT35.2 would be stable and promote the degradation of ACD11, allowing 

for activation of cell death and defense response pathways.    
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Chapter 1: Introduction 

1.1) Ubiquitin Proteasome System (UPS) 

The ubiquitin proteasome system (UPS) plays a crucial role in the majority of 

plant growth and developmental processes. The system involves two successive and 

distinct steps: 1) the selection and ubiquitination of a substrate protein and 2) the 

degradation of the modified protein by the 26S proteasome.  The UPS is a highly 

conserved regulatory network that plays an important role in cellular housekeeping 

functions that are essential for proper growth and development in all eukaryotes (Craig, 

Ewan, Mesmar, Gudipati & Sadanandom, 2009; Smalle & Vierstra, 2004). A large 

portion of the Arabidopsis thaliana (Arabidopsis) proteome is dedicated to the UPS. For 

example, the genes that encode for the ubiquitin enzymes accounts for over 5% of the 

Arabidopsis genome (Smalle & Vierstra, 2004). Proteasomal degradation of misfolded 

proteins and the removal of rate-limiting enzymes are key regulatory components of the 

UPS that enable eukaryotes to maintain homeostasis (Craig et al., 2009). The UPS is also 

involved in numerous cellular processes including transcriptional regulation, cell cycle 

progression, and cellular responses to abiotic and biotic stresses (Smalle & Vierstra, 

2004). Specific substrates that are regulated by ubiquitin-dependent protein degradation 

include abnormal proteins, structural proteins, enzymes, nuclear transcription activators 

and repressors, and other short-lived regulatory proteins (Glickman & Ciechanover, 

2002; Stone et al., 2005).  

 

Ubiquitination  

Ubiquitination is a post-translational modification that results in ubiquitin 
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molecule(s) being covalently attached to an internal lysine of a selected protein substrate 

(Sun & Chen, 2004; Vierstra, 2009). Ubiquitin is a 8.5kD molecule comprised of 76 

amino acids (Callie et al., 1995). All eukaryotic organisms contain ubiquitin and it is 

expressed in all tissue types. This globular protein has a conserved gene sequence, with 

only three amino acids differing between human species and yeast species (Callis et al., 

1995; Craig et al., 2009). Ubiquitin contains intramolecular hydrogen bonds, which 

stabilize ubiquitin and make recycling a more common fate for the molecule, as 

proteolysis is more energetically expensive (Craig et al., 2009). Ubiquitin is also 

inherently heat stable, as the density of hydrophobic side chains is high in the ubiquitin 

core and prevents denaturation (Lenkinsiki et al., 1977; Khorasanizadeh, Peters, Butt & 

Roder, 1993). A single (monoubiquitination) or multiple (polyubiquitination) ubiquitin 

molecule(s) in the form of a chain can be attached to a substrate. Multi-

monoubiquitination can also occur, which is the attachment of multiple ubiquitin 

molecules on a recruited substrate without forming a continuous polyubiquitin chain 

(Haglund et al., 2003).  

Ubiquitination requires the sequential action of three enzymes: ubiquitin-

activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin ligases 

(E3s) (Smalle & Vierstra, 2004) (Figure 1).  The Arabidopsis genome consists of 

approximately two isoforms for E1, 47 E2s, and more than 1400 E3s (Smalle & Vierstra, 

2004). In the first step of the ubiquitination pathway, the E1 activates ubiquitin in an 

ATP-dependent reaction, forming a thioester linked intermediate (Stone, Hauksdottir, 

Troy, Herschleb, Kraft, & Callis, 2005). The E2 then receives the activated ubiquitin 

from the E1, also forming a thioester linked E2-ubiquitin intermediate. The E2-ubiquitin 
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intermediate interacts with E3 ubiquitin ligase, which recruits a specific substrate and 

subsequently mediates the attachment of ubiquitin to a lysine residue on the selected 

protein substrate (Glickman & Ciechanover, 2002) (Figure 1). The conjugation process is 

repeated to build a polyubiquitin chain via ubiquitin-ubiquitin linkages.  

Monoubiquitination is involved in repair of damaged DNA, receptor endocytosis, and 

regulation of histone function (Haglund, Fiore, & Dikic, 2003; Hicke, 2001) (Figure 1). 

Multi-monoubiquitination is a modification also commonly involved in receptor 

endocytosis (Haglund et al., 2003). In addition to the number of ubiquitin molecules 

attached to the substrate, linkage characteristics in a ubiquitin chain play a role in 

determining the fate of ubiquitinated proteins (Weissman, 2001; Stone et al., 2005). 

Specifically, the type of internal lysine residue used in the formation of ubiquitin-

ubiquitin linkages within the chain can determine the outcome of polyubiquitination. 

Seven lysine residues located at positions 6, 11, 27, 29, 33, 48, and 63 on a ubiquitin 

molecule can be used in the formation of a polyubiquitin chain (Peng et al., 2003) (Figure 

1). Lysine-63 linked chains, for example, are involved in protein kinase activation and 

endocytosis (Passmore & Barford, 2004), whereas degradation by the 26S proteasome 

requires a lysine-48 linked chain (Stone et al., 2005; Deng et al., 2000). The attachment 

of a polyubiquitin chain containing at least four lysine-48 linked ubiquitin molecules is 

required for degradation by the 26S proteasome (Glickman & Ciechanover, 2002).  

 

The 26S Proteasome  

The 26S proteasome is a 2.5 megadalton (MDa) structure composed of 

approximately 31 different subunits. The structure of the 26S proteasome consists of two  
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Figure 1. Ubiquitination Pathway. E1 (ubiquitin-activating enzyme) activates a 

ubiquitin molecule, which is then transferred to the E2 (ubiquitin-conjugating enzyme) in 

the initial steps. The E2-ubiquitin intermediate then interacts with E3 (ubiquitin ligase 

enzyme). Ubiquitin is then transferred to lysine residues on a specific substrate bound to 

the E3. The process is repeated to build a polyubiquitin chain.  
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19S regulatory caps at each end of a core 20S proteasome complex (Figure 2).  

Once a selected protein substrate has been polyubiquitinated with at least four 

lysine-48 linked ubiquitin molecules, the modified protein is targeted to the 26S 

proteasome for degradation.  The polyubiquitinated protein is first recognized and bound 

by the 19S regulatory cap, which is also subsequently responsible for unfolding and 

translocating the targeted protein into the 20S core complex (Lecker, Goldberg, & Mitch, 

2006). The polyubiquitin chain is cleaved from the substrate and disassembled by 

deubiquitinating enzymes (DUBs) in the 19S regulatory cap so that the ubiquitin 

molecules can be recycled and reused in the UPS pathway (Lecker et al., 2006; Voges et 

al., 1999). Six ATPases are involved in unfolding and linearizing the deubiquitinated 

protein and also opening the gate for protein entry into the narrow pore of the 20S core 

complex (Glickman & Ciechanover, 2002). 

The proteolytic 20S core is barrel-shaped and contains enzymes that play a crucial 

role in degrading the protein into smaller oligopeptides (Voges et al., 1999). The α-type 

subunits form the two seven-member outermost rings that surround the central pore 

where the targeted proteins enter and the fragmented peptides exit (Lecker et al., 2006) 

(Figure 2). Within the barrel-shaped core are two seven-member innermost rings 

composed of β-type subunits, where three of the subunits positioned on the interior side 

of the core contain proteolytic activity (Figure 2). Polypeptides that enter the 20S core are 

cleaved into smaller peptides that exit the proteasome (Lecker et al., 2006). The specific 

size of degraded peptides ranges from approximately 4 to 25 residues (Wenzel, 

Eckerskorn, Lottspeich, & Baumeister, 1994). The digested peptides are either further 

degraded into their respective amino acids by endopeptidases and aminopeptidases 
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located in the cytoplasm, or used in antigen presentation (Lecker et al., 2006).  

The 26S proteasome can be transported throughout the cytosol or nucleus using 

specific localization signals, depending on where its function is needed (Kawahara & 

Yokosawa, 1992; Amsterdam, Pitzer, & Baumeister, 1993). For example, the 26S 

proteasome may be targeted to a cellular region that contains abnormal or damaged 

proteins or oncogenes (Coux, Tanaka, & Goldberg, 1996; Lee & Goldberg, 1998; 

Huibregtse, Maki, & Howley, 1998).  

 

1.2) E3 Ubiquitin Ligases  

Substrate specificity provided by the E3 ubiquitin ligases is essential for the 

ubiquitination pathway to function properly. The importance of the ubiquitin ligase is 

reflected in the fact that the Arabidopsis genome contains more than 1400 distinct E3 

enzymes, comprising a considerable portion of the predicted proteome (Smalle & 

Vierstra, 2004; Kraft et al., 2005). In addition to the large number and complex nature of 

E3 ligases that provide substrate specificity, the many potential combinations of ubiquitin 

conjugating enzymes and ubiquitin ligases allows for a variety in how ubiquitination 

occurs on a particular substrate (Stone et al., 2005).  

E3 ubiquitin ligases are characterized according to the presence of E2-binding 

domains. There are three distinct groups of E3 ligases defined by the presence of a 

Homologous to E6-AP carboxyl terminus (HECT), U-box, or Really Interesting New 

Gene (RING) domain (Smalle & Vierstra, 2004; Stone et al., 2005) (Figure 3). HECT 

E3s are functionally different from the RING and U-box E3s because they form an E3-

ubiquitin intermediate prior to transfer of ubiquitin onto the substrate (Verdecia et al.,  
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Figure 2. Structure of the 26S proteasome. The 26S proteasome consists of two 19S 

regulatory caps at each end of a 20S core complex. The 20S core contains two seven-

member innermost rings composed of β-type subunits, and two outermost rings 

composed of α-type subunits. (Image taken from Google Images, retrieved on May 31st, 

2015). 
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2003). RING and U-box E3 ligases are structurally similar and facilitate transfer of 

ubiquitin to the selected substrate by assembling E2 and the substrate protein in close 

proximity to facilitate ubiquitin transfer (Verdecia et al., 2003). 

 

RING-type E3 Ligases 

RING domains are characterized by the presence of a 70 amino acid sequence that 

consists of an octet of cysteine and histidine residues that coordinates two zinc ions to 

form a cross brace structure (Pickart, 2001; Freemont, 1993; Zheng et al., 2000). 

Ubiquitin transfer from the E2 directly onto the substrate is dependent on the proper 

folding of this cross brace structure (Freemont, 1993). The RING domain is used to bind 

the E2-ubiquitin intermediate, while another motif or domain is used to interact with the 

substrate. RING-type E3 ligases can be either monomeric or multimeric, where they 

contain E2- and substrate binding functions within the same protein, or on separate 

proteins, respectively (Figure 3) (Deshaies & Joazeiro, 2009; Smalle & Vierstra, 2004). 

The Arabidopsis genome encodes for more than 470 proteins that contain a RING 

domain and can function as monomeric RING-type E3 ligase (Stone et al., 2005; Kraft et 

al., 2005). Based on the presence of the different types of substrate binding domains, the 

Arabidopsis monomeric RING-type E3 ligase family can be classified into thirty different 

subgroups (Stone et al., 2005). Domains used by RING-type E3 ligases to facilitate 

substrate binding via protein-protein interactions include ankyrin (ANK), domain 

homologous to E6 associated protein carboxy-terminus and RCC1 domain protein 

(HERC repeats), Breast cancer 1, early onset (BRCA1) C terminus (BRCT), and beta-

transducin repeats (WD40) (Stone et al., 2005).  
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Figure 3. Schematic representation of E3 ubiquitin ligases HECT, U-box, and 

RING. These E3 ligases are characterized based on the presence of E2-binding domains. 

RING-type E3 ligases can be monomeric or multimeric proteins. Monomeric E3 ligases 

are composed of E2- and substrate binding functions within the same protein, whereas 

these functions reside on separate proteins in multimeric ligases.  A well-known example 

of a multimeric RING E3 includes the superfamily of cullin RING ligases (CRL). Within 

this superfamily, Skp1, Cullins, F-box protein (SCF) cullin RING ligase 1 (CRL1) family 

contains a cullin protein (Cullin RING ligase 1 (Cul1)), a RING box protein 1 (Rbx1) that 

binds to E2, an adaptor protein S-phase kinase-associated protein 1 (Skp1) that binds to 

F-box proteins, which recognize specific substrates (Image taken from Metzger et al., 

2014).  
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RING-ankyrin E3 Ligase Family 

There are six members of the RING domain-containing ankyrin (RING-ankyrin) 

E3 ligase group including XA21-binding protein 3 (XB3) ortholog in Arabidopsis 

thaliana (XBAT)31, XBAT32, XBAT33, XBAT34, XBAT35, and XBAT36, all of 

which are structurally similar to the  Oryza sativa (rice) XB3 (Stone et al., 2006; Nodzon 

et al., 2004) (Figure 4). XB3 is an E3 ubiquitin ligase that interacts specifically with the 

XA21 serine and threonine kinase substrate (Wang et al., 2006). XB3 consists of a series 

of ankyrin repeats and a RING-finger motif, both of which function to interact with the 

XA21 kinase domain (Wang et al., 2006). XB3 is involved in pathogen defense in Oryza 

sativa (rice) (Ronald et al., 1992; Song et al., 1995; Wang et al., 2006). Each member of 

the RING-ankyrin group contains a RING domain and a series of ankyrin repeats (Stone 

et al., 2006; Kraft et al., 2005) (Figure 4). Each ankyrin (ANK) repeat consists of 30-34 

amino acids that play a role in mediating protein-protein interactions (Li et al., 2006; 

Sedgwick & Smerdon, 1999). Although the biological functions of all members of the 

RING-ankyrin E3 ligase group are still not yet determined, biological roles can be 

assigned to XBAT32 and XBAT35 (Nodzon et al., 2004; Lyzenga et al., 2012; Prasad et 

al., 2010; Prasad & Stone, 2010; Yuan et al., 2013). XBAT32 is involved in the positive 

regulation of lateral root development and cellular responses to abiotic stresses using an 

ethylene-mediated mechanism. Lateral root development is mediated by the down-

regulation of ethylene biosynthesis, achieved in part by XBAT32-mediated degradation 

of ethylene biosynthetic enzymes (Nodzon et al., 2004; Lyzenga et al., 2012; Prasad et 

al., 2010; Prasad & Stone, 2010; Yuan et al., 2013). XBAT35 is involved in the negative 

regulation of apical hook curvature via ethylene signaling (Carvalho et al., 2012; Yuan et  
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Figure 4. Arabidopsis RING-type ankyrin E3 ligase family. This family consists of 

XBAT31-35. Arabidopsis XBAT proteins are structurally similar to rice XB3. Each 

protein contains a RING domain and a series of amino terminal ankyrin (ANK) repeats 

(Image taken from Yuan et al., 2013).  
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al., 2013).  

 

1.3) XB3 ortholog in Arabidopsis thaliana (XBAT) 35  

XBAT35 is a member of the RING-ankyrin E3 ligase subgroup (Yuan et al., 

2013; Stone et al., 2005; Nodzon et al., 2004). A unique characteristic of XBAT35 is an 

exon skipping alternative splicing event of the transcript that generates two proteins, 

where one larger variant localizes to the nucleus (XBAT35.1) and the other smaller 

variant lacks the nuclear localization signal (NLS) (XBAT35.2) (Carvalho et al., 2012) 

(Figure 5). The XBAT35.2 isoform was also recently found to localize to the Golgi in 

addition to the cytosol (Liu et al., unpublished results). Evidence to support whether or 

not XBAT35.2 localizes inside or outside the Golgi is lacking. The XBAT35 gene 

contains 10 exons and 9 introns, and alternate splicing results in the skipping of exon 8 to 

generate an mRNA transcript that lacks the portion of the transcript encoding for the 

NLS. Both isoforms of XBAT35 are functional E3 ligases and play an important role in 

ethylene signaling as a negative regulator of apical hook curvature (Carvalho et al., 

2012). Both XBAT35.1 and XBAT35.2 are structurally similar with the exception of 24 

amino acids including the NLS, and have no differences in expression patterns as 

constitutive expression across all plant tissues occurs (Carvalho et al., 2012). The 

significance of the alternative splicing event is for differential localization of the two 

isoforms, where both proteins are involved in regulating apical hook via ethylene-

mediated signaling in their respective compartments (Carvalho et al., 2012). Evidence for 

both isoforms performing similar functions has been established when expression of 

either XBAT35.1 or XBAT35.2 was able to rescue apical hook exaggeration in XBAT35  
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Figure 5. Schematic representation of the Arabidopsis RING E3 ligases, XBAT35.1 

and XBAT35.2. XBAT35 produces two protein isoforms following alternative splicing, 

XBAT35.1 and XBAT35.2.  Exon 8 is retained in the XBAT35.1 mRNA transcript, 

which encodes for a nuclear localization signal (NLS). Alternative splicing that results in 

exon 8 skipping generates the other protein isoform, XBAT35.2. XBAT35.2 is targeted to 

the Golgi apparatus. Both isoforms contain two ankyrin repeats (ANK) followed by an 

E2 binding RING domain (Image taken from Carvalho et al., 2012).  
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Figure 6. XBAT35 Interaction map. This predicted network of association between 

XBAT35 and ACD11 in Arabidopsis thaliana was determined using the GeneMania 

software (http://www.genemania.org). Searches were carried out on May 29th, 2015. 

Black nodes are indicative of query genes. Pink lines indicate physical interactions that 

are based on experimental data; orange lines indicate interactions based on predictions; 

purple lines indicate co-expression; green lines indicate shared protein domain 

organization. XBAT31 was also included in the predicted network of associated due to its 

domain similarity to XBAT35. Accession numbers: XBAT35, At3g23280; ACD11, 

At2g34690; GLTP2, At1g21360; GLTP3, At3g21260; GLTP1, At2g33470; GLTP, 

At4g39670; PRA1.F2, At1g55190; PRA1.F3, At3g13720; BPA1, At5g16840; PRA1.F4, 

At3g13710; VAP27, At3g60600; ANK1, At5g02620; ANK, At5g60070, ANK, 

At1g05640; XBAT32, At5g57740; EMB139, At5g40160; F18O22, At5g14230; TIP1, 

At5g20350; AT4G19150/T18B16, At4g19150; XBAT31, At2g28840; EMB16, 

At5g66055; ACBP1, At5g53470.  
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Figure 7. BiFC showing the interaction between XBAT35.2 and ACD11 in tobacco 

leaf epidermal cells.  After transient co-expression of XBAT35.2 AA-YN and ACD11-

YC in tobacco leaf epidermal cells, YFP fluorescence was observed, indicating an 

interaction between the two fusion proteins. Left panels show fluorescence image from a 

single optical section. Middle panels show transmitted light image. Right panels show 

transmitted light image merged with fluorescence image. Bars = 50 μm. (Liu et al., 

unpublished). 
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mutants in an ethylene-dependent manner (Carvalho et al., 2012).  

 Searches of public protein-protein interaction databases, such as Gene Mania 

(http://www.genemania.org) and BioGrid (http://thebiogrid.org), identified a number of 

potential interacting partners for XBAT35 (Figure 6) based on shared protein domain 

organization (Liu et al., unpublished results). Previous results from a yeast-two hybrid 

screen suggest an interaction between XBAT35.2 and the Golgi-localized Arabidopsis 

thaliana Prenylated Rab acceptor 1 (AtPRA1-F) proteins involved in vesicle trafficking, 

which are also shown to interact with the pathogen-related Accelerated Cell Death 11 

(ACD11) in a yeast-two-hybrid analysis (Petersen et al., 2009; Liu et al., unpublished 

results). Another hypothesized potential interactor for XBAT35.2 includes ACD11, 

which is of particular interest (Figure 6). To provide evidence for this potential 

interaction, bimolecular fluorescence complementation assays (BiFC) were used to 

demonstrate that the XBAT35 isoform, XBAT35.2, interacts with ACD11 in plant cells 

(Liu et al., unpublished) (Figure 7). For BiFC, ACD11 was expressed as a fusion protein 

with the carboxyl portion (YC) of the yellow fluorescence protein (YFP) (ACD11-YC), 

while XBAT35.2 was expressed as a fusion protein with the amino portion (YN) of YFP 

(XBAT35.2-YN). Also, an inactive version of XBAT35.2 (XBAT35.2AA-YC) was also 

used in the BiFC assay, where two point mutations, cysteine 426 and histidine 428 to 

alanine, disrupted the E3 ligase activity.  The presence of a fluorescence signal following 

transient co-expression of each fusion protein in tobacco leaf epidermal cells indicates 

that the YFP was reconstituted due to interactions between ACD11 and XBAT35.2 

(Figure 7). XBAT35.2 was found to interact with ACD11 mainly at punctate structures 

within the cell, which were determined to be Golgi (Figure 7) (Liu et al., unpublished 
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results).  

 

1.4) Accelerated Cell Death 11 (ACD11) 

ACD11 encodes for a 22.7 kD sphingosine transfer protein that can accelerate the 

transfer of sphingosine and sphingomyelin across intermembranes (Simanshu et al., 2014; 

Brodersen et al., 2002; Petersen et al., 2008). ACD11 is also involved in programmed cell 

death (PCD), an active process that results in the controlled destruction of cells to inhibit 

the spread of pathogens (Moon et al., 2004; Simanshu et al., 2014; Pennell & Lamb, 

1997). Sphingosines consist of an unsaturated hydrocarbon chain and are an important 

structural component of sphingolipids. Sphingolipids are found in eukaryotic membranes 

and are involved in the regulation of plant PCD (Simanshu et al., 2014). Previous 

research on Fusarium and Alternaria fungal pathogen species shows that toxins produced 

by the fungus kill plant cells by disturbing enzyme activity in sphingolipid biosynthesis 

pathways (Takahashi et al., 2009). In the sphingolipid biosynthesis pathway, metabolites 

including ceramide (Cer), ceramide-1-phosphate (C1P), long chain bases (LCB), and 

sphingosine and sphingosine-1-phosphate (S1P) are messenger signals involved in 

regulating PCD (Fyrst & Saba, 2010; Hannun & Obeid, 2008; Michaelson, 2010; 

Simanshu et al., 2014). Specifically, the relationship between Cer and C1P metabolites is 

the most important dynamic balance in PCD regulation (Berkey et al., 2012; Chen, 2009; 

Pata et al., 2010; Reape & McCabe, 2008; Simanshu et al., 2014). The acd11 null mutant 

in Arabidopsis has a defect in the gene that encodes for a sphingosine transfer protein, 

which results in elevated levels of total sphingolipids, but ceramide species, which are 

inducers of PCD, have the most significant accumulation (Simanshu et al., 2014). These 
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findings suggest that ACD11 mediates the synthesis of sphingolipid metabolites, 

specifically Cer (Simanshu et al., 2014).  

 

Programmed Cell Death  

Two different methods of achieving cell death in multicellular organisms include 

necrosis and programmed cell death (PCD). PCD is a genetically defined active process 

that involves specific signaling pathways and results in cellular control of degeneration, 

whereas necrosis lacks tightly regulated mechanisms and results in cellular death 

following traumatic damage to cells (Brodersen et al., 2002). In plants, PCD occurs at 

specific stages of development, during pathogen interaction that results in disease 

symptoms, and during the hypersensitive response that occurs as a result of avirulent 

stress effectors (Lam, 2004; Simanshu et al., 2014). Common cases where PCD is 

involved in developmental processes include cell senescence and sex determination 

(Pennell & Lamb, 1997; Brodersen et al., 2002). In both avirulent infections and disease 

development with virulent infections in plants, PCD is observed (Morel & Dangl, 1997; 

Brodersen et al., 2002). In both instances, resistance genes encode for plant proteins that 

play a role in activating cell death during the hypersensitive response following infection. 

When infection is perceived, this leads to a cellular response that results in the activation 

of resistance and pro-death pathways (Shirasu & Schultze-Lefert, 2000; Brodersen et al., 

2002). Examples of hypersensitive cellular responses include accumulation of reactive 

oxygen species, salicylic acid, and nitric oxide (Simanshu et al., 2014). Local 

accumulation of these factors in the hypersensitive response contributes to defensive 

resistance in affected plant tissue in order to prevent the spread of infection that would 
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eventually kill the whole plant (Shirasu & Schultze-Lefert, 2000; Brodersen et al., 2002).  

Previous genetic studies suggest that there are two groups of signaling 

components involved in the hypersensitive response during pathogen infection. During a 

hypersensitive response, the first group of mutants does not respond to avirulent 

pathogens (Brodersen et al., 2002). Of interest is the second group in Arabidopsis, acd 

lethal, recessive mutants, which constitutively activates defense responses in the absence 

of pathogens, and thus mimics a hypersensitive cellular response (Brodersen et al., 2001). 

Pathogen resistance and defense related genes are thus continuously expressed (Simanshu 

et al., 2014). Examples of defense related genes include the Pathogenesis-related (PR) 

genes, PR1 and PR2 (Brodersen et al., 2002). Arabidopsis acd11 plants generate seeds 

that germinate and develop cotyledons, but at the two- to six-leaf stage chlorotic tissue 

forms and further development ceases (Brodersen et al., 2002). ACD11 therefore inhibits 

cell death in the absence of pathogens by suppressing the constitutive expression of 

acd11. Plants that lack the functional ACD11 gene are usually capable of reaching the 

seedling stage, but survival beyond this developmental stage is limited due to the fact that 

PCD and defense signaling pathways are activated even in the absence of pathogens 

(Brodersen et al., 2002). acd11 serves as a valuable genetic model for the activation of 

immune responses and preventing the spread of pathogens during plant infections via 

localized cellular suicide (Simanshu et al., 2014).  

 

XBAT35.2 and Programmed Cell Death 

Preliminary analyses indicate that ACD11 interacts with XBAT35.2, which 

suggests that the E3 ligase may also play a role in pathogen defense and PCD (Liu et al., 
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unpublished results). The transient overexpression of XBAT35.2 resulted in induction of 

cell death in tobacco leaf epidermal cells (Figure 8) (Liu et al., unpublished results). 

Overexpression of XBAT35.1 did not induce cell death in tobacco cells (Liu et al., 

unpublished results) (Figure 8). This provides evidence for a role for XBAT35.2 in PCD. 

In addition, the E3 ligase activity of XBAT35.2 is required for PCD induction because 

overexpression of a mutant version of XBAT35.2 (XBAT35.2AA) with an inactive RING 

E3 ligase domain failed to induce cell death (Figure 8).  The observed cell death or lack 

thereof are also not attributed to differences in protein expression because western blot 

analysis from protein extracts from infiltrated tissue shows that each protein is expressed 

at a similar level (Figure 8) (Liu et al., unpublished results). Importantly, transgenic 

Arabidopsis plants overexpressing XBAT35.2 showed enhanced resistance to pathogen 

(Liu et al., unpublished results). These results provide initial evidence for a role of 

XBAT35.2 RING E3 ligase in PCD and pathogen defense.  

 

1.5) Role of E3 Ligases in Pathogen Defense 

 Examples of pathogen proteins being regulated by E3 ligases have been well 

characterized (Furlan et al., 2012; Duplan & Rivas, 2014; Dreher & Callis, 2007; Turner 

et al., 2002; Kim & Delaney, 2002; Durrant et al., 2000; van den Burg et al., 2008; Craig 

et al., 2009). A well-described example involves Arabidopsis flagellin-sensitive 2 (FLS2) 

ubiquitination by U-box-type E3 ligases, Plant U-Box12 (PUB12) and PUB13 (Göhre et 

al., 2008; Lu et al., 2011). FLS2 is a pattern-recognition receptor (PRR), which is a 

receptor that is able to recognize bacterial and viral pathogens and activate innate 

immune responses (Lu et al., 2011). FLS2 plays an important role in sensing flagellin, 
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which is a critical component found in bacterial flagella. Flagellin is also a virulence 

factor that is easily recognized by plant innate immune systems (Hayashi et al., 2001; Lu 

et al., 2011). At the molecular level, PUB12 and PUB13 E3 ligases are recruited by 

flagellin at a receptor complex that includes FLS2 and Brassinosteroid insensitive 1-

associated kinase 1 (BAK1). BAK1 is responsible for phosphorylating the E3 ligases, 

PUB12 and PUB13, before they interact with and polyubiquitinate FLS2, signaling it for 

degradation (Lu et al., 2011). Flagellin treatments where mutations in the genes encoding 

for the E3 ligases are present result in elevated immune responses, as E3 ligase activity of 

pub12 and pub13 is inactive (Lu et al., 2011). Polyubiquitination and degradation of 

FLS2 can therefore not occur, which enables the activation and initiation of immune 

signaling. Similarly, when FLS2 is mutated, Arabidopsis becomes more susceptible to 

bacterial infections (Zipfel et al., 2004; Craig et al., 2009, Göhre et al., 2008).  These 

findings provide strong evidence for the biological role of E3 ligases in pathogen defense.  

 

1.6) Purpose of Study  

The purpose of this research project is to determine the significance of the 

interaction between the RING-ankyrin E3 ligase, XBAT35.2 and ACD11. Although, 

similar to ACD11, evidence is provided to support a role for XBAT35.2 in pathogen 

resistance, it is not known if ACD11 is a bona fide substrate for the E3 ligase.  The aim 

of this study is to 1) confirm the interaction between XBAT35.2 and ACD11, 2) 

determine if ACD11 is degraded by the UPS, and 3) demonstrate that XBAT35.2 E3 

ligase is involved in targeting ACD11 for degradation by the 26S proteasome. This 

research will enhance our understanding of the biological role of XBAT35.2 during biotic 
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stress response. Characterizing the relationship between XBAT35.2 and ACD11 provides 

an opportunity to further expand our knowledge on the molecular basis of programmed 

cell death and pathogen resistance in plants. The research may be of significance to the 

agriculture sector where plants with enhanced pathogen resistance can be produced, 

which could potentially result in major economical benefits. 
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Figure 8. Tobacco leaves illustrating cell death following transient expression of 

yellow florescence protein (YFP) tagged XBAT35.2. Sites of Agrobacterium mediated 

infiltration are indicated by circles in A and B. Tobacco leaves were transiently 

transformed with plant transformation plasmids which allow for expression of YFP-

XBAT35.1 (A), YFP-XBAT35.2 (A and B) or RING mutant YFP-XBAT35.2AA (B). 

Immunoblot analysis was used to detect transgene expression using GFP antibodies (A 

and B; right panels) 72 hours after infiltration (Liu et al., unpublished results).  
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Chapter 2: Materials and Methods 

2.1) Transient Protein Expression in Nicotiana benthamiana  

Previously, full-length ACD11 (At2g34690) cDNA were obtained from the 

Arabidopsis Biological Resource Center (ABRC) (Alonso et al., 2003). The full-length 

cDNA of XBAT35.2 (At3g23280) was obtained by reverse transcription (RT)-PCR.  All 

cDNAs were introduced into the Gateway ® entry vector pDONR201 (Invitrogen) as per 

manufacturer’s instructions and nucleotide sequences were confirmed by DNA 

sequencing (McGill University and Génome Québec Innovation Centre) (Liu et al., 

unpublished). For XBAT35.2AA, the site-directed mutagenesis (Finnzymes) was used to 

make two point mutations, cysteine 426 and histidine 428 to alanine, within the RING 

domain-encoding region of the cDNA.  XBAT35.2 and XBAT35.2AA cDNAs in the entry 

vector pDONR201 were introduced into the pEarleyGate201 plant transformation vector 

(Earley et al., 2006) using Gateway cloning (Invitrogen) to produce in-frame fusions with 

the yellow fluorescence protein (YFP) tag (YFP-XBAT35.2 and YFP-XBAT35.2AA) 

under the control of the cauliflower mosaic virus 35S promoter. Similarly, ACD11 cDNA 

was cloned into the pEarleyGate101 vector to generate the YFP and hemagglutinin (HA) 

tag fusion (YFP-HA-ACD11).  

I grew Nicotiana benthamiana (tobacco) plants in a 23°C growth chamber for six 

weeks prior to transient protein expression and co-expression. The photoperiod fluctuated 

between 16 hours of light and 8 hours of dark (Sparkes et al., 2006). I carried out 

transient expression of fusion proteins in tobacco plants as previously described (Sparkes 

et al., 2006).  Briefly, I transformed Agrobacterium tumefaciens GV3101 with plant 

transformation vectors, pEarley Gate 101or pEarley Gate 201, containing the coding 



 

 

 
33 

region for ACD11 or XBAT35.2/XBAT35.2AA, respectively. I harvested Agrobacterium 

cultures and then resuspended in an infiltration solution containing 5 mg/ml D-glucose, 

50 mM MES, 2 mM Na3PO4, and 0.1 mM acetosyringone. I adjusted the resulting 

bacterial suspension with infiltration solution to an optical density (OD) of OD600≈0.8. 

For co-infiltration, I mixed Agrobacterium suspensions transformed with the plasmids 

containing the coding regions for XBAT35.2/XBAT35.2AA or ACD11 in a 60:40 ratio, 

respectively. I used a needleless syringe to introduce the Agrobacterium suspensions into 

the underside of leaves of six-week-old tobacco plants. I collected infiltrated tobacco 

leaves after 48 hours for protein extraction and stored the tissue at -80°C. Immunoblot 

analysis (described below) using GFP or HA antibodies was used to confirm expression 

of the fusion proteins in infiltrated tobacco tissue. GFP antibodies are able to detect the 

YFP tag fused to the proteins of interest.  

 

2.2) Protein Extraction and Immunoblot Analysis  

 I used protein extraction buffer (including HEPES pH 7.5, 5 mM EDTA, 5 mM 

EGTA, 10 mM Na3VO4, 10 mM NaF, 50 mM β-glycerophosphate, 10 mM dithiothreitol, 

1 mM phenylmethylsulfonyl fluoride, 5% glycerol and protease inhibitor cocktail 

(Sigma-Aldrich)) to extract the total protein content from infiltrated tobacco tissue. I 

centrifuged the samples for 5 minutes at 18,000 g and the resulting supernatant was 

transferred to a new Eppendorf tube. I added 6x Sodium dodecyl sulfate (SDS) loading 

buffer (300 mM Tris-HCl pH 6.8, 30% glycerol, 12% SDS, 0.6% Bromophenol Blue) to 

each sample, boiled for 5 minutes and centrifuged at 18, 000 g for 5 minutes, prior to 

loading on 7.5% SDS polyacrylamide gel (SDS-PAGE). Following loading, each gel was 
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electrophoresed at 125V for 85 minutes. I then transferred proteins from the 

polyacrylamide gel to polyvinylidene fluoride (PVDF) membrane using a semi-dry 

electro-transfer unit. Following protein transfer, I blocked the PVDF membrane with 5% 

milk solution and TBST (50 mM Tris-HCl, pH7.5, 150 mM NaCl and 0.05% Tween 20) 

for 1 hour at room temperature. I then incubated PVDF with primary antibody for 2 

hours, followed by three 10-minute washes with TBST. I added secondary antibody for 1 

hour, followed by an additional three 10-minute washes with TBST. The specific types of 

primary and secondary antibodies I used in the incubations depended on the tags fused to 

the proteins of interest (Table 1). I then visualized the proteins of interest using an 

Enhanced Chemiluminescence (ECL) Western Blotting Substrate kit as per 

manufacturer’s instructions (Thermo Scientific).  

 

2.3) Immunoprecipitation Assay (IP) 

 I used total protein extracted from un-infiltrated (control tissue) and infiltrated/co-

infiltrated tobacco leaves expressing YFP-HA-ACD11 and/or YFP-

XBAT35.2/XBAT35.2AA for immunoprecipitation assays. I added 20 μl of HA beads, 

prepared according to manufacturer’s instructions (Sigma-Aldrich), to protein extracts 

and incubated the samples for 2-6 hours at 4°C. After incubation, I collected the HA-

beads using centrifugation followed by two washes with TBS (50 mM Tris-HCl, pH7.5, 

150 mM NaCl). After the final wash, I collected HA-beads using centrifugation and I 

added 30 μl of 1X SDS to each sample. I boiled the samples for 5 minutes and loaded 

them onto SDS-PAGE gels. I used immunoblot analysis using GFP and HA antibodies to 

detect the isolated fusion proteins. 
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2.4) Cell Free Degradation Assay 

Cell free degradation assays were performed as previously described (Wang et al., 

2009). Briefly, I extracted total protein from infiltrated tobacco leaves expressing YFP-

HA-ACD11, YFP-XBAT35.2 or YFP-XBAT35.2AA. For the cell free degradation assay, 

I mixed protein extracts containing ACD11 and YFP-XBAT35.2 or YFP-XBAT35.2AA 

and added 100 mM ATP to each reaction at time zero followed by incubation at 30°C. I 

removed equal volumes of each reaction at the indicated time points and added 6x SDS 

loading buffer to stop the reaction. For assays with proteasome inhibitor treatment, I 

divided protein extracts equally into 2 separate tubes and added 30 µM MG132 (Sigma-

Aldrich) to one tube, while I added equal volume of protein extraction buffer to the other 

tube (control). I added MG132 to the assay 30 minutes before the addition of ATP. After 

sample collection at each time point, I determined protein levels of YFP-HA-ACD11 

and/or YFP-XBAT35.2 / XBAT35.2 AA using immunoblot analysis with the appropriate 

primary and secondary antibodies (see Table 1). I used ImageJ (http://imagej.nih.gov/ij/) 

to estimate the percentage of protein remaining at each time point (Abramoff, Magalhaes 

& Ram, 2004).  
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Table 1: List of primary and secondary antibodies (Sigma-Aldrich) used to detect YFP 

and HA fusion proteins in immunoblotting analysis.  

Protein tags Primary antibody Secondary antibody Dilution 

YFP Rabbit anti-GFP 

(Sigma-Aldrich) 

Horseradish 

peroxidase-conjugated 

goat anti-rabbit 

(Sigma-Aldrich) 

1:5000 

HA Mouse anti-HA 

(Sigma-Aldrich) 

Anti-mouse  

(Sigma-Aldrich) 

1:5000 
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Chapter 3: Results 

3.1) ACD11 interacts with XBAT35.2   

 Immunoprecipitation assays were performed to provide further support for the 

proposed interaction between ACD11 and XBAT35.2. Figure 9 shows the results of the 

immunoprecipitation assays, where YFP-XBAT35.2AA was isolated with YFP-HA-

ACD11. In order to prevent ubiquitination and thus subsequent degradation of the 

interacting proteins by the 26S proteasome, the function of the RING domain of 

XBAT35.2 was rendered inactive by introducing two point mutations (cysteine 426 and 

histidine 428) to alanine (XBAT35.2AA) (Stone et al., 2006). Despite the E3 ligase 

activity being rendered inactive, protein binding to the substrate can still occur. HA-beads 

were used to immunoprecipitate YFP-HA-ACD11 from protein extracts that were 

prepared from tobacco leaf tissue transiently expressing YFP-HA-ACD11 alone (lane 1), 

or co-expressing YFP-HA-ACD11 and YFP-XBAT35.2AA (lane 2). Also, protein extracts 

from tobacco leaves expressing ACD11 or XBAT35.2AA were mixed and used in 

immunoprecipitation assays (lane 3). The results show that ACD11 is capable of pulling 

down XBAT35.2, which confirms interaction between the two proteins (Figure 9). 

 

3.2) ACD11 is stable when expressed alone in tobacco cells  

 ACD11 interaction with the RING-type E3 ligase, XBAT35.2, is an indication 

that the ubiquitin-proteasome system may potentially play a role in regulating the 

abundance of ACD11. Cell free degradation assays were conducted in order to assess the 

stability of YFP-HA-ACD11 in the presence and absence of proteasome inhibitor, 

MG132 (Figure 10 and 11). If ACD11 is degraded by the UPS then YFP-HA-ACD11 
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abundance is expected to decrease over time in the absence of MG2132, while remaining 

stable in the presence of the proteasome inhibitor. The abundance of YFP-HA-ACD11 

remained fairly consistent in the absence (-MG132) and presence (+MG132) of 

proteasome inhibitor over time (Figure 10).  In repeated assays, the abundance of YFP-

HA-ACD11 again remained consistent over time in the absence of MG132 (Figure 11). 

For each trial, the ImageJ software was used to quantify the abundance of YFP-HA-

ACD11 remaining at each indicated time point relative to the zero time point.  As shown, 

the percentage of ACD11 remaining at each time point did not change significantly 

(Figure 10 and 11), suggesting that the protein is not targeted for degradation by the UPS.  

Although only two results are shown as representatives, the stability of ACD11 when 

expressed alone in tobacco cells was repeatable across four experiments.  

 

3.3) ACD11 is degraded in the presence of a functional XBAT35.2 

To assess whether the abundance of ACD11 remains stable in the presence of a 

functional XBAT35.2 E3 ligase, tobacco leaf tissue co-expressing YFP-HA-ACD11 and 

YFP-XBAT35.2 were used in cell free degradation assays. In two separate trials, ACD11 

abundance was found to decrease over time in the presence of YFP-XBAT35.2 (Figure 

12 and 13). Quantification of the level of YFP-HA-ACD11 remaining at each indicated 

time point demonstrates a significant decrease in ACD11 protein levels (Figure 12 and 

13).  To determine if the observed ACD11 turnover is dependent on the XBAT35.2 E3 

ligase activity, cell free degradation assays were carried out using an inactive E3 ligase, 

XBAT35.2AA. In the presence of the E3 ligase with an inactive RING domain, the 

previously observed degradation of ACD11 did not occur (Figure 12 and 13). These 
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results demonstrate that the E3 ligase activity of XBAT53.2 is required for ACD11 

degradation.  

 

3.4) Degradation of ACD11 in the presence of XBAT35.2 is due to the 26S 

proteasome 

 The protein abundance of ACD11 decreases over time in the presence of a 

functional XBAT35.2. In order to determine if the observed degradation of ACD11 is due 

to the 26S proteasome, a cell free degradation assay was used to assess the stability of 

ACD11 in the presence of functional XBAT35.2 with or without proteasome inhibition. 

As expected, in the presence of the proteasome inhibitor, MG132, the rate of ACD11 

degradation is significantly reduced (Figure 14 and 15). In the absence of MG132, 

proteasome activity regulates normally, and ACD11 is degraded at a faster rate. These 

results demonstrate that the degradation of ACD11 in the presence of a functional RING 

E3 ligase, XBAT35.2, is proteasome dependent. 

 

3.5) The RING E3 ligase, XBAT35.2, is unstable  

 The results shown in Figure 12 and Figure 13 indicate that the functional RING-

type E3 ligase was also unstable and is turned over by the 26S proteasome. Degradation 

of XBAT35.2 did not occur when the RING domain of the E3 ligase was mutated and 

non-functional (XBAT35.2 AA), or the proteasome inhibitor, MG132, was included in the 

assay (Figure 12, 13 and 14). These assays presented in Figure 12, 13 and 14 were carried 

out in the presence of ACD11, therefore, the stability of XBAT35.2 was next assessed in 

cell free degradation assays without ACD11. Also, to determine whether XBAT35.2 is 
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capable of self-ubiquitination, a cell free degradation assay was used to compare the 

turnover of YFP-XBAT35.2 and YFP-XBAT35.2 AA (Figure 16). The levels of YFP-

XBAT35.2 gradually decreased over time, while the protein levels of YFP- XBAT35.2 AA 

remained fairly stable over the same time period (Figure 16). These results indicate that 

XBAT35.2 is unstable and capable of self-ubiquitination as the non-functional E3 ligase 

is not degraded.   

 Taken together, these results indicate that the abundance of ACD11 is regulated 

by the ubiquitin proteasome system, and XBAT35.2 is involved in promoting the 

degradation of ACD11 in a 26S proteasome-dependent manner.  
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Figure 9. Immunoprecipitation assay (IP) showing interaction between ACD11 and 

XBAT35.2. Protein extracts from tobacco tissue transiently expressing YFP-HA-ACD11 

(lane 1), co-expressing YFP-HA-ACD11 and YFP-XBAT35.2AA (lane 2), or extracts 

from tissue expressing YFP-HA-ACD11 or YFP-XBAT35.2 AA were mixed (lane 3) and 

used in IP assays. Western blot analysis using GFP antibody was used to detect both 

YFP-HA-ACD11 and YFP-XBAT35.2AA.  
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Figure 10: ACD11 is stable in a cell free degradation assay. Cell free degradation 

assays were carried out using protein extracts prepared from transiently transformed 

tobacco leaves expressing ACD11-HA-YFP treated with (+) or without (-) 30 µM 

MG132.  The levels of ACD11 remaining at the indicated time points were determined 

by western blot (WB) analysis using GFP antibodies. Percent (%) remaining) was 

calculated using ImageJ software. (min - minutes). 
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Figure 11: Repeat of cell free degradation assay showing ACD11 stability. Cell free 

degradation assays were carried out using protein extracts prepared from transiently 

transformed tobacco leaves expressing YFP-HA-ACD11.  The levels of YFP-HA-

ACD11 remaining at the indicated time points were determined by western blot (WB) 

analysis using GFP antibodies. Percent (%) remaining was calculated using ImageJ 

software. Ponceau S staining shows protein loading. (min - minutes). 
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Figure 12: Degradation of ACD11 in the presence of XBAT35.2. Protein extracts 

prepared from transiently transformed tobacco leaves containing YFP-HA-ACD11 mixed 

with extracts containing YFP-XBAT35.2 or YFP-XBAT35.2 AA and used in cell free 

degradation assays. Western blot (WB) analysis using GFP antibodies was used to detect 

YFP-HA-ACD11, YFP-XBAT35.2, or YFP-XBAT35.2AA simultaneously.  Percent (%) 

remaining was calculated using ImageJ software. Ponceau S staining shows protein 

loading.  (min - minutes). 
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Figure 13: Repeat of cell free degradation assays showing turnover of ACD11 in the 

presence of XBAT35.2. Protein extracts prepared from transiently transformed tobacco 

leaves containing YFP-HA-ACD11 mixed with extracts containing YFP-XBAT35.2 or 

YFP-XBAT35.2 AA and used in cell free degradation assays. Western blot (WB) analysis 

using GFP antibodies was used to detect YFP-HA-ACD11, YFP-XBAT35.2 and YFP-

XBAT35.2AA simultaneously.  Percent (%) remaining was calculated using ImageJ 

software. Ponceau S staining shows protein loading.  (min - minutes). 
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Figure 14: XBAT35.2 mediated degradation of ACD11 requires the 26S proteasome.  

Protein extracts prepared from transiently transformed tobacco leaves containing YFP-

HA-ACD11 mixed with extracts containing YFP-XBAT35.2, treated with (+) or without 

(-) MG132, were used in cell free degradation assays. Western blot (WB) analysis using 

GFP antibodies was used to detect YFP-HA-ACD11 and YFP-XBAT35.2 

simultaneously. Percent (%) remaining was calculated using ImageJ software. Ponceau S 

staining shows protein loading. (min - minutes). 
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Figure 15: Repeat of cell free degradation assay showing that XBAT35.2 mediated 

degradation of ACD11 requires the 26S proteasome. Protein extracts prepared from 

transiently transformed tobacco leaves containing YFP-HA-ACD11 mixed with extracts 

containing YFP-XBAT35.2 treated with (+) or without (-) MG132, were used in cell free 

degradation assays. Western blot (WB) analysis using GFP antibodies was used to detect 

YFP-HA-ACD11. Percent (%) remaining was calculated using ImageJ software. (min - 

minutes). 
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Figure 16: Turnover of XBAT35.2 in cell free degradation assays. Protein extracts 

prepared from transiently transformed tobacco leaves containing YFP-XBAT35.2 or 

YFP-XBAT35.2AA were used in cell free degradation assays. Western blot (WB) analysis 

using GFP antibodies was used to detect YFP-XBAT35.2 and YFP-XBAT35.2AA.  

Percent (%) remaining was calculated using ImageJ software. Ponceau S staining shows 

protein loading.  (min - minutes). 
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Chapter 4: Discussion 

4.1) Evidence for interaction between XBAT35.2 and ACD11 

 Results obtained from previous high throughput yeast-two-hybrid screens suggest 

that the RING-type E3 ligase XBAT35 interacts with ACD11 (Brodersen et al., 2002; 

Petersen et al., 2009; Braun et al., 2011). In accordance, a BiFC assay shows that 

XBAT35.2 and ACD11 interact at punctate structures in tobacco leaf epidermal cells 

(Figure 7). Although the BiFC assays provide strong evidence for in planta interaction 

between XBAT35.2 and ACD11, the use of the constitutive 35S promoter to drive 

expression may produce false results due to the high abundance of the fusion proteins 

within the cell. Therefore, an alternative method was used to confirm interaction between 

XBAT35.2 and ACD11.  Further evidence for the interaction between XBAT35.2 and 

ACD11 was confirmed by IP assays (Figure 9), which show that YFP-HA-ACD11 was 

able to interact with and pull down YFP-XBAT35.2AA. HA-beads were used to isolate 

YFP-HA-ACD11 from protein extracts prepared from tobacco leaf tissue transiently 

expressing YFP-HA-ACD11 or YFP-XBAT35.2AA. In all cases, YFP-XBAT35.2AA was 

detected along with YFP-HA-ACD11 following IP with HA beads.  These results provide 

strong evidence in support of the interaction between the RING-type E3 ligase, 

XBAT35.2, and ACD11.  

 

4.2) XBAT35.2 promotes proteasomal-dependent degradation of ACD11  

I also showed that XBAT35.2 promotes the degradation of ACD11 in a 26S 

proteasome-dependent manner (Figure 14 and 15). Cell free degradation assays using 

protein extracts from tobacco tissue transiently expressing YFP-HA-ACD11 mixed with 
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extracts containing transiently expressed YFP-HA-XBAT35.2 or XBAT35.2AA resulted 

in a decreased abundance of ACD11 in the presence of the functional E3 ligase (Figure 

12 and 13). Proteasomal-dependent degradation of ACD11 was subsequently determined 

as degradation of ACD11 in the presence of functional XBAT35.2 occurred at a 

significantly slower rate with proteasome inhibition using MG132 (Figure 14 and 15). 

These results demonstrate that ACD11 is a substrate for XBAT35.2 E3 ligase activity.  

In plants where the gene function of ACD11 is mutated or suppressed, constitutive 

activation of programmed cell death and defense signaling pathways occurs regardless of 

whether or not pathogen is present (Brodersen et al., 2002). Due to continuous activation 

of defense signaling pathways, plant survival beyond the seedling stage is limited 

(Brodersen et al., 2002). Phenotypic indicators of PCD activation and cellular defense 

mechanisms include chlorotic patches, as seen at the two-leaf stage in the recessive lesion 

mimic mutant, acd11 (Brodersen et al., 2002). In addition, regulation of gene expression 

in acd11 results in Pathogenesis-related (PR) genes, PR1 and PR2, being expressed 

constitutively. Up-regulation of pathogenesis-related proteins encoded by PR1 and PR2 

are indicative of activated defense signaling pathways (Brodersen et al., 2002). Similar to 

acd11 lesion mimic mutants, overexpressing the functional E3 ligase, XBAT35.2, in 

tobacco leaf tissue results in cell death phenotypes (Figure 8) and increased pathogen 

resistance in Arabidopsis plants (Liu et al., unpublished results). Together, these results 

suggest that XBAT35.2 plays a role in plant innate immunity and programmed cell death 

by regulating the abundance of ACD11.  

There is also evidence to suggest that XBAT35.2-mediated turnover of ACD11 

occurs when a pathogen is present. ACD11 is quite stable when expressed in tobacco 
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cells, suggesting that ACD11 is not targeted to the UPS. However, in the presence of 

increased abundance of XBAT35.2, ACD11 is turned over by the 26S proteasome. Also, 

in the absence of Pst DC3000 pathogen, xbat35-1 and transgenic plants over expressing 

XBAT35.2 developed similarly to wild type plants (Liu et al., unpublished results). 

Cellular defense responses were not activated as chlorosis was not detected in any of the 

mutant or transgenic plants, which suggests that programmed cell death and pathogen 

defense pathways were not activated (Liu et al., unpublished results). These findings 

contrast with acd11 null mutants, which constitutively express defense-related genes and 

show signs of cell death early on in development, even in the absence of pathogens. We 

speculate that the presence of pathogens results in the accumulation of XBAT35.2 and 

subsequent degradation of ACD11 through the UPS, which triggers cellular defense 

responses. 

 

4.3) Self-regulation of the RING-type E3 ligase XBAT35.2 

I also showed that the RING-type E3 ligase is able to regulate its own abundance 

by self-ubiquitination and proteasome-dependent degradation (Figure 16). Catalysis of 

their own ubiquitination is a common characteristic of RING-type E3 ligases and can 

serve as a self-regulatory mechanism (de Bie & Ciechanover, 2011; Lorick et al., 1999; 

Huibregtse et al., 1995). The cell free degradation assay using protein extracts from 

tobacco tissue transiently expressing YFP-XBAT35.2 and YFP-XBAT35.2AA showed a 

decrease in protein abundance of the functional XBAT35.2 but not the non-functional 

XBAT35.2AA (Figure 16). This suggests that self-ubiquitination and degradation depends 

on its own RING E3 ligase activity. Although the significance of this self-regulation is 
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not fully understood, XBAT35.2 self-ubiquitination would be expected to maintain low 

levels of the E3 ligase until a stimulus such as pathogen attack is perceived by the cell.  

 

4.4) A model linking XBAT35.2, ACD11, and response to pathogens 

 Based on this study, in addition to previous research done, a possible explanation 

for the biological function of the RING-type E3 ligase, XBAT35.2, can be represented in 

a model (Figure 17). When no pathogen is present, self-ubiquitination maintains low 

levels of XBAT35.2. ACD11 degradation by the 26S proteasome does not occur, 

allowing ACD11 to accumulate and suppress the activation of cellular defense responses. 

When a pathogen is perceived, self-ubiquitination of XBAT35.2 discontinues and the 

RING-type E3 ligase accumulates. Stabilized XBAT35.2 then interacts with ACD11 and 

mediates ubiquitination of the substrate, targeting it to the 26S proteasome for 

degradation. Degradation of ACD11 allows for activation of cellular defense responses, 

resulting in pathogen defense (Figure 17).  

 This study was conducted in an attempt to fill in knowledge gaps regarding the 

interacting proteins of E3 ligases, as the biological functions of many E3 ligases have 

been determined through biochemical and transgenic studies but information on their 

interacting proteins is lacking. This research further supports the biological interaction 

between the RING-type E3 ligase, XBAT35.2, and ACD11, and identifies ACD11 as a 

ubiquitin substrate. The ubiquitinating activity of XBAT35.2 towards ACD11 in the 

presence of pathogens plays an important role in plant defense response pathways, as 

degradation of ACD11 promotes defense responses and results in localized cell death that 
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prevents further spread of pathogens. This study further supports the hypothesis that 

regulating defense responses is a major function of E3 ligases and the UPS.  
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Figure 17: A model explaining the interaction between XBAT35.2 and ACD11 in the 

presence and absence of pathogens. In the absence of pathogen, ACD11 ubiquitination 

is not mediated by XBAT35.2 because E3 ligase self-ubiquitination prevents the 

accumulation of the RING-type E3 ligase. ACD11 degradation by the 26S proteasome 

does not occur, which results in suppression of pathogen defense responses and the 

programmed cell death pathway. In the presence of a pathogen, self-ubiquitination of 

XBAT35.2 discontinues, which stabilizes the RING-type E3 ligase and enables binding 

to the substrate, ACD11. The ubiquitinating activity of XBAT35.2 towards ACD11 

targets it to the 26S proteasome for degradation, which activates cellular defense 

responses and results in pathogen defense and enhanced resistance.  
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