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Matthew Paul Neubauer 

NEGATIVE REGULATION OF PLANT STRESS SIGNALING BY THE EDR1 PROTEIN 

KINASE 

 

 In nature, plants endure a variety of stresses, ranging from pathogen infection to 

adverse environmental conditions. Although plants have evolved effective mechanisms 

for overcoming biotic and abiotic stress, these responses often come at the cost of 

growth and development. To maximize fitness, plants must carefully regulate stress 

signaling pathways so that they are active only when needed. The EDR1 protein kinase 

has been implicated as an important negative regulator of plant stress signaling. Loss-

of-function edr1 mutants display enhanced sensitivity to numerous biotic and abiotic 

stresses. Due to the variety of phenotypes displayed by edr1 plants, EDR1 is believed 

to negatively regulate various plant stress signaling pathways. However, little is known 

about how EDR1 functions at the molecular level. My work has aimed to address some 

of these outstanding questions regarding EDR1 function. I have found that EDR1 

directly interacts with and regulates the EDS1/PAD4 complex, which plays an important 

role in the regulation of plant stress responses and salicylic acid signaling. I have also 

shown that EDR1 physically interacts with the previously uncharacterized plant N-

terminal acetyltransferase NAA50. I subsequently showed that NAA50 is essential for 

plant development as well as the repression of plant stress signaling. Importantly, loss 

of NAA50 results in a constitutive endoplasmic reticulum stress, which results in altered 

development and induced stress response signaling. Through the investigation of EDR1 

function, I have uncovered a role for EDR1 in the negative regulation of EDS1/PAD4 
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signaling, as well as a link between EDR1, N-terminal acetylation, and the regulation of 

plant stress responses and development.  
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Chapter 1: Literature Review 

 This dissertation describes experiments aimed at elucidating the functions of the 

Arabidopsis EDR1 protein, a negative regulator of plant stress response signaling. 

Chapter 2 details experiments demonstrating a role for EDR1 in the regulation of the 

EDS1 and PAD4 proteins, which have previously been shown to be central regulators of 

biotic stress responses. Chapter 3 describes experiments that uncovered an interaction 

between EDR1 and the N-terminal acetyltransferase NAA50. Additionally, the 

experiments in Chapter 3 demonstrate a role for NAA50 in regulating plant stress 

signaling and development. In this literature review, I will provide an overview of the 

molecular mechanisms that regulate plant stress signaling, as well as their complexity 

and crosstalk. Furthermore, the role of EDS1 and PAD4 in the regulation of plant stress 

signaling will be addressed. This chapter will also cover the current understanding of 

EDR1 and the mechanisms through which it regulates defense signaling. Finally, N-

terminal acetylation and its various functions will be covered. 

 

Plant Stress Responses are Mediated by Hormone Signaling 

Plants face a variety of challenges from the environment as well as other 

organisms. As sessile organisms, plants must be able to adapt to and confront these 

challenges. The variety of stresses that plants endure necessitate an equally complex 

and varied set of stress responses and signaling pathways. These pathways are essential 

for plant survival, and a greater understanding of how they function is critical for the 

development of improved crops and agricultural methods (Csukasi et al., 2009). Here, I 
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describe some of the hormone signaling pathways utilized by plants to regulate growth 

and defense, and the ways these pathways interact. 

 Plant stress responses rely heavily upon hormone signaling pathways regulated 

by small molecules such as abscisic acid (ABA), ethylene (ET), jasmonic acid (JA), and 

salicylic acid (SA) (Figure 1-1). Hormones play unique roles in responding to different 

stresses. SA is associated with responses to biotrophic pathogens, whereas JA and ET 

promote responses to necrotrophic pathogens, insects, and wounding (Pieterse et al., 

2009; Glazebrook, 2005; Zhang and Li, 2019; Howe, 2004; Wasternack, 2007). ABA is 

primarily associated with abiotic stress responses and promotes tolerance to osmotic and 

cold stress (Finkelstein et al., 2002; Yamaguchi-Shinozaki and Shinozaki 2006; 

Nakashima et al., 2009). 
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Figure 1-1. Plant hormones regulate stress signaling. The plant hormones ABA, SA, ET, and JA promote 
plant stress signaling. ABA is primarily involved in responses to abiotic stress, such as drought and cold 
stress. JA and ET are associated with responses to necrotrophic pathogens and insects. SA mediates plant 
responses against biotrophic pathogens, stimulates the expression of PR genes, and is required for SAR. 
ET and JA signaling pathways generally promote one another, whereas the relationship between JA and 
SA is largely antagonistic. The growth-promoting hormone auxin interferes with plant defense signaling 
pathways, particularly those mediated by SA and JA. Pathogens such as P. syringae exploit hormone 
crosstalk by promoting JA and auxin signaling through the secretion of coronatine and effector proteins, 
thereby repressing SA signaling. 
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Plant hormone signaling pathways produce various changes to plant physiology 

that enable plant stress tolerance (Verma et al., 2016; Pieterse et al., 2012). SA, 

alongside other signaling molecules such as N-Hydroxypipecolic acid, promotes a 

phenomenon known as systemic acquired resistance (SAR) through which distal plant 

tissues become stress tolerant following pathogen detection (Fu and Dong, 2013; Huang 

et al., 2019). Additionally, SA accumulation promotes expression of Pathogenesis 

Related (PR) genes, which encode proteins with antimicrobial activity (van Loon et al., 

2006). JA promotes resistance to herbivorous insects by eliciting defense gene 

expression, altering development, and triggering the production of protease inhibitors and 

secondary metabolites that inhibit insect feeding (Howe and Jander, 2008). During 

drought stress conditions, ABA promotes stomatal closure (Zhang et al., 1987), as well 

as gene expression changes that promote drought tolerance (Zhu, 2002; Fujita et al., 

2005; Finkelstein et al., 2002). The molecular and genetic pathways activated by plant 

hormones are essential for plant stress tolerance. 

A significant degree of crosstalk exists between plant hormone signaling pathways. 

There is a well-established antagonistic relationship between SA and JA. Work in tomato 

demonstrated that SA can repress JA-mediated wound responses (Doherty et al., 1988). 

During infection by the hemibiotroph P. syringae, SA-mediated defenses are upregulated 

and JA signaling is repressed, ultimately enhancing host susceptibility to necrotrophs 

(Spoel et al., 2007). JA signaling is known to antagonize SA-based defense responses 

(Pieterse et al., 2009; Zheng et al., 2012; Van der Does et al., 2013). This antagonistic 

relationship is taken advantage of by pathogens through the use of coronatine, a small 

molecule that mimics JA. Coronatine secretion from pathogens inhibits host SA signaling, 
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thereby enhancing host susceptibility (Brooks et al., 2005; Zheng et al., 2012). On the 

other hand, JA and ET generally promote each other. JA and ET act synergistically in 

promoting expression of numerous stress response genes (Penninckx et al., 1998; 

Lorenzo et al., 2003; Pré et al., 2008). ET can also act to promote SA signaling. ET was 

found to be essential for the onset of SAR in tobacco (Verberne et al., 2003). Many SA-

regulated transcripts also require an intact ET signaling pathway to be properly activated 

during a defense response (Glazebrook et al., 2003). The ability for stress hormone 

pathways to regulate one another is believed to enable plants to tailor their responses 

according to the specific stresses they encounter (Pieterse et al., 2009). 

 Stress signaling in plants must be carefully regulated to maintain proper 

development. There is a well-established growth-defense tradeoff in plants (Huot et al., 

2014). Plant stress responses require a significant amount of energy, often coming at the 

cost of plant development (Walters and Heil, 2007). That many plant biotic stress 

responses result in cell death (Greenberg and Yao, 2004), illustrates the significant 

impact defense signaling can have on development. Crosstalk between plant hormone 

pathways encourages a commitment to either defense or development signaling. Growth-

promoting hormones such as auxin negatively impact defense signaling. Auxin has been 

shown to have a largely negative impact on the expression of genes involved in JA 

signaling (Liu and Wang, 2006). Auxin similarly has a negative impact on SA-based 

defenses. Auxin signaling represses plant resistance to P. syringae, which is largely SA-

based (Navarro et al., 2006; Chen et al., 2007). Many plant pathogens take advantage of 

this relationship by producing auxin and secreting effector proteins that alter plant auxin 

signaling (Spaepen et al., 2007; Chen et al., 2007). Conversely, SA promotes plant 
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defenses through the repression of auxin signaling (Wang et al., 2007). The mutually 

negative crosstalk that exists between growth- and defense-promoting hormone 

pathways ensures that finite resources are conserved for those processes which are most 

relevant to the plant at any given time (Huot et al., 2014). 

 

EDS1 and PAD4 are Important Regulators of Plant Stress Signaling 

ENHANCED DISEASE SUSCEPTIBILITY1 (EDS1) and PHYTOALEXIN 

DEFICIENT4 (PAD4) play important roles in the regulation of plant stress signaling. PAD4 

was first identified in an Arabidopsis forward genetic screen for plants displaying 

enhanced susceptibility to Pseudomonas syringae pv. maculicola (Glazebrook et al., 

1996). EDS1 was identified in a screen for mutants with defective RPP1- and RPP5-

mediated resistance to Peronospora parasitica (Parker et al., 1996). Loss of EDS1 was 

also found to abolish RPS4-mediated resistance to Pseudomonas syringae carrying the 

avirulence gene avrRps4 (Aarts et al., 1998). Thus, EDS1 is required for defense 

mediated by RPP1, RPP5, and RPS4, all of which belong to the TIR-NB-LRR (TNL) class 

of plant disease resistance (R) genes (Botella et al., 1998; Parker et al., 1997; Gassmann 

et al., 1999). TNL complexes play an important role in effector-triggered immunity (ETI), 

which relies upon a host being able to detect the presence of pathogen effectors and 

induce transcriptional reprogramming (Cui et al., 2015; Tsuda and Somssich, 2015). 

EDS1 is essential for TNL-based ETI, making it an important regulator of plant defense 

signaling (Wiermer et al., 2005).  

A major function of EDS1 and PAD4 is the promotion of SA signaling during both 

basal and TNL-mediated resistance. Loss of function eds1 and pad4 mutants are 
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hypersusceptible to pathogens and display lower SA accumulation during infection (Zhou 

et al., 1998; Feys et al., 2001). Thus, EDS1 and PAD4 are generally viewed as promoters 

of SA signaling (Wiermer et al., 2005). In fact, overexpression of EDS1 and PAD4 

increases basal levels of SA and boosts SA signaling during a defense response (Cui et 

al., 2017). Not only do EDS1 and PAD4 promote SA accumulation during a defense 

response, but they function in a positive feedback loop with SA (Vlot et al., 2009). 

Expression of EDS1 and PAD4 is enhanced by SA accumulation (Jirage et al., 1999; Feys 

et al., 2001). Given that EDS1 and PAD4 function within a positive feedback loop with 

SA, the negative regulation of EDS1 and PAD4 is likely an important point of control in 

plant defense signaling.  

EDS1 and PAD4 physically interact and function as signaling partners. Both EDS1 

and PAD4 are required for the induction of SA during a defense response (Jirage et al., 

1999; Feys et al., 2001). Enhanced PAD4 expression during a defense response is 

EDS1-dependent, while EDS1 expression is partially PAD4-dependent (Feys et al., 

2001). Although overexpression of both EDS1 and PAD4 together promotes SA 

accumulation and resistance, overexpression of either alone does not (Cui et al., 2017). 

This demonstrates that EDS1 and PAD4 function together to promote defense signaling. 

The physical association between EDS1 and PAD4 is essential for proper downstream 

signaling. EDS1 and PAD4 both contain an N-terminal lipase-like domain, as well as a C-

terminal ‘EP’ domain, consisting of an alpha-helical bundle (Feys et al., 2005; Wagner et 

al., 2013). EDS1/PAD4 complexes are formed through an interaction between the N-

terminal lipase-like domains. Mutations that inhibit the interaction between EDS1 and 

PAD4 reduce EDS1/PAD4 signaling (Wagner et al., 2013). This may be explained by the 
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instability of PAD4 when it is not complexed with EDS1, as disrupting the association of 

PAD4 with EDS1 significantly reduces PAD4 accumulation (Rietz et al., 2011). 

Recent evidence suggests that EDS1- and PAD4-mediated regulation of defense 

signaling may occur through transcriptional regulation. Both EDS1 and PAD4 display 

nucleo-cytoplasmic localization (Feys et al., 2005). EDS1 nuclear localization is required 

for transcriptional reprogramming during ETI (García et al., 2010). EDS1 and PAD4 have 

been shown to physically associate with a number of nuclear TNLs (Bhattacharjee et al., 

2011; Heidrich et al., 2011; Kim et al., 2012; Huh et al., 2017). These observations 

indicate that EDS1 and PAD4 may play a role in the regulation of defense signaling 

through direct interactions with nuclear proteins.  

Recent work has shown that EDS1 and PAD4 negatively regulate the JA regulator, 

MYC2. The MYC2 transcription factor plays a major role in the transcriptional regulation 

of JA- and coronatine-induced defenses (Kazan and Manners, 2013). EDS1 and PAD4 

have been found to inhibit coronatine-induced inhibition of SA signaling through the 

regulation of MYC2 (Cui et al., 2018). Interestingly, formation of the EDS1/PAD4 complex 

was found to be essential for this process. The negative regulation of MYC2 by 

EDS1/PAD4 heteromers demonstrates that in addition to promoting SA signaling, EDS1 

and PAD4 may regulate crosstalk between hormone signaling pathways. 

EDS1 and PAD4 play important roles in plant biotic stress responses. The physical 

interaction between both proteins is important for their accumulation, as well as their 

ability to regulate various aspects of stress signaling. Thus, inhibition of EDS1/PAD4 

complex formation is one potential way for plants to fine-tune stress signaling. However, 
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very little is known about how EDS1 and PAD4 are regulated, and whether EDS1/PAD4 

complex formation can be inhibited. 

 

EDR1 is a Negative Regulator of Defense Signaling 

The tradeoff between growth and defense encourages plants to carefully regulate 

their defense responses in order to protect growth and fitness. Negative regulation of 

defense signaling enables plants to conserve energy by shutting down unnecessary 

defense processes. One such negative regulator is ENHANCED DISEASE 

RESISTANCE1 (EDR1). 

EDR1 was identified in a mutant screen for plants displaying enhanced resistance 

to Pseudomonas syringae (Frye and Innes, 1998). Loss-of-function edr1 mutants were 

also found to have enhanced resistance to Golovinomyces cichoracearum, the causal 

agent of powdery mildew. This resistance phenotype was associated with increased 

necrosis at sites of fungal penetration (Frye and Innes, 1998). However, unlike other 

enhanced resistance mutants such as cpr1 or mpk4, edr1 mutants do not display severe 

dwarfism (Bowling et al., 1994; Petersen et al., 2000). Furthermore, edr1 plants do not 

display constitutively active defense signaling or senescence. Expression of defense 

markers such as PR-1 or BGL2 is not significantly higher in uninfected edr1 plants (Frye 

and Innes, 1998). This indicates that EDR1 acts to repress defense signaling after a 

stress event has occurred, rather than before. 

Loss of EDR1 results in enhanced defense signaling during stress responses 

(Christiansen et al., 2011; Frye and Innes, 1998). Transcriptome analysis of edr1 mutants 

during powdery mildew infection revealed a significant increase in a variety of stress 
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signaling genes (Christiansen et al., 2011). edr1 mutants display earlier induction of 

genes associated with the endomembrane trafficking system, reactive oxygen species 

(ROS) signaling, and protein kinase signaling relative to wildtype. edr1-induced 

resistance and cell death appear to result from an increase in defense gene expression 

during infection.  

In addition to displaying enhanced resistance to biotrophic pathogens, edr1 plants 

display a range of other stress signaling phenotypes. Loss of EDR1 results in enhanced 

ethylene sensitivity and enhanced growth inhibition and senescence during drought (Frye 

et al., 2001; Tang et al., 2005). Loss of EDR1 also results in hypersensitivity to ABA 

treatment (Wawrzynska et al., 2008). The variety of edr1 phenotypes demonstrates that 

EDR1 regulates numerous signaling pathways. 

Genetic evidence indicates that EDR1-mediated regulation of defense signaling 

occurs primarily through the SA and ET signaling pathways (Figure 1-2). edr1-mediated 

enhanced resistance to powdery mildew is suppressed by loss-of-function mutations that 

affect SA signaling, such as npr1-1 (Cao et al., 1997), sid2-1 (Wildermuth et al., 2001), 

pad4-1 (Zhou 1998), and eds1-1 (Falk et al., 1999; Frye et al., 2001). However, the ein2 

(Alonso et al., 1999) and coi1 (Xie et al., 1998) mutations, which affect ET and JA 

signaling respectively, do not suppress edr1-mediated resistance to powdery mildew 

(Frye et al., 2001). Mutations in SA regulators also suppress drought-induced lesions and 

growth inhibition in edr1 plants (Tang et al., 2005). This indicates that some edr1 

phenotypes result from an increase in SA signaling. Loss of the ET regulator ORE9 was 

found to suppress the ET sensitivity and drought-induced growth inhibition of edr1 

mutants (Tang et al., 2005). Interestingly, mutations affecting SA signaling have no effect 
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on edr1 ethylene hypersensitivity. This demonstrates that EDR1 regulates two distinct 

SA- and ET-based signaling pathways (Tang et al., 2005). 

 

 
Figure 1-2. EDR1 negatively regulates plant stress signaling. EDR1 is a negative regulator of ET and SA 
signaling. Mutations in SA regulators EDS1, PAD4, NPR1, and ICS1 suppress edr1-mediated resistance, 
cell death, and drought hypersensitivity. Mutations in the ET regulators EIN2 and ORE9 suppress edr1-
mediated ET-induced senescence. Loss of EIN2 but not ORE9 suppresses edr1-mediated drought-induced 
growth inhibition. A mutation in KEG, a negative regulator of ABA, suppresses all edr1 phenotypes. EDR4 
appears to belong to the same genetic pathway as EDR1 and KEG. EDR1 localization is altered by 
mutations in KEG and EDR4. EDR1 is a negative regulator of ATL1, which positively regulates cell death. 
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Although loss-of-function mutations in defense regulators can suppress some edr1 

phenotypes, only the keg-4 mutation has been demonstrated to suppress all edr1 

phenotypes. In a mutant screen for suppressors of edr1-mediated ABA sensitivity and 

disease resistance, a missense mutation in KEEP ON GOING (KEG) was identified. This 

mutation, denoted as keg-4, suppresses the enhanced resistance and ABA 

hypersensitivity of edr1 mutants. Furthermore, keg-4 also suppresses drought-induced 

growth inhibition and ethylene sensitivity in edr1 mutants (Wawrzynska et al., 2008). This 

suggests that KEG may operate in the same signaling pathway as EDR1. 

KEG has been implicated in the regulation of ABA signaling and plant 

development. KEG was originally identified in a screen for Arabidopsis mutants displaying 

enhanced ABA sensitivity (Stone et al., 2006). In addition to causing enhanced sensitivity 

to ABA treatment, loss of KEG inhibits plant development. keg seedling development is 

severely impaired, demonstrating a role for KEG in post-germinative seedling 

development (Stone et al., 2006). KEG, which contains an active E3 ubiquitin ligase 

domain, has been demonstrated to play a direct role in the regulation of ABA signaling by 

targeting ABA-responsive transcription factors for degradation (Stone et al., 2006). KEG 

ubiquitination activity results in the degradation of ABI5, ABF1, ABF3, and CIPK26, all 

known activators of ABA signaling (Liu and Stone, 2010; Liu and Stone, 2013; Chen et 

al., 2013; Lyzenga et al., 2013). 

In addition to its role in regulating plant development and ABA signaling, KEG has 

been implicated in the regulation of endomembrane trafficking and vacuole development. 

KEG localizes to early endosomes (Gu and Innes, 2011). Loss of KEG results in 

fragmented vacuoles and impairs the secretion of apoplastic defense proteins and the 
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transport of plasma membrane-localized proteins to the vacuole (Gu and Innes, 2012). 

This suggests that a major function of KEG may be the regulation of protein trafficking. 

 In addition to regulating KEG, EDR1 has also been implicated in the negative 

regulation of another E3 ubiquitin ligase, ARABIDOPSIS TOXICOS EN LEVADURA1 

(ATL1). Like KEG, ATL1 localizes to endomembrane structures and physically associates 

with EDR1. ATL1 positively regulates cell death and senescence. Overexpression of 

ATL1 induces cell death in Arabidopsis and N. benthamiana. In transgenic Arabidopsis, 

overexpression of ATL1 results in spontaneous cell death and dwarfism. Interestingly, 

EDR1 expression can inhibit ATL1-induced senescence in N. benthamiana, 

demonstrating a role for EDR1 in repressing cell death. Knockdown of ATL1 reduces 

edr1-induced powdery mildew resistance and cell death, suggesting that ATL1 

overactivity contributes to the edr1 resistance phenotype (Serrano et al., 2014). 

Enhanced Disease Resistance 4 (EDR4) was identified in the same genetic screen 

that identified EDR1. As with edr1 plants, edr4 plants display enhanced resistance to 

powdery mildew and enhanced expression of defense genes during infection. As with 

EDR1, loss of EDR4 does not result in constitutive defense gene induction or dwarfism. 

EDR4 is made up of a coiled-coil domain, four low-complexity regions, and a duf3133 

domain, but has no known enzymatic domains. EDR4 primarily localizes to the plasma 

membrane and endosomal compartments. Evidence suggests that EDR4 may regulate 

endomembrane trafficking. EDR4 physically associates with CLATHRIN HEAVY 

CHAIN2, and edr4 mutants display reduced rates of endocytosis. EDR1 and EDR4 

appear to belong to the same genetic pathway, as loss of EDR4 does not enhance edr1 

phenotypes. Intriguingly, the keg-4 mutation also suppresses edr4-mediated enhanced 
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resistance, indicating that KEG, EDR1, and EDR4 operate in the same pathway (Wu et 

al., 2015). 

A major role of the EDR1-interacting proteins KEG and EDR4 may be the 

regulation of EDR1 localization. Transient expression experiments have demonstrated 

that EDR1 localizes primarily to the endoplasmic reticulum (ER) and the nucleus 

(Christiansen et al., 2011). However, evidence suggests that EDR1 localization may be 

more complex. Co-expression with KEG results in EDR1 localizing to early endosomes. 

The keg-4 mutation prevents KEG-mediated re-localization of EDR1 (Gu and Innes, 

2011). Like KEG, EDR4 may regulate EDR1 localization. Both EDR4 and EDR1 localize 

to fungal penetration sites. The localization of EDR1 to these sites is EDR4-dependent 

(Wu et al., 2015). This suggests that a major function of EDR1 may be the regulation of 

defense signaling at penetration sites, and that EDR4 and KEG may be responsible for 

this re-localization. 

EDR1-mediated negative regulation of defense signaling may occur through 

phosphorylation. EDR1 encodes a predicted protein composed of 933 amino acids, of 

which the C-terminal 276 encode a kinase domain (Tang and Innes, 2002). The EDR1 

kinase domain bears similarity to the CTR1 protein kinase, a well-known regulator of 

ethylene signaling, as well as Raf-like mitogen-activated protein kinase kinase kinases 

(MAPKKKs) (Frye et al., 2001; Kieber et al., 1993; Ichimura et al., 2002). EDR1 displays 

both intra- and inter-molecular phosphorylation activity in vitro (Tang and Innes, 2002). 

EDR1-mediated regulation of defense signaling may be kinase-dependent. Transgenic 

plants expressing a kinase inactive EDR1 display a dominant-negative phenotype, having 

edr1-like powdery mildew resistance and ethylene sensitivity (Tang and Innes, 2002). The 
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negative regulation of ATL1 by EDR1 appears to be through phosphorylation. Mimicking 

phosphorylation of S312 of ATL1 inhibits its ubiquitination activity and prevents ATL1-

induced cell death in N. benthamiana (Serrano et al., 2014). Blocking phosphorylation of 

ATL1S312 inhibits EDR1-mediated suppression of ATL1-induced cell death (Serrano et al., 

2014). This indicates that EDR1 may negatively regulate ATL1 by phosphorylation of 

ATL1S312. However, direct phosphorylation of ATL1 by EDR1 has not been shown.  

Despite the evidence that EDR1 may act as a MAPKKK, a true in vivo 

phosphorylation target for EDR1 has not been reliably shown. Although the EDR1 kinase 

domain resembles that of a MAPKKK, the N-terminal non-kinase portion of EDR1 does 

not bear resemblance to other known proteins. In fact, EDR1 may repress 

phosphorylation of the MAP kinases (MAPKs) MPK3 and MPK6. Loss of edr1 enhances 

MPK3 and MPK6 phosphorylation. It has been suggested that EDR1 may negatively 

regulate MAPK signaling by interfering with the interaction between MAP kinase kinases 

and MAPKs (Zhao et al., 2014).  

Despite many years of work, we lack a clear understanding of how EDR1 functions. 

The edr1 mutation results in a wide range of phenotypes, suggesting that EDR1 regulates 

various aspects of plant stress signaling. The identification of additional EDR1 regulatory 

targets may shed light on the mechanisms by which EDR1 exerts control over plant 

defense signaling. This dissertation describes experiments designed to address the 

outstanding questions regarding EDR1 function. A suppressor mutant screen uncovered 

a role for EDR1 in the regulation of EDS1 and PAD4. Additionally, a yeast two-hybrid 

screen identified an EDR1-interacting protein that is required for the regulation of plant 

stress signaling and development.  
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N-terminal Acetylation May Impact Plant Stress Signaling 

 Chapter 3 describes the characterization of NAA50, an N-terminal 

acetyltransferase that interacts with EDR1. Here, I review the current knowledge 

surrounding N-terminal acetylation and its role in regulating protein function in animals, 

yeast, and plants. 

Recent evidence indicates that N-terminal acetylation (NTA), a co-translational 

protein modification, plays an important role in the regulation of plant stress signaling and 

development. It has long been appreciated that post-translational modification (PTM) of 

proteins plays an important role in the regulation of plant stress signaling (Hunter, 2007). 

Although less studied than PTM, co-translational modification of proteins also plays an 

important role in the regulation of protein function.  

 NTA is a widespread protein modification. The majority of eukaryotic proteins, 

including roughly 80% of human proteins, are N-terminally acetylated (Brown and 

Roberts, 1976; Driesen et al., 1985; Polevoda and Sherman, 2003; Arnesen et al., 2009). 

NTA was first detected over 60 years ago (Narita, 1958), and was initially thought to 

primarily protect proteins from degradation (Jornvall, 1975). However, recent work has 

implicated NTA in a variety of regulatory functions (Ree et al., 2018). 

 NTA is mediated by multiple N-terminal acetyltransferase (NAT) complexes. There 

are six NAT complexes in humans, designated NatA-F (Polevoda et al., 2009; Aksnes et 

al., 2016). These complexes contain unique catalytic components, and in some situations, 

auxiliary subunits (Polevoda et al., 2009; Aksnes et al., 2016). For instance, the NatA 

complex includes the Naa10, Naa15, Naa50, and HYPK subunits, with Naa10 acting as 

the catalytic component (Mullen et al., 1989; Park and Szostak, 1992; Gautschi et al., 
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2003; Arnesen et al., 2006; Arnesen et al., 2010). Although it associates with the NatA 

complex, Naa50 serves as the catalytic component of the NatE complex (Arnesen et al., 

2006). The auxiliary subunit Naa15 likely plays a role in substrate binding and the 

tethering of Naa10 and Naa50 to the ribosome (Gautschi et al., 2003). These complexes 

are highly conserved throughout eukaryotes, including Drosophila, yeast, and humans 

(Arnesen et al., 2009; Goetze et al., 2009; Polevoda, 1999; Polevoda and Sherman, 

2003). The high level of conservation of NAT complexes suggests that NTA is an essential 

process in eukaryotes. 

 NAT complexes display specificity toward their target substrates. In particular, the 

two most N-terminal residues determine which NAT complexes modify a given peptide 

(Polevoda et al., 2009). The NatA complex targets peptides that have lost their N-terminal 

methionine residue following cleavage by methionine aminopeptidases (Arnesen et al., 

2009; Polevoda and Sherman, 2003). The other Nat complexes target peptides that have 

retained their N-terminal methionine (Polevoda et al., 2009; Arnesen, 2011). The NatB 

complex acetylates N-termini composed of acidic or hydrophilic residues at the second 

position (Starheim et al., 2008; Van Damme et al., 2012). The NatC, NatE, and NatF 

complexes target proteins with hydrophobic and amphipathic N-termini (Starheim et al., 

2009; Van Damme et al., 2016; Evjenth et al., 2009; Van Damme et al., 2015; Van 

Damme et al., 2011; Aksnes et al., 2015a).  

There is evidence that NAT complexes are involved in the regulation of protein 

folding. Loss of NatA in yeast results in the accumulation of misfolded proteins, an 

increase in chaperone accumulation, and a stress response (Holmes et al., 2014). The 

NatA-associated Huntingtin Yeast Two-Hybrid Protein K (HYPK) has also been implicated 
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in the regulation of protein folding (Raychaudhuri et al., 2008; Arnesen et al., 2010). HYPK 

has chaperone-like activity, and its expression can impede the formation of Huntingtin 

(Htt) aggregates (Raychaudhuri et al., 2008). Knockdown of HYPK as well as Naa10 or 

Naa15 leads to increased aggregation of Htt (Arnesen et al., 2010). NatB-mediated NTA 

plays a role in preventing α-synuclein aggregation, a process associated with Parkinson’s 

disease. NTA of α-synuclein stabilizes the N-terminal α-helix, which inhibits protein 

aggregation (Bartels et al., 2011; Bartels et al., 2014). 

That loss of NAT complex components can result in protein misfolding indicates 

that NTA plays a role in the regulation of protein folding. If NTA is indeed required for 

proper protein folding, loss of NAT complex components may trigger ER stress. ER stress 

can result from the accumulation of misfolded proteins in the secretory pathway and is 

often triggered when increased demands are placed on the translational machinery, such 

as during development or stress responses (Bao and Howell, 2017; Vitale and Boston, 

2008). Cells attempt to alleviate ER stress through the Unfolded Protein Response (UPR), 

which is characterized by an increase in the expression of chaperones, the removal of 

misfolded proteins from the ER, and a reduction in translation (Williams et al., 2014; Liu 

and Howell, 2010). If prolonged ER stress is not properly managed, the UPR transitions 

into a pro-apoptotic phase (Woehlbier and Hetz, 2011; Walter and Ron, 2011).  

The Human Naa60 protein has been shown to play a unique role in the regulation 

of transmembrane proteins (Aksnes et al., 2015a). Naa60 localizes to the Golgi and is 

specifically involved in the NTA of the cytosolic N-termini of transmembrane proteins. The 

loss of Naa60 induces fragmentation of the Golgi, indicating that Naa60-mediated NTA 

may regulate Golgi topology (Aksnes et al., 2015a).  
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NTA, particularly that mediated by NatC, has also been shown to affect protein 

localization. Arl3p is a Golgi-localized GTPase required for the recruitment of other 

GTPases to the Golgi (Setty et al., 2003; Panic et al., 2003). In yeast, NatC N-terminally 

acetylates Arl3p, resulting in its localization to the Golgi via an interaction with the Golgi 

membrane protein Sys1p (Behnia et al., 2004; Setty et al., 2004). In the absence of NatC, 

Arl3p is not properly recruited to the Golgi and is unable to recruit Arl1p (Behnia et al., 

2004; Setty et al., 2004). Another yeast protein, Trm1-II, requires NatC for proper 

localization. Loss of NatC, but not NatA or NatB, results in the mislocalization of Trm1-II 

to the nucleoplasm rather than the inner nuclear membrane (Murthi and Hopper, 2005). 

Although NatC-mediated NTA is important for the localization of Arl3p and Trm1-II, it does 

not always have this effect. Loss of NatC was found to have no effect on the localization 

of 13 yeast NatC substrates (Aksnes et al., 2013). This demonstrates that NTA, even that 

mediated by the same complex, affects proteins uniquely. 

 NTA can also target proteins for degradation through the Ac/N-end rule pathway 

(Lee et al., 2016). NTA was first shown to act as a degradation signal in yeast, where the 

E3 ubiquitin ligase Doa10 was found to target N-terminally acetylated proteins for 

degradation (Hwang et al., 2010). NTA also acts as a degradation signal on the yeast 

Cog1 protein. NTA of Cog1 is recognized by the E3 ubiquitin ligase Not4, which 

subsequently targets Cog1 for degradation. Although NTA of Cog1 acts as a degradation 

signal, N-terminally acetylated Cog1 can be protected from degradation by association 

with other COG complex components. In this way, the Ac/N-end rule may act to ensure 

that COG subunits accumulate at the proper stoichiometry (Shemorry et al., 2013). The 

Ac/N-end rule has been demonstrated to function in mammals as well. NTA of the human 
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Rgs2 protein is recognized by the Teb4 E3 ligase, the mammalian orthologue of Doa10 

(Park et al., 2015). Rgs2 is an important regulator of blood pressure (Heximer et al., 2003) 

and mutations that alter N-terminal Rgs2 residues decrease protein accumulation and are 

associated with hypertension (Bodenstein et al., 2007; Yang et al., 2005). Interestingly, 

such Rgs2 mutants were found to be targets of Teb4, however, the short-lived ML-RGS2 

variant is also targeted by the Arg/N-end rule pathway (Park et al., 2015).  Taken together, 

the regulation of Rgs2 by the Ac/N-end rule pathway implicates NTA as an important 

regulator of human hypertension (Aksnes et al., 2015b). Contrary to the view that NTA 

stabilizes proteins, this work highlights that NTA can act as a degradation signal. 

Recent evidence suggests that NTA may play a vital role in regulating plant 

development and stress responses. Studies of the Arabidopsis NatA and NatB complexes 

have demonstrated that NTA is required for plant development and the regulation of 

stress signaling. Arabidopsis NAA10 and NAA15 are essential for embryonic 

development (Feng et al., 2016). Additionally, knockdown of either NAA10 or NAA15 

results in morphological defects and drought resistance (Linster et al., 2015). 

Interestingly, NAA10 and NAA15 accumulation was found to be negatively impacted by 

ABA treatment (Linster et al., 2015).  

Arabidopsis NatA and NatB have been implicated in the regulation of the SNC1 

receptor. Differential NTA mediated by either complex regulates SNC1 stability, thereby 

influencing plant defense signaling (Xu et al., 2015). In Arabidopsis, loss of NAA30, the 

catalytic component of NatC, results in dwarfism and reduced photosystem II efficiency 

(Pesaresi et al., 2003). Thus, NTA appears to play a vital role in plant development, as 

well as biotic and abiotic stress signaling. However, the characterization of plant NAT 
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complexes is incomplete, and it is unknown whether other NAT complexes serve 

important functions in plants. 

 

Summary and Significance of Research 

 Although much is known about the signaling pathways involved in plant stress 

signaling, we still lack a clear understanding of how various aspects of defense signaling 

are regulated. EDS1 and PAD4 play a critical role in the promotion of SA signaling during 

biotic stress, yet little is known about how EDS1 and PAD4 are regulated. Recent 

evidence indicates that NTA may play an important role in regulating plant stress 

signaling, however, some plant NAT complexes have yet to be characterized. Although 

EDR1 has been well-established as a negative regulator of defense signaling, there is a 

lack of evidence for the direct involvement of EDR1 in regulating defense signaling. My 

work has aimed to address the questions surrounding the involvement of EDR1 in plant 

stress signaling, uncovering a role for EDR1 in the direct regulation of EDS1 and PAD4 

as well as the previously uncharacterized N-terminal acetyltransferase NAA50. 

 In Chapter 2, I describe a genetic screen for second site mutations that either 

enhanced or suppressed edr1 mutant phenotypes.  This screen led to the discovery of a 

mutation in PAD4 that enhances some, but not all, edr1 phenotypes. The identification of 

this mutation, which results in a change of amino acid Ser135 to Phe135 (pad4S135F) 

(pad4-13), prompted us to investigate the role of EDR1 in the regulation of EDS1 and 

PAD4. The pad4-13 mutation was found to enhance plant resistance and cell death during 

powdery mildew infection. Investigation of PAD4S135F showed that the S135F amino acid 

substitution does not significantly impact PAD4 accumulation, localization, or interaction 
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with EDS1, suggesting that it may enhance PAD4 activity through a yet-unknown 

mechanism. pad4-13 was found to enhance cell death in edr1 plants during powdery 

mildew infection, but did not enhance edr1-mediated resistance to powdery mildew, 

indicating that EDR1 and PAD4 may regulate similar processes. EDR1 was found to 

physically interact with both EDS1 and PAD4, demonstrating that EDR1 may directly 

regulate these proteins. Interestingly, EDR1 was shown to inhibit the formation of the 

EDS1/PAD4 complex. Analysis of previously generated transcriptome data established 

that EDR1 negatively regulates a significant proportion of EDS1/PAD4-promoted 

transcripts. This work establishes that EDR1 negatively regulates PAD4 and EDS1 

directly by preventing their interaction. 

 In Chapter 3, I describe my work on a previously uncharacterized EDR1-interacting 

protein, the N-terminal acetyltransferase NAA50, that was first identified in a yeast two-

hybrid screen. This work uncovered a potential link between EDR1, NTA, and the 

regulation of plant development and stress responses. Genetic analysis of mutants 

lacking NAA50 demonstrated an essential role for NAA50 in plant growth and 

development. Loss of NAA50 results in dwarfism and altered stem and root growth. 

Furthermore, loss of NAA50 was found to trigger cell death and senescence, indicating 

that, like EDR1, NAA50 may negatively regulate cell death signaling. Indeed, 

transcriptome analysis demonstrated that loss of NAA50 triggers a significant reduction 

in growth signaling, and an increase in defense signaling. NAA50 enzymatic activity was 

found to be essential for root development and fertility. Interestingly, loss of NAA50 results 

in a constitutive ER stress phenotype, suggesting that NAA50-mediated NTA may be 

required to prevent ER stress. This work establishes NAA50 as an important regulator of 
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plant development and stress responses. Furthermore, this work reveals a potential role 

for EDR1 in the regulation of NTA and the suppression of ER stress.  
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Chapter 2: Arabidopsis ENHANCED DISEASE RESISTANCE1 Protein Kinase 

Regulates the Association of ENHANCED DISEASE SUSCEPTIBILITY1 and 

PHYTOALEXIN DEFICIENT4 to Inhibit Cell Death 

(Matthew P. Neubauer, Irene Serrano, Natalie Rodibaugh, Deepak D. Bhandari, 

Jaqueline Bautor, Jane E. Parker, and Roger W. Innes, Molecular Plant-Microbe 

Interactions) 

 

Introduction 

 Loss-of-function mutations in the ENHANCED DISEASE RESISTANCE1 (EDR1) 

gene of Arabidopsis confer enhanced resistance to the powdery mildew pathogen 

Golovinomyces cichoracearum (Frye and Innes, 1998). This enhanced resistance is 

correlated with enhanced cell death at the site of infection. The edr1-1 mutation causes 

a premature stop codon in the EDR1 gene, which encodes a protein kinase with homology 

to mitogen–activated protein kinase kinase kinases (MAPKKKs) belonging to the Raf 

family (Frye et al., 2001). The edr1 mutant does not display constitutive expression of 

defense genes in the absence of a pathogen, indicating that the enhanced resistance is 

not caused by constitutive activation of systemic acquired resistance (Frye and Innes, 

1998); however, edr1-mediated disease resistance is suppressed by mutations that block 

or reduce salicylic acid (SA) production or signaling (Frye and Innes, 1998; Frye et al., 

2001; Christiansen et al., 2011; Hiruma et al., 2011; Hiruma and Takano, 2014; Tang et 

al., 2005), suggesting that edr1-mediated enhanced resistance against G. cichoracearum 

requires an intact SA signaling pathway.  
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 In addition to enhancing resistance to powdery mildew, loss-of-function mutations 

in EDR1 enhance drought-induced growth inhibition, ethylene induced senescence and 

sensitivity to abscisic acid (ABA) (Tang et al., 2005; Wawrzynska et al., 2008). The 

enhanced drought-induced growth inhibition and enhanced ABA sensitivity phenotypes, 

but not ethylene-induced senescence, are suppressed by mutations in the ENHANCED 

DISEASE SUSCEPTIBILITY 1 (EDS1) and PHYTOALEXIN DEFICIENT 4 (PAD4) genes, 

which encode sequence-related nucleocytoplasmic lipase-like proteins (Tang et al., 

2005).  The inability of these mutations to suppress the ethylene-induced senescence 

phenotype of edr1 mutants suggests that EDR1may regulate multiple pathways.  

The pad4 mutant was originally isolated in an Arabidopsis screen for enhanced 

disease susceptibility to Pseudomonas syringae pv. maculicola (Glazebrook et al., 1996).  

PAD4 physically interacts with EDS1 as a heterodimer (Feys et al., 2001; Jirage et al., 

1999; Rietz et al., 2011; Wagner et al., 2013), forming a nucleo-cytoplasmic complex that 

promotes accumulation of the plant defense signaling molecule SA (Cui et al., 2017; Feys 

et al., 2001; Feys et al., 2005). EDS1 and PAD4 also contribute to defense responses 

activated by intracellular nucleotide-binding, leucine rich repeat (NLR) receptors that have 

an N-terminal Toll-interleukin 1 receptor (TIR) domain (Aarts et al., 1998; Bhandari et al., 

2019; Cui et al., 2018; Feys et al., 2001; Glazebrook et al., 1996). NLR-mediated immune 

responses are often associated with localized host-cell death as part of the hypersensitive 

response (HR) (Maekawa et al., 2011). Arabidopsis pad4 mutants display a delayed HR 

against the oomycete pathogen Hyaloperospora arabidopsidis that is insufficient for 

preventing pathogen spread (Feys et al., 2001). This partially retained HR can be 

attributed to partial genetic redundancy between PAD4 and the nuclear SENESCENCE-
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ASSOCIATED GENE 101 (SAG101), another component of the EDS1 regulatory hub 

(Feys et al., 2005; Lipka et al., 2005). It was recently established that EDS1-SAG101 

heterodimers promote HR cell death in TIR-NLR receptor immunity, whereas formation 

of EDS1-PAD4 heterodimers is necessary for transcriptionally mobilizing SA and other 

defense pathways (Bhandari et al., 2019; Feys et al., 2005; Gantner et al., 2019; Lapin et 

al., 2019; Rietz et al., 2011). Complementary studies have shown that EDS1 and PAD4 

transduce photo-oxidative stress signals leading to cell death and the slowing of plant 

growth, and that they are involved in plant fitness regulation (Chandra-Shekara et al., 

2007; Venugopal et al., 2009; Wituszynska et al., 2013; Xiao et al., 2001). 

 So far, all described mutations in EDS1 and PAD4 have caused a loss of function 

(Feys et al., 2001; Hu et al., 2005; Jirage et al., 1999;  Rietz et al., 2011; Wagner et al., 

2011). Here we describe a gain-of-function mutation in the PAD4 gene that enhances a 

subset of edr1 mutant phenotypes, including edr1-dependent cell death after powdery 

mildew infection, and edr1 accelerated ethylene- and age-induced senescence. This 

mutation causes a serine to phenylalanine substitution at position 135 of PAD4.  

Furthermore, the PAD4S135F substitution alone confers enhanced disease resistance and 

enhanced cell death after infection with the powdery mildew fungus G. cichoracearum.  

The molecular basis for these phenotypes remains unclear, however, the S135F 

substitution did not affect PAD4 protein accumulation, localization, or its ability to 

associate with EDS1. The discovery that PAD4S135F enhances a subset of edr1 

phenotypes supports previous findings that the edr1 phenotype is at least partially due to 

changes in SA signaling (Tang et al., 2005). Analysis of edr1 and pad4/eds1 

transcriptome data revealed that a significant proportion of the PAD4/EDS1 gene network 
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is upregulated in edr1 plants during the defense response. To follow up on these results, 

we investigated whether EDR1 plays a direct role in regulating PAD4. Significantly, we 

found that EDR1 interacts with both PAD4 and EDS1, and that EDR1 can inhibit the 

interaction between EDS1 and PAD4.   

 

Results 

Identification of a Mutation in PAD4 That Enhances edr1 Mutant Phenotypes 

 The edr1 mutant displays enhanced sensitivity to flg22, a 22 amino-acid peptide 

derived from bacterial flagellin that is known to induce defense responses (Geissler et al., 

2015). This sensitivity can be assayed in very young seedlings grown in liquid culture. 

We took advantage of this phenotype to screen for second site mutations that can 

suppress this enhanced flg22 sensitivity, restoring edr1 mutants to a wild-type phenotype. 

Candidate suppressor mutants obtained in this screen were assessed for the presence 

of mutations in genes previously shown to be required for edr1 mutant phenotypes (Tang 

et al., 2005; Wawrzynska et al., 2008), so that we could focus our efforts on new genes. 

To our surprise, all suppressor candidates analyzed (13 in total) carried an identical 

missense mutation in the PAD4 gene, causing a change of amino acid Ser135 to Phe135 

(PAD4S135F). Because these 13 mutants were derived from multiple different 

ethylmethane sulphonate-mutagenized parents, it seemed likely that the parent 

population (prior to mutagenesis) carried this mutation, and that the mutation was not 

responsible for the suppressor phenotype. We therefore sequenced the PAD4 gene in 

the edr1-1 parental line used for suppressor mutagenesis. This analysis confirmed that 

the edr1-1 parental line used for the suppressor mutagenesis carried the same mutation, 
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and that this mutation had arisen at some point during the backcrossing process of the 

original edr1-1 mutant, which lacks this mutation (see Methods). We have designated this 

new pad4 mutation as pad4-13 as it represents the 13th mutant allele of pad4 to be 

described. To separate the pad4-13 mutation from the edr1-1 mutation, the double mutant 

line was backcrossed to wild-type Col-0 and F2 plants identified that were homozygous 

mutant at one locus and homozygous wild-type at the other.  Each separate mutant was 

then back-crossed to wild-type Col-0 three times to eliminate any other unlinked or loosely 

linked mutations. 

  

The pad4-13 Mutation Confers Enhanced Disease Resistance and Contributes to 

edr1-Dependent Enhanced Cell Death 

Because we had previously shown that loss-of-function mutations in PAD4 

suppressed edr1-1 mutant phenotypes (Tang et al., 2005), the discovery that a missense 

mutation in PAD4 was present in the edr1-1 mutant  suggested that the pad4-13 mutation 

might be contributing to edr1 mutant phenotypes. To test this hypothesis, we infected 

wild-type Col-0, edr1-1 (lacking pad4-13), edr1-3 (contains a T-DNA insertion in EDR1), 

pad4-13, and edr1-1 pad4-13 plants with G. cichoracearum and quantified fungal growth 

by counting conidiospores at 8 dpi. As expected, edr1-1 pad4-13 plants had a reduced 

spore count compared to wild-type Col-0 (Figure 2-1A). This enhanced disease 

resistance was not influenced by the presence of the pad4-13 mutation, as the edr1-1 

and edr1-3 mutants had comparable spore counts (Figure 2-1A). Interestingly, the pad4-

13 mutant also had a reduced spore count, similar to that of the edr1 mutants (Figure 2-

1A). These results indicate that the pad4-13 mutation alone confers an enhanced disease 
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resistance similar to edr1 mutations, and that the mutations are not additive in their 

effects.  

Figure 2-1. The pad4-13 mutation confers enhanced disease resistance and contributes to edr1-associated 
cell death. A, Quantitative analysis of powdery mildew conidia (asexual spores) on Col-0, edr1-1, pad4-13, 
edr1-1pad4-13 and edr1-3 lines. Plants were inoculated with powdery mildew and conidia production was 
determined 8 dpi. Bars indicate the mean of three samples, each with three technical replicates. Error bars 
indicate SD. Results are representative of 3 independent experiments. B, Trypan blue staining of powdery 
mildew-infected Col-0, edr1-1, pad4-13, edr1-1pad4-13 and edr1-3 lines. The indicated lines were 
assessed for leaf mesophyll cell death 8 dpi and cell death was quantified using ImageJ. For quantification, 
six pictures from five independent experiments were randomly chosen (n=30). Results are provided as 
means with 10th and 90th percentiles (box) and range (whiskers). Statistical outliers are shown as a circle. 
Lower case letters indicate values that are significantly different (P<0.01; one-way ANOVA test using the 
Bonferroni method). C, Four-week old plants were infected with G. cichoracearum and phenotypes were 
scored 8 days post-infection. Trypan blue staining of infected leaves to reveal fungal hyphae and patches 
of dead mesophyll cells (arrows). Bars=50 μm. Pictures are representative of 3 independent experiments. 
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Loss-of-function mutations in PAD4 have been shown to enhance disease 

susceptibility (Feys et al., 2001; Frye et al., 2001; Glazebrook et al., 1997; Zhou et al., 

1998). Indeed, upon G. cichoracearum infection, pad4-1 plants accumulate more fungal 

spores than wild-type (Figure 2-2). These data indicate that the pad4-13 mutation causes 

a gain-of-function that enhances resistance to G. cichoracearum. 

 In addition to enhancing resistance to G. cichoracearum, the edr1 mutation causes 

an increase in mesophyll cell death following infection by this fungus (Frye and Innes, 

1998). To assess whether the pad4-13 mutation contributes to this cell death phenotype, 

we used trypan blue staining to score cell death at 5 dpi.  The edr1-1 pad4-13 mutant 

displayed large patches of mesophyll cell death (Figure 2-1B). In comparison, the edr1-1 

and edr1-3 mutants displayed fewer patches of dead cells, and these patches were 

smaller. Significantly, the pad4-13 mutant also displayed patches of dead mesophyll cells, 

similar in appearance to the edr1 mutants. No mesophyll cell death was detected in wild-

type Col-0 plants. To further characterize the cell death response, the patches of dead 

mesophyll cells positive for trypan blue staining were quantified. The edr1-dependent cell 

death was enhanced by the presence of the pad4-13 mutation, indicating that the two 

mutations are additive in their effect on powdery mildew-induced cell death (Figure 2-1C). 

Notably, pad4-13 plants displayed a significantly higher level of cell death than edr1 

plants. 
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Figure 2-2. The pad4-13 mutation does not result in a loss of function. Photographs of powdery mildew-
infected plants 8 dpi. pad4-1 plants display enhanced susceptibility and an increased level of powdery 
mildew growth, while pad4-13 plants do not. 
 

 

EDR1 Physically Interacts with EDS1 and PAD4 

The conclusion that pad4-13 can enhance some but not all edr1 phenotypes 

prompted us to investigate whether EDR1 and PAD4 are part of a common regulatory 

complex. In support of this hypothesis, both proteins were previously shown to localize 

partially to the nucleus (Feys et al., 2005; Christiansen et al., 2011). To test whether EDR1 
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interacts with PAD4, we performed yeast two-hybrid analyses. Counter to expectations, 

we could not detect an interaction between wild-type EDR1 and PAD4 (Figure 2-3A). As 

described above, however,  PAD4 is known to interact with EDS1, and this interaction is 

required for both basal disease resistance and TIR-NLR-mediated resistance (Feys et al., 

2005; Feys et al., 2001; Rietz et al., 2011; Wagner et al., 2013), suggesting that the 

genetic interaction between EDR1 and PAD4 could be mediated by EDS1. We thus tested 

whether EDR1 interacts with EDS1, and observed a positive yeast two-hybrid interaction 

(Figure 2-3A). One possible reason we could not detect the interaction between PAD4 

and EDR1 is that PAD4 could be a substrate of EDR1, and this interaction may be very 

transient. We therefore tested whether a substrate-trap mutant form of EDR1, EDR1ST 

(Gu and Innes, 2011), interacts with PAD4. EDR1ST results from an aspartic acid to 

alanine substitution in the catalytic site of EDR1 (amino acid 810), which inhibits 

phosphotransfer and thus stabilizes interactions with substrates. Indeed, EDR1ST was 

found to interact with both EDS1 and PAD4. However, the enhanced interaction of 

EDR1ST with PAD4 is possibly explained by enhanced stability of the mutant protein 

compared to wild-type EDR1 (Figure 2-3A).  
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Figure 2-3. EDR1 physically interacts with EDS1 and PAD4. A, Yeast two-hybrid analysis of EDR1 
interactions with EDS1 and PAD4. AD, GAL4 activation domain fusion; BD, GAL4 DNA binding domain 
fusion; T, SV40 large T antigen; LAM, lamin.  Protein expression was verified through immunoblotting. AD-
tagged proteins also contain an HA tag, which was used for detection. B, EDR1 co-immunoprecipitates 
with PAD4. C, EDR1 co-immunoprecipitates with EDS1. For both panels B and C, the indicated constructs 
were transiently expressed in N. benthamiana and then immunoprecipitated using GFP-Trap beads. These 
experiments were all repeated three times with similar results. 
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 We then sought to determine whether the interactions observed in yeast also occur 

in planta. Co-immunoprecipitation (Co-IP) assays in N. benthamiana were performed. 

EDS1-3xHA and PAD4-mCherry were independently co-expressed with either EDR1-

sYFP or 5xMYC-sYFP as a negative control. 5xMYC-sYFP was used as a negative 

control because it displays a nucleocytoplasmic distribution similar to PAD4 and EDR1, 

but would not be expected to interact with PAD4. Both PAD4 and EDS1 were found to 

Co-IP with EDR1, but not when co-expressed with 5xMYC-sYFP (Figure 2-3B, 2-3C). 

These assays indicate that both PAD4 and EDS1 can form complexes with EDR1 in 

planta. Although PAD4 did not interact with wild-type EDR1 in yeast two-hybrid, we did 

observe a PAD4-EDR1 interaction in Co-IP experiments. Based on these observations, 

we propose that EDR1 directly interacts with both EDS1 and PAD4. 

 

EDR1 Inhibits the Interaction Between EDS1 and PAD4 

 The interaction between EDR1 and both PAD4 and EDS1 raised the question of 

whether EDR1 regulates PAD4-EDS1 heterodimer association. Formation of the EDS1-

PAD4 heterodimer brings together α-helical coil surfaces in the partner C-terminal 

domains that are essential for basal and TIR-NLR immunity signaling (Bhandari et al., 

2019; Lapin et al., 2019).  To test whether EDR1 can affect this interaction, we performed 

a yeast three-hybrid analysis in which the kinase domain of EDR1 (EDR1-KD) was 

expressed as a third protein in the yeast cell under control of the methionine-regulated 

promoter Met25 (repressed in the presence of 1 mM methionine and induced in its 

absence). However, we still observed accumulation of EDR1-KD in the absence of 

methionine, perhaps due to leakiness of the promoter (Figure 2-4B). EDR1-KD 
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expression inhibited the interaction between EDS1 and PAD4 (Figure 2-4A). To test 

whether this effect of EDR1 was dependent on EDR1 kinase activity, we also performed 

the assay using EDR1-KDST, which is kinase-inactive. EDR1-KDST also blocked the 

EDS1-PAD4 interaction (Figure 2-4A). Expression of EDR1-KD and EDR1-KDST had no 

noticeable effect on the interaction between the bacterial effector AvrB and the soybean 

R protein RIN4b, indicating that the effect on the EDS1-PAD4 interaction was specific. 

Immunoblotting demonstrated that EDR1-KD and EDR1-KDST accumulated in yeast to 

similar levels, and that EDR1 expression did not interfere with the accumulation of EDS1 

or PAD4 (Figure 2-4B). That EDR1 kinase activity was dispensable for blocking the 

EDS1-PAD4 interaction suggests that EDR1 may be interfering with EDS1-PAD4 

association by competing for a common EDS1 binding site, rather than by 

phosphorylation of either protein. 
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Figure 2-4. EDR1 interferes with EDS1:PAD4 association. A, The EDR1 kinase domain (KD) inhibits 
EDS1:PAD4 interaction in a yeast three-hybrid assay. The indicated constructs were transformed into yeast 
strains AH109 (activation domain constructs) and Y187 (DNA binding domain and methionine promoter 
constructs in pBridge vector) and then mated. Diploids were selected on minus Leu Trp plates, then replated 
on the indicated media. Growth on minus His plates indicates physical interaction between EDS1 and 
PAD4. Media lacking methionine induces the MET promoter. AvrB and RIN4b are positive controls for 
interaction. B, Immunoblot analysis confirms protein expression in yeast strains utilized in yeast three-
hybrid assay. C, Loss of EDR1 results in the upregulation of the EDS1-PAD4 network during a defense 
response. The edr1 only dataset is enriched for a more diverse set of biological GO terms than the EDS1-
PAD4 network.  
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edr1 Plants Display Enhanced EDS1/PAD4 Signaling During Defense Response 

Recently, a network of 155 core genes was demonstrated to be upregulated during 

the overexpression of EDS1 with PAD4 (Cui at al., 2017). Previous work has 

demonstrated that loss of function mutations in either EDS1 or PAD4 inhibit a subset of 

edr1 phenotypes (Tang et al., 2005). The discovery that EDR1 can interact with EDS1 

and PAD4, as well as disrupt the formation of the EDS1/PAD4 complex, prompted us to 

investigate whether EDR1 negatively regulates the EDS1-PAD4 signaling network. We 

have previously demonstrated that the loss of EDR1 results in the upregulation of many 

defense-related genes during powdery mildew infection (Christiansen et al., 2011). We 

found that the majority of the 155 genes that were upregulated during EDS1-PAD4 

overexpression are significantly upregulated in edr1 plants relative to wild type after 

powdery mildew infection (Figure 2-4C). 103 of the 155 EDS1-PAD4 upregulated 

transcripts were upregulated in edr1 plants during infection. This demonstrates that EDR1 

has a negative impact on the induction of many EDS1-PAD4 upregulated genes during 

the defense response. 

Gene Ontology (GO) term enrichment analysis revealed that the genes belonging 

to both the EDS1-PAD4 upregulated and edr1 upregulated networks are enriched for 

processes such as SA response, response to chitin, and protein phosphorylation (Figure 

2-4C). Interestingly, those genes that were found to be upregulated in edr1 plants, but not 

belonging to the EDS1-PAD4 network, were enriched for a more diverse set of processes, 

including response to JA, ethylene, oxidative stress, hypoxia, and wounding. This 

correlates with the previous discovery that edr1 phenotypes are only partially supressed 

by mutations in EDS1 or PAD4 (Tang et al., 2005), as well as the observation that pad4-
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13 enhances a subset of edr1 phenotypes (Figure 2-1).  These data demonstrate that 

EDR1 negatively regulates a broad set of defense responses, which includes but is not 

limited to, the EDS1-PAD4 network. 

 

The S135F Substitution in PAD4 Does Not Affect Protein Accumulation, 

Localization, or Interaction with EDS1 

To determine the effect of the S135F substitution on PAD4 function, we 

investigated possible changes that could result in PAD4 over-activity. We hypothesized 

that an increase in the stability of the PAD4 protein caused by the S135F substitution 

might result in enhanced SA signaling and cell death. However, we were unable to detect 

an increase in the accumulation of PAD4S135F relative to PAD4 in Arabidopsis plants 

undergoing a defense response elicited by the RPS4 TIR-NLR protein (unelicited plants 

have nearly undetectable levels of PAD4; Figure 2-5A).  
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Figure 2-5. The S135F substitution in PAD4 does not affect its stability, interaction with EDS1, or subcellular 
localization pattern.  A, PAD4 protein accumulates to similar levels in wild-type Col-0, pad4-13, edr1 and 
double mutant Arabidopsis. Total protein was extracted from Arabidopsis rosette leaves that were either 
untreated or sprayed with Pseudomonas syringae DC3000(avrRps4), which induces PAD4 accumulation.  
B, PAD4S135F interacts with EDS1 in a yeast two-hybrid assay. The indicated constructs were transformed 
into yeast strain AH109 (activation domain constructs, AD) and yeast strain Y187 (DNA binding domain 
constructs, BD) and the strains mated, with diploids plated on the indicated media. C, The S135F mutation 
does not enhance the ability of PAD4MLF to interact with EDS1 in a yeast two-hybrid assay. The indicated 
constructs were transformed into yeast strain AH109 (activation domain constructs, AD) and yeast strain 
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Y187 (DNA binding domain constructs, BD) and the strains mated, with diploids plated on the indicated 
media. D, The S135F mutation does not increase the interaction between PAD4 and EDS1LLIF. Constructs 
were expressed in N. benthamiana and protein immunoprecipitated using anti-RFP beads. E, PAD4S135F 
displays a nucleocytoplasmic localization pattern indistinguishable from wild-type PAD4.  The indicated 
constructs were transiently expressed in N. benthamiana and imaged using confocal microscopy. Scale 
bar = 50 µM. F, PAD4-mCherry and PAD4S135F-mCherry accumulate at similar levels without free mCherry 
tag. Tissue from E was subjected to immunoblotting using an anti-mCherry antibody. G, PAD4S135D and 
PAD4S135F both can complement a pad4-1 loss of function mutation. Four-week-old homozygous T3 
Arabidopsis plants were infected with powdery mildew. Spore counts were taken immediately following 
infection and 8 dpi. Bars indicate the means ±SD of three biological replicates per genotype. Asterisk 
denotes a significant difference from wild-type Col-0 at 8 dpi using one-way ANOVA analysis (P < 0.0001). 
No other values differed significantly from wild-type Col-0 at 8 dpi, and there were no significant differences 
between any of the genotypes at 0 dpi.  

 

Another possible explanation for the over-activity of PAD4S135F is that it might have 

enhanced interaction with its partner, EDS1. The EDS1-PAD4 interaction is mediated 

principally by conserved residues in the partner N-terminal domains, respectively 

EDS1LLIF and PAD4MLF that form a hydrophobic groove (Wagner et al., 2013). In an 

Arabidopsis EDS1-PAD4 structural model based on the EDS1-SAG101 heterodimer 

crystal structure (Wagner et al., 2013), PAD4S135 is located in a loop close to, but facing 

away from the PAD4MLF heterodimer contact site (Figure 2-6). We therefore assessed 

whether the S135F substitution in PAD4 affected its interaction with EDS1 in a yeast two-

hybrid assay. We observed no obvious effect on the interaction (Figure 2-5B). In addition, 

we introduced the S135F mutation into the PAD4MLF triple mutant, generating PAD4MLFS. 

We found that the S135F mutation did not significantly enhance the weakened interaction 

between PAD4MLF and EDS1 in yeast two-hybrid assays (Figure 2-5C). Similarly, we 

observed no change in the ability of PAD4S135F to co-immunoprecipitate with EDS1 or with 

EDS1LLIF compared to WT PAD4 (Figure 2-5D). These data indicate that the S135F 

mutation does not affect the ability of PAD4 to interact with EDS1. 

Finally, we investigated whether the S135F mutation alters the localization of PAD4 

in plant cells. Transient expression of PAD4-mCherry and PAD4S135F-mCherry showed 
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that both proteins displayed a nucleocytoplasmic localization (Figure 2-5E). To verify that 

the observed localization was not the result of protein degradation, we performed 

immunoblotting, which also demonstrated a similar level of accumulation of the PAD4 and 

PAD4S135F proteins (Figure 2-5F). We thus conclude that the S135F mutation does not 

alter PAD4 stability, localization, or its ability to interact with EDS1, but somehow still 

affects PAD4 function and signaling. 

 

 

Figure 2-6. The S135F mutation in PAD4 is positioned away from the PAD4-EDS1 interaction surface. A, 
Cartoon representation of EDS1 (blue) and PAD4 (green) based on the EDS1-SAG101 structure (Wagner 
et al., 2013). B, Close-up of EDS1LLIF-PAD4MLF hydrophobic groove mediating N-terminal binding in the 
heterodimer. Key N-terminal domain residues that drive heterodimerization between EDS1 and PAD4 are 
shown as magenta and orange sticks, respectively. PAD4S135 (S135, red stick) is not in direct contact with 
the above residues and faces away from the binding groove. The S135F mutation is therefore unlikely to 
interfere with EDS1-PAD4 heterodimer formation. Substitution of the PAD4 polar serine (S) residue with a 
bulky phenylalanine (F) at this position might, however, cause structural reorganization that could affect 
EDS1-PAD4 signaling. 
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Phosphorylation of PAD4S135 is Unlikely to Negatively Regulate PAD4 Activity 

Our data indicate that EDR1 functions as a negative regulator of EDS1/PAD4 

signaling. As EDR1 has been demonstrated to have kinase activity (Tang and Innes, 

2002), we hypothesized that EDR1-mediated regulation of EDS1/PAD4 is by direct 

phosphorylation. Therefore, we carried out IP-MS experiments in N. benthamiana using 

transient expression of Arabidopsis PAD4, EDS1, EDR1, and EDR1ST proteins. However, 

we were consistently unable to detect any phosphorylation of PAD4 or EDS1 in either the 

presence or absence of active EDR1. This result was repeated in three independent 

experiments. Importantly, the unphosphorylated S135-containing peptide was identified 

in all replicates, even though S135 is surface exposed in the structural model (Figure 2-

6), making it potentially amenable for phosphorylation. 

Although we could not detect EDR1-mediated phosphorylation of EDS1 or PAD4 

in N. benthamiana, it remains a possibility that under specific conditions, EDR1 or some 

other kinase may regulate PAD4 via phosphorylation. Thus, we investigated whether the 

gain of function phenotype of S135F may be caused by the loss of an important 

phosphorylated serine residue. To test whether S135 is an important site of 

phosphorylation, we generated transgenic pad4-1 PAD4S135D-MYC phosphomimic 

Arabidopsis. If PAD4 is indeed negatively regulated by phosphorylation at S135, then the 

PAD4S135D-MYC transgene should be unable to complement the pad4-1 allele. However, 

we found that pad4-1 plants were fully complemented by PAD4S135D-MYC, PAD4-MYC, 

and PAD4S135F-MYC expression in resistance to powdery mildew infection (Figure 2-5G). 

For this experiment, homozygous T3 plants were utilized. We observed a higher level of 

wild-type PAD4-MYC accumulation than that of PAD4S135D-MYC and PAD4S135F-MYC 
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(Figure 2-7). Despite accumulating to lower levels than WT PAD4, the PAD4S135D and 

PAD4S135F transgenes were equally able to complement the pad4-1 mutant phenotype 

(enhanced susceptibility). This result demonstrates that the gain of function phenotype of 

S135F is unlikely to be the result of blocking phosphorylation.  

 

 

 

 

Figure 2-7. Accumulation of 5xMYC-tagged PAD4 protein from transgenic pad4-1 plants was detected 
through immunoblotting. Total protein was extracted from 2-week-old homozygous T3 seedlings. 
Accumulation of PAD4-5xMYC was greater than that of PAD4S135D and PAD4S135F. 
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Discussion 

Arabidopsis EDR1 acts as a negative regulator of cell death during both biotic and 

abiotic stress responses. Loss-of-function mutations in the EDR1 gene confer enhanced 

disease resistance to powdery mildew infection and more rapid senescence than wild-

type plants when exposed to ethylene (Frye and Innes, 1998; Frye et al., 2001; Tang et 

al., 2005). In this work, we report that a missense mutation in the PAD4 gene (pad4-13) 

that causes an S135F substitution enhances edr1-dependent cell death after pathogen 

attack. Moreover, the pad4-13 mutation alone confers enhanced disease resistance to 

the powdery mildew G. cichoracearum and accelerated cell death. 

 PAD4 is required for the accumulation of the signaling molecule SA (Jirage et al., 

1999; Feys et al., 2005), and thus loss-of-function mutations in the PAD4 gene severely 

compromise defense against biotrophic pathogens, including powdery mildew 

(Glazebrook et al., 1996; Gao et al., 2014). The pad4-13 mutation, in contrast, enhances 

resistance to G. cichoracearum, indicating that this mutation causes a gain-of-function. 

Moreover, this enhanced disease resistance is accompanied by enhanced cell death 

(Figure 2-1B), similar to that observed in the edr1 mutant (Frye and Innes, 1998). While 

the enhanced disease resistance is not additive in the edr1-1 pad4-13 double mutant, the 

cell death is more extensive in the double mutant than in either of the single mutants, 

suggesting that PAD4 and EDR1 independently regulate the cell death pathway. 

The enhanced disease resistance phenotype in both edr1 and pad4-13 without 

additive effects in the double mutant can be explained by both mutations causing a similar 

effect on SA signaling. Alternatively, PAD4S135F might be augmenting edr1 cell death in 

parallel to SA, since PAD4 with EDS1 promotes both SA-dependent and SA-independent 
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pathways in basal and TIR-NLR-mediated resistance (Cui et al., 2018; Bhandari et al., 

2019). We have shown that pad4-13 does not alter PAD4 accumulation, localization, or 

interaction with EDS1 (Figure 2-5), yet it remains unclear what effect this mutation has on 

PAD4. While PAD4S135 is located close to the chief N-terminal PAD4MLF interface with 

EDS1LLIF, it is facing away from the interaction groove (Figure 2-6), consistent with the 

finding that the PAD4S135F substitution does not obviously alter PAD4-EDS1 

heterodimerization. It is possible that close proximity of PAD4S135F to an α-helix of the 

PAD4 EP-domain (Figure 2-6) creates a loosening of N-terminal restraint on the PAD4 C-

terminal signaling function. Recently, it has been demonstrated that EDS1/PAD4 

functions to antagonize the activity of MYC2, a master regulator of JA signaling in TIR-

NLR immunity (Cui et al., 2018). It is therefore a formal possibility that the S135F 

substitution enhances the interaction between PAD4 and MYC2, or some other unknown 

signaling partner. 

 Although we could not detect an enhanced interaction between PAD4S135F and 

EDS1 using a yeast two-hybrid assay, we did observe that co-expression of EDR1 with 

EDS1 and PAD4 inhibited the EDS1-PAD4 interaction in a yeast three-hybrid assay. 

Furthermore, EDR1 interacts strongly with EDS1 and PAD4 in yeast, and in co-IPs from 

N. benthamiana. Collectively, these observations suggest that EDR1 functions, at least 

in part, to negatively regulate the interaction between EDS1 and PAD4. Because 

formation of an EDS1-PAD4 heterodimer is essential for the rapid transcriptional 

reprogramming of host defense pathways in pathogen resistance (Bhandari et al., 2019), 

EDR1 might exert important negative control on EDS1-PAD4 signaling activity in 

response to infection. In support of this model, mutations in either EDS1 or PAD4 block 
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edr1-mediated enhanced resistance and cell death (Frye et al., 2001). Furthermore, 

genes upregulated in the absence of EDR1 overlap significantly with genes upregulated 

by co-overexpression of EDS1 and PAD4 (Figure 2-4).  Importantly,  overexpression of 

either EDS1 or PAD4 alone does not upregulate these genes or enhance resistance (Cui 

et al., 2017), which indicates that it is the concentration of the EDS1- PAD4 complex, and 

not their individual protein levels, that determines the strength of defense signaling.  

 

Materials and Methods 

Plant Material and Growth Conditions 

 Arabidopsis thaliana accession Col-0, and Col-0 mutants edr1-1 (Frye and Innes, 

1998), edr1-3 (salk_127158C), pad4-13, and edr1-1 pad4-13  were used in this study. 

The edr1-1 parental seed used for the suppressor mutagenesis was derived from a 

backcross 3 population. To confirm that the pad4-13 mutation was present in this 

population, we sequenced PAD4 amplified from multiple individuals of that population and 

found that the pad4-13 mutation was segregating within the population.  To assess 

whether the pad4-13 mutation was present in our original edr1-1 mutant, we sequenced 

PAD4 in an edr1-1 M6 population (8 individual plants) that had never been backcrossed. 

Surprisingly, none of these plants carried the pad4-13 mutation, suggesting that the 

mutation had arisen spontaneously at some point during the backcrossing process. 

Consistent with this conclusion, an edr1-1 population being used by a former lab member 

in China also lacks this mutation (D. Tang, personal communication).  

To separate the pad4-13 mutation from the edr1-1 mutation, the double mutant line 

was backcrossed to wild-type Col-0 and F2 plants were screened for the presence of 
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these mutations by amplifying the mutant regions using PCR and sequencing.  Individual 

F2 plants that were homozygous wild-type EDR1 and homozygous mutant pad4-13 were 

back-crossed to wild-type Col-0 three times to remove any other unlinked or loosely linked 

mutations.  Similarly, individual F2 plants that were homozygous edr1-1 and wild-type for 

PAD4 were also backcrossed to wild-type Col-0 three times to isolate the edr1-1 mutation.  

Seeds were surface sterilized with 50% (v/v) bleach and planted on one-half-

strength Murashige and Skoog plates supplemented with 0.8% agar and 1% sucrose. 

Plates were placed at 4ºC for 72 h for stratification and then transferred to a growth room 

set to 23ºC and 9 h light (150 µEm-2s-1)/15 h dark cycle. Seven-day-old seedlings were 

transplanted to MetroMix 360 (Sun Gro Horticulture) and grown for the indicated time for 

each experiment. For transient expression experiments, Nicotiana benthamiana was 

grown under the same growth room conditions as A. thaliana, but potted in Pro-Mix PGX 

Biofungicide plug and germination mix. 

 

Quantifying Powdery Mildew Sporulation 

G. cichoracearum strain UCSC1 was maintained on hyper-susceptible Arabidopsis 

pad4-2 mutant plants. Inoculation was carried out as described in (Serrano et al., 2014). 

Briefly, four-week-old plants were inoculated using a settling tower approximately 0.8 m 

tall and covered with a 100 micron Nitex mesh screen. Plants with a heavy powdery 

mildew infection (leaves covered in white powder due to production of asexual spores) 

were passed over the mesh to transfer the conidiospores to the plants below. Twelve 

pad4-2 mutant plants were used for inoculating each tray of 60 plants. Conidiospores 

were counted as described in (Serrano et al., 2014). Briefly, after inoculation, the 
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conidiospores were allowed to settle for 30 min and three leaves per genotype were 

harvested, weighed, and transferred to 1.5- ml microcentrifuge tubes. 500 μl of dH2O were 

added and conidiospores were liberated by vortexing 30 s at maximum speed. Leaves 

were removed and conidiospores were concentrated by centrifugation at 4000 g for 5 min. 

For each sample, conidiospores were counted in eight 1 mm2 fields of a Neubauer-

improved haemocytometer (Marienfeld, Lauda-Königshofen, Germany). Spore counts 

were normalized to the initial weight of the leaves and results were averaged. The same 

procedure was repeated 8 days post inoculation (dpi).   

 

Quantifying Cell Death 

 Staining with trypan blue was performed essentially as described by (Serrano et 

al., 2010). Arabidopsis plants were inoculated with G. cichoracearum as described above, 

leaves collected at 5 dpi, and boiled in alcoholic lactophenol (ethanol:lactophenol 1:1 v/v) 

containing 0.1 mg ml-1 trypan blue (Sigma) for 1 min.  Leaves were then destained using 

a chloral hydrate solution (2.5 mg ml-1) at room temperature overnight. Samples were 

observed under a Zeiss Axioplan microscope. To quantify cell death, 6 pictures of each 

of five experimental repetitions were randomly selected (n=30) and total leaf area and 

trypan-stained area were measured using ImageJ (Bethesda, MD, USA), and the 

percentage (area of cell death/ total leaf area) was calculated. Cell death measurements 

are provided as means with 10th and 90th percentiles (box) and range (whiskers). 
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Plasmid Construction and Generation of Transgenic Arabidopsis Plants 

EDS1LLIF and PAD4MLF clones used in this study were derived from pENTR cDNA 

clones (Bhandari et al., 2019). Site-directed mutagenesis was utilized to introduce the 

PAD4S135F mutation into PAD4MLF, generating PAD4MLFS.  All primers used in this study 

for cloning and site-directed mutagenesis are listed in Table 2-1.  

For yeast-two hybrid assays, the full-length open reading frames of EDR1, EDR1 

(D810A), and EDS1 were cloned into the DNA-binding domain vector pGBKT7 (Clontech 

Matchmaker System). The full-length open reading frame of PAD4, PAD4MLF, PAD4MLFS, 

and EDS1 were cloned into the activation domain vector pGADT7. The SV40 Large T 

Antigen (T) and Lamin (LAM) cloned into pGADT7 and pGBKT7 respectively, were used 

as negative controls.   

 For yeast three-hybrid assays, EDS1 and RIN4b cDNA sequences were inserted 

into multiple cloning site I of the pBridge vector (Clontech) using the SmaI and SalI 

restriction sites (separate constructs). The EDR1 kinase domain (amino acids 587-933) 

and EDR1 kinase domain substrate trap mutant form (EDR1D810A) were cloned into 

multiple cloning site II of the pBridge vector using NotI and BglII restriction sites. PAD4 

cDNA was inserted into the pGADT7 (Clontech) plasmid using NdeI and SmaI restriction 

sites. To clone AvrB into pGADT7, NdeI and BamHI restriction sites were used. 

For EDR1 yeast two-hybrid experiments, EDR1 full-length wild-type cDNA and 

EDR1ST (D810A) was cloned into pGBKT7 using SmaI and SalI restriction sites. EDS1 

and PAD4 were cloned into pGADT7 using NdeI and SmaI restriction sites.  

For transient expression in N. benthamiana, PAD4-mCherry, PAD4S135F-mCherry, 

EDS1-3xHA, EDS1LLIF-3xHA, and 5xMYC-sYFP were cloned into the cauliflower mosaic 
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virus 35S promoter vector pEarleyGate100 (Earley et al., 2006) using a modified multisite 

Gateway recombination cloning system (Invitrogen) as described in (Qi et al., 2012).  

PAD4-cYFP and EDS1-nYFP were cloned into the dexamethasone-inducible vectors 

pTA7001-DEST (Aoyama and Chua, 1997) and pBAV154 (Vinatzer et al., 2006), 

respectively, using multisite Gateway cloning.  EDR1-sYFP and EDR1ST-sYFP were also 

cloned into pBAV154 using multisite Gateway cloning.  

 Transgenic pad4-1 plants expressing PAD4-5xMYC, PAD4S135D-5xMYC, and 

PAD4S135F-5xMYC were generated using the floral dip method (Clough and Bent, 1998). 

PAD4S135D clones were generated using site-directed mutagenesis of PAD4 cDNA. 

PAD4, PAD4S135D, and PAD4S135F full-length cDNA tagged with 5xMYC were cloned into 

the pEarleyGate100 vector (Earley et al., 2006) using multisite Gateway cloning. 

Plasmids were transformed into Agrobacterium strain GV3101 (pMP90) by 

electroporation with selection on Luria-Bertani plates containing 50 μg/mL kanamycyin 

sulfate (Sigma-Aldrich) and 20 μg/mL gentamycin (Gibco). Selection of transgenic 

plants was performed by spraying 1-week old seedlings with 300 μM BASTA (Finale). 

Protein expression was verified via immunoblot using mouse anti-MYC-HRP antibody 

(ThermoFisher). 

 

Yeast Two-Hybrid and Yeast Three-Hybrid Assays 

 For yeast two-hybrid assays between EDR1 and PAD4 or EDS1, pGBKT7 and 

pGADT7 clones were transformed into haploid yeast strain AH109 (Clontech) by 

electroporation, and selected on SD-Trp-Leu medium.  For yeast two-hybrid assays 

between EDS1 and PAD4, the full-length EDS1 open reading frame was cloned into an 
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empty pBridge vector. Full-length PAD4, PAD4S135F, PAD4MLF, and PAD4MLFS open 

reading frames were cloned into pGADT7. Yeast strain AH109 was transformed with 

pGADT7 vectors by electroporation and transformants were selected on SD-Leu. Yeast 

strain Y187 was transformed with pBridge plasmids by electroporation and transformants 

were elected on SD-Trp.  

For yeast three-hybrid assays, EDR1-KD and EDR1-KDST were cloned into 

pBridge vectors, under the control of the MET25 promoter. EDS1 and RIN4b were cloned 

into pBridge. PAD4, PAD4S135F, and AvrB were cloned into pGADT7. Yeast strains AH109 

and Y187 were transformed with pGADT7 and pBridge, respectively.  

Matings between the Y187 and AH109 strains carrying the appropriate constructs 

were performed in yeast peptone dextrose medium at 30°C for 16 hours. Mating cultures 

were then diluted and plated on SD-Trp-Leu. Before carrying out yeast two-hybrid or 

three-hybrid assays, yeast were grown for 16 hours at 30ºC. Cultures were re-suspended 

in water to an OD600 of 1.0, serially diluted, and plated on appropriate SD media. Plates 

were allowed to grow for up to 5 days at 30ºC.  

 

β-Galactosidase Assays 

 β-galactosidase assays using ortho-Nitrophenyl-β-galactoside (ONPG) were 

performed as described in the Clontech Yeast Protocols Handbook 2009. Diploid yeast 

was grown overnight in SD–Leu-Trp at 30ºC. A subculture was made by adding 4 mL of 

fresh SD–Leu-Trp to 1 mL of the overnight culture. The subculture was grown at 30ºC 

until OD600 reached 0.3. Cells were pelleted and re-suspended in Z buffer. A 100 µL 

fraction was then subjected to three cycles of freezing in liquid nitrogen and thawing in a 
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37ºC water bath. 700 µL of Z buffer containing β-mercaptoethanol was then added. 170 

µL Z buffer with ONPG was then added to each reaction. Samples were incubated at 

30°C for up to 24 hours. OD600 and OD420 readings were taken and β-Gal units calculated. 

 

Immunoprecipitations and Immunoblots 

 For total protein extraction, four leaves of infiltrated N. benthamiana were 

collected, frozen with liquid nitrogen, and ground in lysis buffer (50 mM Tris-HCl, pH 7.5, 

150 mM NaCl, 1% Nonidet P-40, 1% Plant Proteinase Inhibitor Cocktail [Sigma], and 50 

mM 2,2′-Dithiodipyridine [Sigma]) or, for co-IPs, IP Buffer (50 mM Tris, pH 7.5, 150 mM 

NaCl, 50 mM NaF, 50 mM Na-β-glycerophosphate, pH 7.4, 2 mM EGTA,  1mM EDTA, 

0.1% Nonidet P-40, 0.1% Triton X-100, 10% glycerol, 1% Plant Proteinase Inhibitor 

Cocktail [Sigma], and 50 mM 2,2′-Dithiodipyridine [Sigma]). Samples were centrifuged 

at 10,000 g at 4°C for 5 minutes, and supernatants were transferred to new tubes.  

Immunoprecipitations were performed as described previously (Shao et al., 2003) 

using GFP-Trap_A and RFP-Trap beads (Chromotek). Total proteins were mixed with 1 

volume of 2x Laemmli sample buffer [Bio-Rad], supplemented with 5% β-

mercaptoethanol, 1% Protease Inhibitor Cocktail [Sigma], and 50 mM 2,2′-

Dithiodipyridine [Sigma]). Samples were then boiled for 5 min before loading. Total 

proteins and/or immunocomplexes were separated by electrophoresis on a 4-20% Mini-

PROTEAN TGX Stain-Free protein gel (Bio-Rad). Proteins were transferred to a 

nitrocellulose membrane and probed with anti-HA-HRP (Sigma,), anti-mCherry-HRP 

(Santa Cruz), mouse anti-GFP (Invitrogen), and goat anti-mouse-HRP antibodies 

(Invitrogen).  
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For protein extraction from yeast, yeast grown on solid -Leu, -Trp plates were 

resuspended in lysis buffer (100 mM NaCl, 50 mM Tris-Cl, pH 7.5, 50 mM NaF, 50 mM 

Na-β-glycerophosphate, pH 7.4, 2 mM EGTA, 2 mM EDTA, 0.1% Triton X-100, 1 mM 

Na3VO4). Glass beads were then added to the suspension and the solution was 

vortexed three times for 1 minute. Samples were then boiled for 10 minutes. 

Immunoblots were performed using anti-HA-HRP (Sigma), mouse anti-GAL4DBD 

(RK5C1) (Santa Cruz Biotechnology), rabbit anti-EDS1 (Agisera), goat anti-mouse-HRP 

(abcam), and goat anti-rabbit-HRP (abcam) antibodies. Visualization of immunoblots 

from yeast strains used in three-hybrid assay were performed using the KwikQuant 

Imager (Kindle Biosciences). 

 

Transcriptome Analysis 

 The edr1 dataset was based upon previously generated microarray data of edr1 

plants 18 hours post inoculation with powdery mildew (Christiansen et al., 2011; GEO 

Accession GSE26679). Upregulated genes were identified as having higher expression 

in edr1 plants compared to wildtype plants (p value < 0.05) using the NCBI GEO2R tool 

(Edgar et al., 2002). GENE IDs were converted to TAIR using the DAVID Gene ID 

Conversion Tool (Huang et al., 2008). The EDS1-PAD4 dataset was based upon 155 

genes previously identified as being significantly upregulated due to EDS1 and PAD4 

coexpression (Cui et al., 2017). Comparison of the edr1 and PAD4-EDS1 datasets was 

performed using the Venny 2.1 tool (Oliveros, 2007). Gene Ontology enrichment 

analysis was performed using PANTHER gene list analysis (Mi et al., 2019). 
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Co-Expression of EDR1, PAD4, and EDS1 for Mass Spectrometry  

 To detect phosphorylation of PAD4 or EDS1 via EDR1, PAD4-mCherry and 

EDS1-3xHA, were transiently co-expressed with either EDR1 or EDR1-ST(D810A)-

sYFP in N. benthamiana. 24 hours after agrobacterium infiltration, plants were sprayed 

with dexamethasone to induce EDR1 and EDR1-ST expression. Immunoprecipitation 

and gel electrophoresis was carried out as noted above using RFP-trap (Chromotek) 

beads. Following gel electrophoresis, PAD4-mCherry and EDS1-HA bands were 

visualized using UV light, and excised. EDS1-HA and PAD4-mCherry bands were then 

sent for MS analysis. 

Gel bands were diced into 1 mm cubes and incubated for 45 min at 57 °C with 

2.1 mM dithiothreitol to reduce cysteine residue side chains. These side chains were 

then alkylated with 4.2 mM iodoacetamide for 1 h in the dark at 21 °C. Proteins were 

digested with either trypsin, chymotrypsin, or pepsin. For the trypsin digestion, a 

solution containing 1 μg trypsin, in 25 mM ammonium bicarbonate was added and the 

samples were digested for 12 hours at 37 °C. For the chymotrypsin digestion, a solution 

containing 1 μg chymotrypsin, in 25 mM ammonium bicarbonate was added and the 

samples were digested for 12 hours at 25 °C. For the pepsin digestion, a solution 

containing 0.5 μg of pepsin in 5% formic acid was added and the samples were 

digested for 12 hours at 21°C. The resulting peptides were desalted using a ZipTip 

(Millipore, Billerica MA). The samples were dried down and injected into an EasyNano 

HPLC coupled to an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher 

Scientific, Waltham MA) operating in data dependent MS/MS selection mode. The 

peptides were separated using a 75 micron, 25 cm column packed with C18 resin 
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(Thermo Fisher Scientific, Waltham MA) at a flow rate of 300 nl/min. A one hour 

gradient was run from Buffer A (0.1% formic acid) to 60% Buffer B (100% acetonitrile, 

0.1% formic acid). 

 

Table 2-1. Primers used in this study. 
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Chapter 3: The Arabidopsis N-terminal Acetyltransferase NAA50 Regulates Plant 

Growth and Defense 

 

(Matthew P. Neubauer and Roger W. Innes, In review) 

 

Introduction 

As sessile organisms, plants frequently encounter and respond to stress conditions 

such as drought, salinity, heat, and microbial infection. Various adaptations enable plants 

to defend themselves against these stresses, however, they often come at a significant 

cost (Cipollini et al., 2014). Plant defense responses require significant sacrifices by 

infected cells and tissues, which can negatively impact plant growth. The Hypersensitive 

Response (HR), a form of programmed cell death, is a primary mode of defense for 

infected plant cells (Greenberg and Yao, 2004). Thus, plants must carefully tailor their 

defense responses to conserve energy for growth and reproduction (Huot et al., 2014). 

This tradeoff is exhibited by enhanced resistance mutants such as snc1-1 and cpr1 which 

have constitutively active defense responses and are dwarfed (Li et al. 2001; Bowling et 

al., 1994). 

Stress responses place strain upon the cellular machinery, which can result in 

endoplasmic reticulum (ER) stress (Bao and Howell, 2017). ER stress can occur during 

biotic or abiotic stress, as well as during normal developmental processes that place 

increased demands on the protein translation and protein secretion machinery (Vitale and 

Boston, 2008). Response to ER stress is mediated by the unfolded protein response 

(UPR), which occurs in two phases. The first phase aims to alleviate ER stress through 
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increased expression of chaperones, removal and degradation of misfolded proteins from 

the ER, and reduction of protein translation (Williams et al., 2014; Liu and Howell, 2010). 

If these attempts are unsuccessful, the UPR transitions into a pro-apoptotic phase 

(Woehlbier and Hetz, 2011; Walter and Ron, 2011; Srivastava et al., 2018). Recent 

studies have demonstrated that UPR genes are required for plant growth and 

development (Kim et al., 2018; Bao et al., 2019). On the other hand, mutations that 

constitutively activate the UPR cause dwarfism (Iwata et al., 2018). Just as stress 

responses to external stimuli must be regulated to ensure proper growth and 

development, so must responses to internal stress and the UPR. 

We have previously identified and characterized the EDR1 gene and demonstrated 

its role in negatively regulating plant stress response signaling (Frye and Innes, 1998; 

Christiansen et al., 2011; Serrano et al., 2014). In particular, EDR1 negatively regulates 

the salicylic acid (SA) and ethylene pathways (Frye et al., 2001; Tang et al., 2005). Mutant 

edr1 plants display enhanced sensitivity to a variety of stimuli, including drought, 

pathogen infection, abscisic acid (ABA), and ethylene (Frye and Innes, 1998; Frye et al., 

2001; Tang et al., 2005; Wawrzynska et al., 2008). The variety of edr1-related phenotypes 

implies that EDR1 function impacts a diversity of plant stress responses. Interestingly, 

edr1 plants appear phenotypically wildtype in the absence of external stresses. This 

transitory requirement of EDR1 indicates that it may be functionally active only after a 

stress response has been induced.  

There remain many unanswered questions regarding EDR1 function. EDR1 is 

believed to negatively regulate KEG, an E3 ubiquitin ligase required for post-embryonic 

development and endomembrane trafficking (Wawrzynska et al., 2008; Gu and Innes, 
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2011; Gu and Innes, 2012). However, it is unclear whether EDR1 itself is a regulator of 

development or endomembrane trafficking. Interestingly, EDR1 primarily localizes to the 

ER, yet no ER-associated function of EDR1 has been demonstrated (Christiansen et al., 

2011). 

To gain a greater understanding of EDR1 function, we performed a yeast two-

hybrid screen to identify potential substrates of EDR1. These screens yielded a 

particularly interesting hit, At5g11340, a predicted N-terminal acetyltransferase (NAT) 

that bears similarity to the human Naa50 protein (Figure 3-1A). 

NATs serve as the catalytic components of larger complexes, designated as NatA-

F in humans (Polevoda et al., 2009; Aksnes et al., 2016). Human Naa50 serves as the 

catalytic component of the NatE complex, which also includes the Naa10 and Naa15 

subunits (Arnesen et al., 2006). Naa10, Naa15, and Naa50 are also found in the NatA 

complex, for which Naa10 provides catalytic function. NAT complexes mediate N-terminal 

acetylation (NTA), a widespread co-translational protein modification believed to affect 

the majority of eukaryotic proteins (Brown and Roberts, 1976; Polevoda and Sherman, 

2003; Arnesen et al., 2009). These complexes target unique N-terminal sequences. 

Human Naa50 preferentially targets N-termini that have retained their initiator methionine 

and have a hydrophobic residue in the second position (Evjenth et al., 2009; Van Damme 

et al., 2011). 

Based on work in yeast and humans, there is a solid biochemical understanding 

of how NATs function; however, the purpose of NTA is not well understood. Emerging 

evidence suggests that NTA serves various functions. In humans, the Golgi-localized 

Naa60 specifically targets transmembrane proteins and is required for the maintenance 
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of Golgi integrity (Aksnes et al., 2015). Recent work in plants has implicated NTA in the 

regulation of stress responses and development. Both NAA10 and NAA15 are essential 

for plant embryonic development, and knockdown of either results in morphological 

defects and drought resistance (Feng et al., 2016; Linster et al., 2015). Differential NTA 

of the SNC1 receptor was found to have significant impacts on its activity, demonstrating 

a role for NTA in the regulation of defense signaling (Xu et al., 2015). Plant NATs bear 

strong similarity to their non-plant orthologues; however, the discovery of the plant-

specific, plastid-localized NatG indicates that NTA in plants may serve unique purposes 

(Dinh et al., 2015). This early work demonstrates that NTA plays an important role in plant 

physiology and stress responses. However, many aspects of plant NATs have yet to be 

investigated.  

Here, we demonstrate a role for the uncharacterized Arabidopsis NAA50 gene in 

regulating plant growth and stress responses. Using knockout and transgenic knockdown 

lines, we show that NAA50 is indispensable for normal plant growth and development. 

Loss of NAA50 triggers defense response pathways in Arabidopsis, implicating NAA50 in 

the negative regulation of defense signaling. Loss of NAA50 also induces constitutive ER 

stress, while loss of EDR1 leads to enhanced sensitivity to ER stress. Thus, EDR1 and 

NAA50 appear to be involved in the negative regulation of ER stress. This work 

demonstrates the importance of NTA in plant stress responses and development, as well 

as a potential link between NTA and ER stress.  

 

 

 



 

78 
 

Results 

NAA50 is Highly Conserved and Interacts with EDR1 

To verify the initial yeast two-hybrid screen which identified NAA50 as a potential 

interactor of EDR1, we performed additional assays to detect protein-protein interaction. 

To test for physical interactions between EDR1 and potential substrates, we utilized a 

“substrate-trap” mutant of EDR1, EDR1ST (Gu and Innes, 2011).  EDR1ST contains a 

D810A substitution in the phosphotransfer domain, which is necessary for substrate 

phosphorylation, thus stabilizing the potential interaction between EDR1 and its 

substrates (Gibbs and Zoller, 1991). Our initial yeast two-hybrid screen was carried out 

using EDR1ST as bait. In yeast two-hybrid, NAA50 was found to physically interact with 

EDR1ST, but not wildtype EDR1 (Figure 3-1B). This result indicates that NAA50 may be 

a substrate of EDR1. However, immunoblotting demonstrated that wildtype EDR1 

accumulation is significantly lower than that of EDR1ST in yeast, potentially explaining the 

absence of an interaction (Figure 3-1C). Co-immunoprecipitation using proteins 

expressed transiently in N. benthamiana demonstrated that NAA50 physically associates 

with both EDR1 and EDR1ST in vivo, contrasting with our yeast two-hybrid results (Figure 

3-1D). We did not observe NAA50 co-immunoprecipitating with the sYFP-tagged MYC 

negative control, demonstrating that this interaction is specific (Figure 3-1D). EDR1 has 

been previously demonstrated to localize to the ER (Christiansen et al., 2011). We 

similarly observed an ER localization of NAA50 tagged with mCherry when transiently 

expressed in N. benthamiana (Figure 3-1E). NAA50 co-localized with the GFP-tagged ER 

marker SDF2 (Nekrasov et al., 2009). These experiments indicate that EDR1 and NAA50 

physically interact, that both proteins localize to the ER. 

 



 

79 
 

 
Figure 3-1. Arabidopsis NAA50 physically interacts with EDR1. A, Naa50 is conserved in Arabidopsis. 
Amino acid alignment depicting Arabidopsis NAA50 and human Naa50. This alignment was generated 
using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and visualized in Jalview (Waterhouse et 
al., 2009). B, EDR1 interacts with NAA50 in yeast two-hybrid. AD, GAL4 activation domain fusion; BD, 
GAL4 DNA binding domain fusion. C, Immunoblot analysis of yeast strains from panel B. EDR1-BD 
accumulated poorly in yeast, and a significant accumulation of degraded EDR1-BD (*) was visible. D, 
NAA50 co-immunoprecipitates with EDR1. The indicated constructs were transiently expressed in N. 
benthamiana and then immunoprecipitated using GFP-Trap beads. E, NAA50 co-localizes with the ER 
marker SDF2. mCherry-tagged NAA50 and GFP-tagged SDF2 were transiently co-expressed in N. 
benthamiana. Bars = 50 microns. These experiments were repeated three times with similar results.  
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Arabidopsis NAA50 is Essential for Development 

The discovery that NAA50 physically interacts with EDR1 prompted us to 

investigate its potential functions in Arabidopsis. There is a 51.25% identity match 

between Arabidopsis and human NAA50 proteins (Figure 3-1A). This high degree of 

sequence similarity indicates that NAA50 function is likely conserved between plants and 

animals.  

To investigate the role of NAA50 in plants, we characterized two T-DNA insertion 

mutants (SAIL_210_A02 and SAIL_1186_A03), which we designated naa50-1 and 

naa50-2. Both mutant lines were found to be severely dwarfed compared to wild-type 

plants (Figure 3-2, A–B). Knockout naa50 seedlings displayed abnormal and dwarfed 

growth (Figure 3-2A). As they developed, naa50 plants remained dwarfed and were 

sterile, although stems and flowers did form (Figure 3-2C). We were able to fully 

complement the naa50-1 mutant phenotypes by transformation of a transgene carrying 

NAA50 tagged with sYFP under the control of the native NAA50 promoter, demonstrating 

that loss of NAA50 is responsible for the dwarf phenotype and sterility (Figure 3-2B). 

These observations establish that NAA50 is essential for normal plant growth and 

development. 
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Figure 3-2. NAA50 is required for plant development. A, Loss of NAA50 results in dwarfed seedlings. 
Representative seven-day-old, MS-grown seedlings are depicted. B, NAA50-sYFP complements naa50-
mediated dwarfism. Four-week-old adult plants are shown. NP, Native NAA50 Promoter. C, naa50 plants 
can develop stems and flowers. A five-week-old naa50-2 plant is shown. 

 

Loss of NAA50 Alters Plant Growth 

In addition to being dwarfed, naa50 seedlings displayed a variety of developmental 

phenotypes. Root hair growth in naa50 plants was irregular, and root hairs were 

elongated (Figure 3-3A). This led us to hypothesize that loss of NAA50 may result in 

altered vacuole development. Loss of KEG, another EDR1-interacting protein, has been 

shown to result in altered vacuolar development (Gu and Innes, 2012). In naa50-1 

seedlings expressing the tonoplast marker γTIP (Nelson et al., 2007), altered vacuole 

shape was observed (Figure 3-3B). Many naa50-1 vacuoles appeared fractured and 

contained many “blebs”, similar to those observed in keg mutant seedlings (Gu and Innes, 

2012). Additionally, naa50-1 root cells were larger and irregularly shaped. This could 

indicate that NAA50 is involved in vacuole maturation.  
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Figure 3-3. Loss of NAA50 results in developmental changes. A, naa50 seedlings have altered root 
morphology. The seedling roots depicted are from one-week-old seedlings. B, Vacuole and cell morphology 
are altered in naa50 seedling roots. Shown are fluorescence micrographs taken of seven-day-old wildtype 
and naa50-1 seedlings expressing mCherry-tagged γTIP. Scale bars = 50 microns. C, Dexamethasone 
treatment induces knockdown of NAA50 in DEX:NAA50-ami plants. q-RT PCR was performed on cDNA 
generated from multiple adult DEX:NAA50-ami plants following dexamethasone treatment. Displayed are 
the averages of three replicates. Asterisk denotes P value < 0.05. Expression values were normalized to 
ACTIN2. This experiment was repeated three independent times with similar results. D, NAA50 knockdown 
induces changes to root cell morphology. Five-day-old seedlings were transferred from MS plates to MS 
plates supplemented with dexamethasone. Images were taken three days after dexamethasone exposure. 
E, NAA50 knockdown slows root elongation. Seven-day-old seedlings were transferred to MS plates 
supplemented with ethanol or dexamethasone. Images were taken three days after transfer to ethanol- or 
dexamethasone-supplemented media. F, NAA50 knockdown induces stem bending. Images were taken 
24 hours after dexamethasone treatment. Numbers indicate proportion of all stems which displayed the 
given morphology. G, NAA50 knockdown stalls stem growth. Stem measurements were taken on 
DEX:Scrambled-ami (n = 8) and DEX:NAA50-ami (n = 10) immediately before and six days after 
dexamethasone treatment. No stem growth was detected in DEX:NAA50-ami plants. H, Removal of the 
apical meristem inhibits NAA50 knockdown-mediated stem bending. Adult DEX:NAA50-ami plants were 
sprayed with dexamethasone and images were taken twenty-four hours later. The shoot apical meristem 
was removed immediately prior to dexamethasone treatment. 

 

The severe dwarfing and sterility of naa50-1 homozygous mutant plants 

compromised our ability to study the role of NAA50 in later stages of plant development. 

To overcome this limitation, we generated inducible knockdown plants based on the 

expression of an artificial microRNA (amiRNA) driven by a dexamethasone-inducible 

promoter (DEX:NAA50-ami). We identified a transgenic line carrying this construct that 

displayed a significant knockdown of NAA50 as early as 16 hours after dexamethasone 

treatment (Figure 3-3C). As a control, we utilized a scrambled amiRNA line 

(DEX:Scrambled-ami), which contains a dexamethasone-inducible amiRNA with no 

predicted targets. 

Knockdown of NAA50 in the DEX:Naa50-ami plants resulted in severe 

morphological changes. Growth of DEX:NAA50-ami seedlings on MS media 

supplemented with dexamethasone increased the length of root hairs, recapitulating the 

naa50 root hair phenotype (Figure 3-3D). Additionally, dexamethasone treatment caused 

DEX:NAA50-ami seedlings to grow significantly slower than the control lines, resulting in 
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shorter roots (Figure 3-3E). NAA50 knockdown also elicited changes in stem growth. 24 

hours after dexamethasone treatment, the stems of DEX:NAA50-ami plants bent 

approximately 90º (Figure 3-3F). As in the roots, dexamethasone treatment completely 

halted any growth of the primary stem in DEX:NAA50-ami plants (Figure 3-3G). 

Interestingly, this shoot bending phenotype was suppressed by removal of the shoot 

apical meristem prior to dexamethasone treatment (Figure 3-3H), suggesting that the 

bending phenotype is dependent on auxin redistribution. Our observations of knockout 

and knockdown plants confirm that NAA50 is essential for normal plant growth and 

development. 

 

Loss of NAA50 Triggers Cell Death 

As well as inducing growth changes, knockdown of NAA50 caused early 

senescence in leaves. Leaves of adult DEX:NAA50-ami plants turned yellow and became 

necrotic following dexamethasone treatment (Figure 3-4A). Senescence also occurred in 

DEX:NAA50-ami seedlings after transfer to MS plates supplemented with 

dexamethasone (Figure 3-4B). In both adults and seedlings, the senescence phenotype 

developed about 4 days after the initial dexamethasone treatment, long after the changes 

in growth rate and stem bending occurred.  

The discovery that knockdown of NAA50 induces cell death prompted us to 

investigate whether loss of NAA50 results in cell death in naa50-1 seedlings. Indeed, 

roots of naa50-1 and naa50-2 seedlings were readily stained by trypan blue dye, 

indicating that loss of NAA50 leads to the accumulation of dead cells in roots (Figure 3-

4C). Trypan blue staining of naa50 roots was spotty and irregular, indicating that only a 



 

85 
 

subset of naa50 root cells died (Figure 3-4D). Taken together, these results demonstrate 

that in addition to being essential for plant development, NAA50 is also required for the 

repression of cell death and senescence.  

Given the interaction between EDR1 and NAA50, we hypothesized that 

introduction of the edr1-1 allele into NAA50 knockdown plants may affect the senescence 

phenotype. However, we did not observe any major change in the senescence phenotype 

when edr1-1 was introduced (Figure 3-4E). That the edr1-1 mutation did not enhance or 

suppress the senescence phenotype indicates that NAA50 and EDR1 may regulate 

senescence through a shared mechanism.  
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Figure 3-4. Loss of NAA50 induces cell death and senescence. A, NAA50 knockdown induces senescence 
in adult leaves. Four-week-old plants were sprayed with dexamethasone. Images were taken immediately 
before, and seven days after treatment. B, NAA50 knockdown induces senescence in seedlings. Seedlings 
were grown on MS plates for seven days, and then transferred to MS plates supplemented with ethanol or 
dexamethasone. Images were taken seven days after transfer to ethanol- or dexamethasone-
supplemented media. C, naa50 seedling roots contain dead cells. Seven-day-old seedlings were stained 
with trypan blue dye. D, Cell death staining in naa50 roots is spotty and irregular. Images depict trypan 
blue-stained roots from seven-day-old seedlings. E, Loss of EDR1 does not alter senescence in NAA50 
knockdown plants. Images were taken of four-week-old plants immediately before, and seven days after 
dexamethasone treatment. 

 

Constitutive Knockdown of NAA50 Induces Developmental Changes and Drought 

Tolerance 

In addition to characterizing DEX:NAA50-amiRNA plants, I also generated 

transgenic Arabidopsis that constitutively express the NAA50-targetting amiRNA 

(35s:NAA50-amiRNA). Adult 35s:NAA50-amiRNA plants exhibited a significant reduction 

in NAA50 transcript level (Figure 3-5A). Previous work exploring the effect of constitutive 

NAA10 and NAA15 knockdown implicated the NatA complex in the regulation of 

development and osmotic stress. Loss of NAA10 and NAA15 resulted in dwarfed plants 

that displayed enhanced drought tolerance (Linster et al., 2015). This led me to question 

whether constitutive knockdown of NAA50 may lead to similar changes. Indeed, 

constitutive knockdown of NAA50 resulted in significant developmental changes, 

including smaller rosette size, shorter petioles, and broader leaves (Figure 3-5B). As with 

the previously reported NAA10 and NAA15 knockdown plants, I found that 35s:NAA50-

amiRNA plants display enhanced drought tolerance (Figure 3-5C). These results provide 

additional evidence that NAA50 is involved in the regulation of plant development and 

stress responses.  
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Figure 3-5. Constitutive knockdown of NAA50 induces developmental changes and drought tolerance. A, 
35s:NAA50-amiRNA plants exhibit a significant reduction in NAA50 transcript level. qPCR was performed 
on cDNA generated from the leaves of 4-week-old plants. NAA50 expression level was determined by 
calculating the average of three technical replicates per biological replicate. Bars indicate the average of 
three biological replicates. NAA50 transcript level was normalized to ACTIN2. Error bars represent the 
standard deviation of 3 biological replicates. B, Constitutive NAA50 knockdown alters plant development. 
4-week-old plants are shown. C, 35s:NAA50-amiRNA plants display enhanced drought tolerance. 5-week-
old plants are depicted. Water was withheld for 5 days prior to image being taken. Similar results were 
observed in three independent experiments. 
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Loss of NAA50 Represses Growth and Induces Stress Signaling 

The discovery that knockdown of NAA50 triggers changes in plant growth and 

senescence prompted us to investigate the transcriptional changes taking place in these 

plants. We therefore conducted an RNA sequencing-based analysis of the DEX:NAA50-

ami transcriptome. Four-week-old plants were treated with dexamethasone, and RNA 

was collected 0, 12, and 24 hours later. Dexamethasone-treated DEX:Scrambled-ami 

plants were utilized as a control, with RNA samples collected at the same time points. 

Transcripts from dexamethasone-treated DEX:NAA50-ami plants were deemed 

significantly altered only if they differed significantly (adjusted P value <0.05) from the 

dexamethasone-treated Scrambled-ami plants at the same time point. To determine 

whether these transcripts were significantly up- or down-regulated, we compared 

expression levels in the 12 and 24 hour DEX:NAA50-ami transcriptomes to the time zero 

DEX:NAA50-ami transcriptome. Transcripts were considered significantly up- or 

downregulated if they differed from the time zero DEX:NAA50-ami expression level 

(adjusted P value <0.05 and log2 fold-change >1.5). This design enabled a comparison of 

the DEX:NAA50-ami transcriptome at various time points, while also excluding potential 

off-target effects of dexamethasone treatment, amiRNA overexpression, or circadian-

influenced expression changes.  

Our RNA sequencing analysis indicated that NAA50 knockdown resulted in altered 

expression of approximately 2,000 genes by 12 hours post-dexamethasone application 

(GEO Accession GSE145580). To determine the biological processes most impacted by 

loss of NAA50, we analyzed the biological gene ontology (GO) term enrichment in the 12 

and 24 hour DEX:NAA50-ami datasets. This analysis demonstrated that NAA50 
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knockdown leads to upregulation of genes involved in stress hormone signaling (Figure 

3-6A). Responses to the stress hormones abscisic acid, jasmonic acid, and salicylic acid 

were induced 12 hours after dexamethasone treatment. On the other hand, NAA50 

knockdown resulted in the downregulation of a variety of plant growth and photosynthetic 

processes (Figure 3-6A). In particular, transcripts of genes involved in photosynthesis, 

light responses, and growth hormone responses were negatively impacted. These 

changes in expression correlate with the altered development and induced senescence 

phenotypes observed during NAA50 knockdown. For instance, we found that auxin 

signaling was significantly reduced following NAA50 knockdown, potentially explaining 

the meristem-dependent stem-bending that occurs following NAA50 knockdown (Figure 

3-3F, H). The increase in the expression of defense genes and salicylic acid signaling 

correlates with the cell death and senescence that results from NAA50 knockdown 

(Figure 3-4). 

To further analyze our transcriptome data, we searched for studies that had 

identified similar transcriptional changes using the Genevestigator Signature tool (Hruz 

et al., 2008). We selected the 330 most significantly altered transcripts (greatest log2 fold-

change relative to DEX:NAA50-ami at 0 hours) from the 12 hour DEX:NAA50-ami 

dataset, and searched for studies that displayed similar expression profiles. We found 

that the most similar expression profiles were those of studies investigating plant-

pathogen interactions, or light stress (Figure 3-6B). This overlap demonstrates that 

NAA50 knockdown elicits stress signaling in plants.  
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Figure 3-6. NAA50 knockdown induces changes to growth and defense signaling. A, NAA50 knockdown 
results in a downregulation of growth signaling, and an upregulation of defense signaling. Significantly 
altered transcripts were identified by comparing expression levels in dexamethasone-treated DEX:NAA50-
amiRNA plants at the given time point to Scrambled-amiRNA plants at the same time point. Furthermore, 
expression levels in DEX:NAA50-amiRNA plants at 12 and 24 hours were compared to NAA50-amiRNA 
plants at 0 hours after dexamethasone treatment. Gene Ontology (GO) term enrichment analysis was 
performed using the BiNGO application to determine whether the DEX:NAA50-ami transcriptome was 
enriched for specific biological processes. NS, not statistically significant. B, The DEX:NAA50-ami 
transcriptome bears similarity to biotic and abiotic stress studies. The 330 most significantly altered 
transcripts (based on Log2 fold-change) from the DEX:NAA50-ami 12 hour dataset were compared to 
previous studies using the Genevestigator Signature tool. The five most related transcriptomes based on 
the calculated Relative Similarity scores are shown. A heatmap was generated using Heatmapper 
(http://www2.heatmapper.ca/expression/) to display the relative log2 fold-change for each of the 330 
transcripts for each study. 

 

NAA50 and EDR1 Repress ER Stress 

We have previously found that plants lacking EDR1 display an enhanced ER stress 

phenotype (unpublished). To verify this, we tested edr1-1 plants for ER stress sensitivity 

by injecting leaves with tunicamycin (TM), an inhibitor of protein glycosylation that induces 

ER stress.  Injected regions of edr1-1 leaves senesced more rapidly than wild-type leaves 

(Figure 3-7A). This observation suggests that EDR1 is required for proper execution of 

the unfolded protein response, or that loss of EDR1 results in enhanced cell death 

signaling during ER stress signaling.  

NTA has been shown to alter protein stability, localization, and transport (Arnesen, 

2011). This raised the question of whether loss of NAA50 may lead to induction of ER 

stress. Indeed, many of the observed naa50-mediated developmental phenotypes, such 

as stunted growth and cell death, can be caused by ER stress. Treatment with TM or 

dithiothreitol (DTT), which reduces disulfide bonds and induces ER stress, resulted in 

shorter roots, increased root hair length, and altered cell morphology in wild-type 

seedlings (Figure 3-7, B–C). Additionally, TM and DTT treatments resulted in root cell 

death like that observed in naa50 seedlings (Figure 3-7D). These results demonstrate 

that ER stress treatment and loss of NAA50 produce similar physiological changes.  
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Figure 3-7. Loss of EDR1 and NAA50 result in changes to ER stress signaling. A, edr1-1 mutants display 
heightened ER stress sensitivity. Leaves from six-week-old plants were infiltrated with various 
concentrations of tunicamycin using a needleless syringe. Leaves were removed, and images taken three 
days after injection. B, ER stress induces naa50-like root dwarfism. Seedlings were germinated on MS 
plates or MS supplemented with TM or DTT. Representative ten-day-old seedlings are shown. C, ER stress 
induces naa50-like root cell morphology. Roots of ten-day-old seedlings are depicted. Seedlings were 
grown on regular MS plates or MS plates supplemented with TM or DTT. D, ER stress induces cell death 
in roots. Ten-day-old seedlings were stained with trypan blue after growth on MS or MS supplemented with 
TM or DTT. E, naa50-1 seedlings display heightened ER stress signaling in the absence of TM treatment. 
qRT-PCR was performed on cDNA generated from wildtype and naa50-1 seedlings. Seedlings were 
germinated on MS plates and 5 days later transferred to regular MS or MS supplemented with 1 μg/mL TM. 
RNA was collected twenty hours after transfer to new plates. Gene expression values were normalized to 
ACTIN2. Values depict the averages of three biological replicates, each consisting of twenty individual 
seedlings. Error bars represent standard deviation between three independent biological replicates. 
Asterisk denotes P value <0.05. F, bZIP60 splicing is induced in naa50-1 seedlings. RT-PCR was 
performed on the same cDNA used in panel E. Each lane represents a unique biological replicate derived 
from twenty seedlings. 

 

To test whether naa50 seedlings display constitutive ER stress responses, we 

measured transcription of ER stress marker genes by qPCR. naa50-1 seedlings were 

found to have significantly higher levels of BIP3 and SEC31A expression in the absence 

of any treatment (Figure 3-7E). However, BIP3 and SEC31A expression did not 

significantly differ between WT and naa50 seedlings that had been treated with TM. 

During ER stress, the transcription factor bZIP60 undergoes splicing, leading to its 

activation (Deng et al., 2011). Thus, detection of the spliced form of bZIP60 indicates an 

active ER stress response. Untreated naa50-1 seedlings were found to contain 

significantly higher levels of spliced bZIP60 relative to WT (Figure 3-7F). However, similar 

levels of bZIP60 splicing occurred in TM-treated naa50-1 and WT seedlings. These 

results demonstrate that loss of NAA50 leads to constitutive ER stress, but not an 

increase in maximum ER stress response signaling. Thus, EDR1 and NAA50 both appear 

to play important roles in regulating ER stress in plants.  
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NAA50 Enzymatic Activity is Required for Development 

 Given the high sequence conservation between Arabidopsis and human NAA50 

proteins (Figure 3-1A), we hypothesized that the enzymatic activity of NAA50 would be 

conserved. In addition to functioning as an N-terminal acetyltransferase, human Naa50 

has been shown to be capable of auto-acetylation (Evjenth et al., 2009). We therefore 

tested NAA50 for auto-acetylation activity using recombinant NAA50 protein. In vitro auto-

acetylation assays using recombinant NAA50 protein demonstrated that Arabidopsis 

NAA50 is indeed capable of auto-acetylation (Figure 3-8A).  

Human Naa50 has previously been shown to associate with the NatA complex, 

which includes the Naa10 subunit (Arnesen et al., 2006). Transient expression of sYFP-

tagged AtNAA50 with mCherry-tagged AtNAA10 indeed demonstrated that these proteins 

co-localize in plants (Figure 3-8B). 

Based on the sequence conservation between Arabidopsis NAA50 and human 

Naa50, as well as the co-localization of AtNAA50 with AtNAA10, we hypothesized that 

AtNAA50 likely functions as an N-terminal acetyltransferase. To determine whether 

NAA50 is active in N-terminal acetylation, we tested whether various loss of function 

NAA50 mutants could complement naa50-2 mutant phenotypes. naa50-2 plants were 

transformed with NAA50Y34A-HA and NAA50I145A-HA. It has been demonstrated that the 

comparable Y31A and I142A mutations in human Naa50 reduce enzyme efficiency to 

below 10% and 42.2% of wild-type levels, respectively (Liszczak et al., 2011). Thus, if 

NAA50-mediated NTA is indeed required for plant development, these mutations may 

prevent full rescue of the naa50-2 allele. 
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Figure 3-8. NAA50 enzymatic activity is required for plant development. A, Recombinant NAA50 displays 
auto-acetylation activity in vitro. Recombinant HIS-tagged NAA50 was expressed and purified from E. coli. 
In vitro reactions were performed at 30°C for the indicated time points. Samples were then boiled and 
subjected to gel electrophoresis and immunoblotting using an anti-acetyl-lysine antibody. This experiment 
was repeated three times with similar results. This figure was generated from one immunoblot derived from 
a single experiment with irrelevant lanes removed. B, NAA50 co-localizes with NAA10. sYFP-tagged 
NAA50 was transiently co-expressed with mCherry-tagged NAA10 in N. benthamiana. Bars = 50 microns. 
C, Immunoblotting demonstrates that HA-tagged NAA50 mutant transgenes are expressed in transgenic 
plants. Leaf tissue from hygromycin-resistant T3 plants was subjected to gel electrophoresis and 
immunoblotting using an anti-HA antibody. D, Mutant NAA50 transgenes do not complement naa50 root 
dwarfism. Representative ten-day-old seedlings are depicted. E, Mutant NAA50 transgenes do not 
complement naa50 root cell morphology defects. Images were taken of representative ten-day-old 
seedlings. F, NAA50I145A can complement naa50-mediated rosette dwarfism. The image depicts 
representative six-week-old plants. G, NAA50I145A does not complement naa50-mediated sterility. Stems 
were removed from 7-week-old plants.  

 

We were able to identify numerous transgenic lines expressing both the Y34A and 

I145A proteins (Figure 3-8C). Following transformation with the NAA50I145A-HA 

transgene, we observed that the naa50 root phenotype was not fully complemented in 

the transgenic lines, as roots retained their dwarf phenotype and altered cell morphology 

(Figure 3-8, D-E). Despite retaining the naa50 root phenotypes, some NAA50I145A lines 

did not display the naa50 dwarfism phenotype and had wildtype-sized rosettes (Figure 3-

8F). I145A line 2 plants displayed the greatest expression of the I145A transgene and 

had a more wildtype-like rosette size than lines 1 and 3 (Figure 3-8C, F). However, 

although line 2 NAA50I145A transgenic plants had wildtype-sized rosettes, normal siliques 

did not develop and viable seed was not produced (Figure 3-8G).  

The Y34A mutation, which has been shown to have a more significant impact on 

human Naa50 enzymatic activity than I145A (Liszczak et al., 2011), also prevented full 

rescue of naa50-2 plants. NAA50Y34A transgenic plants did not have normal roots or 

rosettes and were infertile (Figure 3-8, D-F). As with the I145A transgenic lines, we 

observed a correlation between NAA50Y34A protein accumulation and rosette size (Fig. 3-

8C, F). However, unlike NAA50I145A, NAA50Y34A was unable to fully complement the 
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rosette dwarfism phenotype (Figure 3-8F). Even in Y34A line 3 plants, which displayed a 

similar level of NAA50 accumulation to I145A line 2 plants, rosette size was not fully 

restored.  

The inability of NAA50I145A and NAA50Y34A transgenes to fully rescue naa50-2 

plants demonstrates the importance of NAA50-mediated NTA in plant growth and 

development. That the NAA50I145A mutant was able to complement the rosette dwarfism, 

but not the root phenotypes or sterility demonstrates that NAA50-mediated NTA may be 

especially required for the growth and development of roots as well as fertility. 

Furthermore, the inability of the NAA50Y34A transgene to rescue the rosette dwarfism 

phenotype indicates that this mutation is indeed more deleterious than the I145A 

mutation. 

 

Detecting NAA50-Mediated NTA 

Since NAA50 is highly conserved (Figure 3-1A), and conserved NAA50 residues 

are required for proper plant development (Figure 3-8, D-G), I sought to demonstrate 

NAA50 NTA activity. In vitro reactions to detect NAA50-mediated NTA were performed 

using recombinant NAA50 protein incubated with synthetic N-terminal peptides. A total of 

6 peptides were tested in these reactions (Figure 3-9A). Four of these peptides were 

10mers based on actual Arabidopsis proteins bearing N-termini that make them either 

highly likely, or highly unlikely to be NAA50 targets. Two of the tested peptides were 

24mers that have been previously used in similar in vitro reactions with recombinant 

human Naa50 (Foyn et al., 2017). However, I was unable to detect NAA50-mediated NTA 
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using any of these peptides. This may be due to Arabidopsis NAA50 requiring another 

factor, such as NAA15 to be enzymatically active. 

I also attempted to detect NAA50-mediated NTA in vivo. To do this, protein extract 

was enriched for N-terminal peptides through liquid chromatography. Followoing this 

enrichment step, mass spectrometry was performed to identify N-terminally acetylated 

peptides. We compared the N-terminal acetylomes of wildtype and naa50-1 seedlings 

using this technique. Since Naa50 targets peptides with an N-terminal methionine, we did 

not analyze peptides that had lost their N-terminal methionine residue. Ultimately, we 

were unable to detect significant differences in the N-terminal acetylomes of wildtype and 

naa50-1 plants. 174 N-terminally acetylated peptides that had retained their N-terminal 

methionine were identified in the naa50-1 sample while 184 were identified in the wildtype 

sample. Since NAT complexes display sequence specificity for their targets, we 

hypothesized that specific populations of the N-terminal acetylome may be affected by 

the loss of NAA50. However, the frequency with which specific amino acids appeared at 

the second position of N-terminally acetylated proteins was not significantly different in 

wildtype and naa50-1 (Figure 3-9B). A similar approach was used to compare the effect 

of knocking down or overexpressing NAA50 on the N-terminal acetylome. Protein from 

mock and dexamethasone-treated DEX:NAA50-amiRNA and DEX:NAA50-YFP plants 

was analyzed, yet no significant differences were observed (Figure 3-9C). 174 and 182 

N-terminally acetylated peptides that retained an N-terminal methionine were identified in 

mock-treated DEX:NAA50-amiRNA and DEX:NAA50-sYFP samples, respectively. 140 

and 192 N-terminally acetylated peptides that retained an N-terminal methionine were 
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identified in dexamethasone-treated DEX:NAA50-amiRNA and DEX:NAA50-sYFP 

samples, respectively.  

Our inability to detect NAA50-mediated NTA in vivo may be due to redundancy 

between NAA50 and other N-terminal acetyltransferases. It is also worth noting that we 

extracted protein from either whole seedlings, or from adult rosettes. Given that naa50 

mutants display severe root phenotypes, it is possible that NAA50-mediated NTA is most 

prevalent in root tissue.  

An E. coli-based approach has been previously utilized for the characterization of 

the NTA activity of the plant-specific NatG (Dinh et al., 2015). I took a similar approach to 

characterizing NAA50 activity, by identifying N-terminally acetylated peptides in E. coli 

expressing NAA50. We made use of an E. coli strain carrying an inducible HIS-tagged 

NAA50. We compared the effect of NAA50 induction in E. coli yet observed no significant 

difference in the total number of N-terminally acetylated peptides identified. 66 N-

terminally acetylated peptides that retained their N-terminal methionine were identified in 

the NAA50-expressing E. coli, while 72 were identified in the un-induced E. coli (Figure 

3-9D). The majority of the identified N-terminally acetylated peptides were found in both 

samples (Figure 3-9D). This again indicates that NAA50 may not be active in NTA in the 

absence of a partner, such as NAA15. 
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Figure 3-9. Detecting NAA50-mediated NTA. A, Table of the peptides utilized for in vitro NTA assays using 
recombinant NAA50. B, Mass spectrometry was performed on protein isolated from one-week-old wildtype 
and naa50-1 seedlings. Depicted are the frequencies that a given amino acid appeared at the second 
position of an N-terminally acetylated peptide. C, Mass spectrometry was performed on protein isolated 
from four-week-old DEX:NAA50-amiRNA and DEX:NAA50-sYFP plants 48 hours after mock or 
dexamethasone treatment. Depicted are the frequencies that a given amino acid appeared at the second 
position of an N-terminally acetylated peptide. D, Protein was isolated from E. coli expressing or not 
expressing HIS-tagged NAA50. The Venn diagram depicts the total number of N-terminally acetylated 
peptides identified in each protein sample. 
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Discussion 

NAA50 is Required for Growth and the Suppression of Stress Responses 

The investigation of NTA in regulating cell signaling in eukaryotes is still in its 

infancy, and identification and characterization of all plant NATs is incomplete. Our 

understanding of how NATs function comes primarily from work in human cell culture and 

yeast. However, recent work in plants has demonstrated a role for NTA in regulating 

diverse processes (Linster et al., 2015; Xu et al., 2015; Huber et al., 2019). Post-

translational modification of proteins has long been appreciated as a mechanism by which 

cell signaling and crosstalk is regulated (Hunter, 2007). NTA may provide a mechanism 

by which plants regulate responses to external and internal stress signals at the 

translational level.  

With this work, we have begun to characterize the role of Arabidopsis NAA50 in 

regulating plant growth and development. Complete loss of NAA50 results in severely 

dwarfed and sterile plants, as well as altered root morphology. By using hormone-

inducible amiRNA transgenic plants, we demonstrated that NAA50 knockdown results in 

reduced expression of developmental process and inhibits growth. Taken together, these 

results indicate that NAA50 is required for plant growth and development.  

Our work adds to growing evidence that NATs are required for plant development. 

NAA10 and NAA15 have previously been demonstrated to be essential for development. 

Loss of function mutations in NAA10 or NAA15 are embryonic lethal (Linster et al., 2015; 

Feng et al., 2016), while partial loss of NAA15 results in dwarfism and enhanced defense 

signaling (Xu et al., 2015). Knockdown of NAA10 and NAA15 alters root morphology, 

enhances the growth of the primary root and inhibits the growth of lateral roots (Linster et 
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al., 2015). NatB also appears to be required for development, as partial loss of NatB 

components NAA20 and NAA25 result in dwarfism (Ferrandez-Ayela et al., 2013; Xu et 

al., 2015; Huber et al., 2019). Loss of NAA30, the catalytic component of NatC, results in 

minor dwarfism as well as defects in photosystem II efficiency (Pesaresi et al., 2003). The 

range of developmental phenotypes resulting from mutations in NATs demonstrate that 

NATs differ in their involvement in plant development. 

Our results demonstrate that, in addition to altering plant development, loss of 

NAA50 results in the activation of plant stress signaling. Knockdown of NAA50 elicits 

senescence in adults as well as seedlings, while the roots of naa50 seedlings contain an 

abundance of dead cells. Gene expression analysis confirmed that knockdown of NAA50 

results in an upregulation of defense signaling.  

NATs appear to play unique roles in the regulation of plant stress responses. Loss 

of NatA has been shown to increase drought tolerance (Linster et al., 2015). The NatA 

and NatB complexes have been previously implicated in the regulation of the NLR protein 

SNC1 (Xu et al., 2015). Partial loss of NAA15 results in increased stability and 

accumulation of SNC1, as well as enhanced defense signaling and resistance. 

Interestingly, loss of NatB leads to decreased accumulation of SNC1, and suppression of 

snc1-induced dwarfism (Xu et al., 2015). Partial loss of NAA20 and NAA25 results in 

enhanced sensitivity to osmotic stress and altered expression of stress-related transcripts 

(Huber et al., 2019). Our observations add to the growing list of evidence that NATs play 

an important role in plant stress signaling. 

In addition to its role in negatively regulating defense signaling, our results 

implicate NAA50 in the repression of ER stress. The developmental defects observed in 
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naa50 plants can be recapitulated by TM and DTT treatment, indicating that they may 

result from constitutive activation of ER stress responses. In support of this hypothesis, 

we observed increased expression of ER stress genes and bZIP60 splicing in untreated 

naa50 seedlings (Figure 3-7). Following TM treatment, naa50-1 seedlings displayed WT 

levels of ER stress signaling. Therefore, loss of Naa50 induces ER stress signaling, but 

does not lead to greater induction during TM treatment. Additionally, the expression of 

BIP3 and SEC31A in naa50-1 seedlings was significantly lower in the absence of TM than 

during TM treatment. This indicates that the level of constitutive ER stress which occurs 

in naa50-1 plants is significantly lower than that elicited by chemical treatment. Based on 

these results, we believe that NAA50 is required for the prevention of protein misfolding 

and aggregation, which contribute to ER stress. Plant NATs have not previously been 

demonstrated to play a role in the regulation of ER stress. Although NatE seems to be 

required for the repression of ER stress, it is possible that other NAT complexes may be 

required as well. 

Our results demonstrate that NAA50-mediated NTA is likely required for plant 

development. Although we were unable to detect NAA50-mediated NTA in vivo, our 

complementation experiments demonstrate that the NAA50I145A and NAA50Y34A 

mutations, which inhibit NTA activity, prevent the NAA50 transgene from fully 

complementing naa50 plants. This demonstrates an essential role for NAA50-mediated 

NTA in root development and fertility.  
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NTA May Regulate ER Stress 

The enzymatic function of human Naa50 has been demonstrated previously 

(Liszczak et al., 2011; Van Damme et al., 2011; Reddi et al., 2016; Evjenth et al., 2009). 

A high degree of conservation has been demonstrated for other NATs. For instance, 

human NatA can complement yeast NatA mutants (Arnesen et al., 2009). Based on the 

high level of sequence similarity between Arabidopsis and human Naa50, it is probable 

that enzymatic function is conserved. We were able to detect auto-acetylation of 

recombinant Arabidopsis NAA50 in vitro, demonstrating that it is indeed a functional 

acetyltransferase (Figure 3-8A). In addition, we found that mutations that alter NAA50 

NTA activity prevent complementation of naa50 mutant phenotypes (Figure 3-8, D-G). As 

in other organisms, Arabidopsis NAA50 localizes primarily to the ER (Figure 3-1E, Figure 

3-8B). These similarities to other Naa50 proteins demonstrate that NAA50 likely functions 

as an NTA in plants.  

There is evidence from human and yeast systems for the involvement of NATs in 

responding to ER stress and protein aggregates. NTA is known to contribute to protein 

stability, trafficking, and translocation to the ER (Arnesen, 2011; Forte et al., 2011). The 

NatA complex has been implicated in the regulation of protein aggregation (Arnesen et 

al., 2010). HYPK, a NatA component, has chaperone activity, and has been shown to 

inhibit the formation of protein aggregates (Raychaudhuri et al., 2007). Loss of NatA 

components in yeast results in compromised heat shock sensitivity and signaling, 

indicating a potential role for NTA in regulating heat shock (Gautschi et al., 2003; Das 

and Bhattacharyya, 2016). There is an established link between the UPR and heat stress 

responses in plants. Heat shock can induce protein aggregation and ER fragmentation 
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(Richter et al., 2010). During heat stress, the UPR is activated and ensures proper 

reproductive development (Deng et al., 2011; Deng et al., 2016). We have demonstrated 

that loss of NAA50 in plants results in constitutive ER stress, adding additional evidence 

that NTA is involved in the repression of protein aggregation and ER stress. 

There is a well-established link between ER stress, the UPR, and defense 

signaling in plants. Plants carrying loss of function mutations in the stearoyl-ACP 

desaturase SSI2 exhibit dwarfism, enhanced accumulation of ER stress marker BiP3, and 

higher PR-1 expression (Iwata et al., 2018; Kachroo et al., 2001). This mirrors the 

increased biotic and ER stress signaling observed in naa50 plants. Mutants lacking UPR 

regulators IRE1 and bZIP60 display enhanced susceptibility to bacterial pathogens, 

demonstrating a link between the UPR and SA-based defense signaling (Moreno et al., 

2012). If ER stress cannot be properly maintained, the UPR shifts into a cell death phase 

(Woehlbier and Hetz, 2011; Walter and Ron, 2011). A recent investigation of the 

transcriptional changes that occur during a prolonged UPR demonstrated that transcripts 

associated with biotic stress responses are elicited during the UPR (Srivastava et al., 

2018). Biotic stress signaling is also impacted by the ER Quality Control (ERQC) pathway. 

The membrane-bound receptors upon which plant defense signaling relies undergo 

maturation through the ERQC pathway. Impairment of ERQC machinery can result in 

enhanced susceptibility, as the receptors required for pathogen recognition are unable to 

function (Tintor and Saijo, 2014). Thus, compromised ER integrity can hinder plant 

pathogen responses. Unsurprisingly, plant pathogens have been found to attack the host 

ER for their own benefit. The mutualistic fungus Piriformospora indica induces cell death 

using an ER stress-dependent mechanism, enabling its colonization of the Arabidopsis 
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root (Qiang et al., 2012). The high degree of overlap between ER stress and biotic stress 

responses opens the possibility that the observed increase in stress signaling in NAA50 

knockout and knockdown plants results from changes to ER stress, rather than direct 

regulation of stress responses by NAA50.  

A link between NTA and osmotic stress in plants has been recently proposed 

(Linster et al., 2015; Asknes et al., 2016). It was demonstrated that NatA knockdown 

plants display enhanced drought tolerance. Furthermore, levels of NatA-mediated NTA 

were shown to fluctuate in response to ABA treatment (Linster et al., 2015). Here, we 

have demonstrated that plant NATs may be required for proper protein folding and the 

repression of ER stress. There is a demonstrated link between ER stress and osmotic 

stress in plants. Overexpression of the chaperone BiP in tobacco and soybean results in 

enhanced drought tolerance (Valente et al., 2008). BiP expression in soybean was found 

to inhibit both ER- and osmotic stress-induced cell death (Reis et al., 2011). In wheat, 

treatment with Tauroursodeoxycholic Acid alleviates osmotic stress-induced cell death 

and ER stress signaling (Zhang et al., 2017). Strong osmotic stress alters root 

architecture and induces cell death through an ER stress-dependent mechanism (Duan 

et al., 2010).  

If NTA is indeed required to prevent induction of ER stress, then the enhanced 

drought resistance of NAT-deficient plants may be an indirect result of changes to ER 

stress signaling. We have demonstrated that loss of NAA50 alters root morphology, 

resulting in shorter roots, longer root hairs, and the accumulation of dead cells. 

Furthermore, these changes appear to be the result of constitutive ER stress. Constitutive 

ER stress resulting from reduction in NAT expression may lead to priming of stress 
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responses, which ultimately results in a resistance phenotype. Thus, the enhanced 

drought tolerance of NatA knockdown plants observed by Linster et al., 2015 may result 

from enhanced ER stress and UPR signaling, rather than a direct effect on osmotic stress 

responses.  

Although loss of NAA50 has a significant impact on Arabidopsis development, it 

does not result in lethality, as in Naa10 and Naa15 knockouts (Linster et al., 2015; Feng 

et al., 2016). This indicates potential redundancy for NAA50-mediated NTA, or that 

NAA50 is only essential for certain developmental processes. Human NatE, NatC, and 

NatF target a common set of N-terminal peptides (Aksnes et al., 2016). Given this overlap 

of function, other NATs may be capable of acetylating NatE targets in its absence. It is 

unclear whether Arabidopsis NAA50 can function similarly to NatF. NAA50 does not 

appear to have the same Golgi localization as human Naa60 (Aksnes et al., 2015), as we 

observed it primarily localizing to the ER (Figure 3-1E). NatC may be able to fulfill some 

functions for NatE, however, loss of function mutations in Arabidopsis NatC are less 

severe than that of NatE, producing only minor dwarf phenotypes (Pesaresi et al., 2003). 

Most work on NTA has been performed in unicellular organisms, making it 

impossible to study whether NATs display tissue-specific functions. There are likely to be 

differences in the expression patterns of NATs in different tissues. According to the BAR 

ePlant browser (http://bar.utoronto.ca/eplant), root expression of NAA50 and NAA10 is 

predicted to be the highest in the meristematic region. It is likely that some NAT 

complexes are specifically active at certain developmental periods, or in specific tissues. 

If other plant NAT complexes are indeed able to fulfill some functions of NAA50, it is also 

possible that they are only able to do so in certain tissues or at certain points in 
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development, based upon their own expression profiles. The study of plant NATs has the 

potential to expose tissue- and development-specific NAT activity. 

Loss of NAA50 especially affected certain cell types and tissues. In NAA50 

knockdown plants, loss of NAA50 led to reduced growth of both roots and stems. 

Furthermore, stem bending and altered root morphology were observed. The use of an 

inducible knockdown line enabled us to compare the effects of NAA50 knockdown in new 

and old cells. Interestingly, phenotypes resulting from NAA50 knockdown were mainly 

exhibited in newly developed cells. The sterility of naa50 plants demonstrates that NAA50 

is required for reproductive as well as vegetative development. These observations 

demonstrate that NAA50 activity may be especially required by developing cells, or cells 

undergoing rapid growth and division.  

If NAA50 is indeed required for the regulation of ER stress, it follows that roots, 

shoots, and anthers would be especially impacted by its loss. There is evidence that plant 

vegetative and reproductive development require an intact UPR to manage ER stress. 

Roots have been shown to be particularly sensitive to ER stress (Cho and Kanehara, 

2017). Significant changes in root and shoot development result from mutations in UPR 

genes, indicating that a functional UPR is essential for vegetative development (Deng et 

al., 2013; Kim et al., 2018; Bao et al., 2019). Mutations in UPR genes also have a 

significant impact on plant reproductive development (Deng et al., 2013; Deng et al., 

2016). In fact, the UPR is constitutively active in anthers (Iwata et al., 2008). The 

requirement for UPR signaling in unstressed plants implies that ER stress occurs during 

normal development and must be managed by the UPR, or that UPR genes are involved 

in the direct regulation of developmental genes (Kim et al., 2018). A requirement for the 
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UPR in development has long been demonstrated in animals. The rapid production of 

immunoglobulins by B cells is preceded by an upregulation of the UPR, which manages 

potential ER stress (van Anken et al., 2003). Roots, shoots, and anthers may rely upon 

UPR signaling due to the high level of protein translation that occurs in these tissues 

during development. That these tissues were indeed particularly affected by the loss of 

NAA50 demonstrates that NAA50 may be required for the management of ER stress 

which occurs during development. 

 

Model for EDR1 and NAA50 Regulation of ER Stress 

Our initial interest in NAA50 was based on its physical interaction with EDR1. 

Indeed, the enhanced defense signaling observed in NAA50 knockout and knockdown 

plants correlates with many edr1 phenotypes. EDR1 and NAA50 also appear to play a 

role in the regulation of ER stress. edr1 plants were found to have enhanced sensitivity 

to TM treatment, while loss of NAA50 induced constitutive ER stress. 

Our work indicates that EDR1 and NAA50 may be involved in the repression of ER 

stress (Figure 3-10). Since NAA50 likely functions primarily in the NTA of target peptides, 

loss of NAA50 may result in the translation of proteins which lack a required N-terminal 

acetylation mark. Loss of NAA50-mediated NTA likely results in the misfolding, improper 

trafficking, or aggregation of proteins, ultimately producing ER stress. We have found that 

loss of EDR1 results in increased ER stress sensitivity. It is possible that EDR1 activates 

NAA50, perhaps during a stress event. Thus, when plants lacking EDR1 encounter 

stress, NAA50 would lack proper activation. The lack of NAA50-mediated NTA would 

therefore lead to mild ER stress, ultimately resulting in enhanced senescence and cell 



 

111 
 

death. This model provides a potential explanation for the wide range of stimuli to which 

edr1 plants display enhanced senescence and sensitivity.  

 

 

 

 

Figure 3-10. Model for EDR1- and NAA50-mediated regulation of ER stress. Left: In wildtype 
plants, EDR1 activates NAA50-mediated NTA, possibly through phosphorylation. NAA50-
mediated NTA ensures proper protein folding, thereby inhibiting ER stress. Middle: In plants 
lacking functional NAA50, the absence of NAA50-mediated NTA results in protein aggregation 
and ER stress. Right: Biotic and abiotic stress events strain the translational machinery requiring 
altered or enhanced NAA50-mediated NTA. In plants lacking EDR1, NAA50 is not properly 
activated during these events, resulting in enhanced ER stress and senescence. 
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Material and Methods 

 

Plant Material and Growth Conditions 

Arabidopsis thaliana accession Col-0, and Col-0 mutants edr1-1 (Frye and Innes 

1998), naa50-1 (SAIL_210_A02), and naa50-2 (SAIL_1186_A03) were used in this study. 

For growth on Murashige and Skoog (MS) plates, seeds were surface sterilized with a 

solution of hydrogen peroxide and ethanol (1:19) and planted on one-half-strength MS 

plates supplemented with 0.8% agar. For soil-grown plants, seed was directly sowed onto 

Pro-Mix PGX Biofungicide plug and germination mix supplemented with Osmocote 14-

14-14 fertilizer (ICL Fertilizers). Plates and flats were placed at 4ºC for 48 hours for 

stratification before being transferred to a growth room set to 23ºC and 12 hour light (150 

µEm-2s-1)/12 hour dark cycle. For transient expression experiments, Nicotiana 

benthamiana was grown under the same growth room conditions as A. thaliana. 

 

Plasmid Construction and Generation of Transgenic Arabidopsis Plants 

NAA50 clones were derived by PCR amplification using cDNA from Col-0. Site-

directed mutagenesis was utilized to introduce the I145A and Y34A mutations into NAA50 

(Qi and Scholthof, 2008). All primers used in this study for cloning and site-directed 

mutagenesis are listed in Table 3-1.  

For yeast-two hybrid assays, the full-length open reading frames of EDR1, EDR1 

(D810A), and Lamin (LAM) were cloned into the DNA-binding domain vector pGBKT7 

(Clontech Matchmaker System). The full-length open reading frame of NAA50, and the 

SV40 Large T Antigen (T) were cloned into pGADT7. EDR1 full-length wild-type cDNA 
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and EDR1ST (D810A) were cloned into pGBKT7 using SmaI and SalI restriction sites. 

NAA50 was cloned into pGADT7 using ClaI and XhoI restriction sites. 

For transient expression in N. benthamiana, NAA50 was cloned into the cauliflower 

mosaic virus 35S promoter vector pEarleyGate100 (Earley et al., 2006) using a modified 

multisite Gateway recombination cloning system (Invitrogen) as described in (Qi et al., 

2012).  EDR1-sYFP and EDR1ST-sYFP were cloned into the dexamethasone-inducible 

pBAV154 (Vinatzer et al., 2006) using multisite Gateway cloning. A sYFP-tagged 5xMYC 

construct was generated in pEarlyGate100 using multisite gateway cloning. 

For the generation of amiRNA transgenic plants, a NAA50-specific amiRNA 

construct was created by PCR amplification following the procedures of Schwab et al. 

(2006), which included insertion of the NAA50 sequence flanked by regions of the MIR319 

microRNA. The resulting amiRNA construct was cloned into pBAV154 and PMDC32 (Qi 

and Katagiri, 2009) using Gateway cloning. 

To generate transgenic plants containing NAA50-sYFP under the control of a 

native promoter, the 297 nucleotides upstream of the NAA50 start site were cloned into 

PMDC32 using KpnI and HindIII restriction sites. NAA50I145A and NAA50Y34A were 

generated using site-directed mutagenesis (Qi and Scholthof, 2008), and cloned into 

PMDC32 containing the NAA50 native promoter with a C-terminal 3xHA tag using 

multisite Gateway cloning. 

Transgenic plants were generated using the floral dip method (Clough and Bent, 

1998). Plasmids were transformed into Agrobacterium strain GV3101 (pMP90) by 

electroporation with selection on Luria-Bertani plates containing 50 μg/mL kanamycyin 

sulfate (Sigma-Aldrich) and 20 μg/mL gentamicin (Gibco). Selection of transgenic plants 
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carrying a BASTA resistance cassette was performed by spraying 1-week old seedlings 

with 300 μM BASTA (Finale), or by selection on MS plates supplemented with 300 μM 

BASTA. Selection of plants carrying a hygromycin resistance cassette was performed by 

germinating seed on MS plates supplemented with 20 µg/mL hygromycin (Fischer 

Scientific).  

For expression in E. coli, NAA50 was cloned into pDEST17 using Gateway cloning. 

The resulting plasmid was transformed into E. coli strain BL21.AI (Invitrogen). 

 

Yeast Two-Hybrid Assays 

For yeast two-hybrid assays between EDR1 and NAA50, pGBKT7 and pGADT7 

clones were transformed into haploid yeast strain AH109 (Clontech) by electroporation 

and selected on SD-Trp-Leu medium. Successful transformants were selected after 48 

hours of growth at 30ºC and then struck onto fresh SD-Trp-Leu medium and allowed to 

grow for another 48 hours. Before carrying out yeast two-hybrid assays, yeast was grown 

in liquid SD-Trp-Leu medium for 16 hours at 30ºC. Cultures were re-suspended in water 

to an OD600 of 1.0, serially diluted, and plated on appropriate SD media. Plates were 

grown for up to 4 days at 30ºC.  

 

Immunoprecipitations and Immunoblots 

For total protein extraction, tissue was ground in lysis buffer (50 mM Tris-HCl, pH 

7.5, 150 mM NaCl, 0.1% Nonidet P-40, 1% Plant Proteinase Inhibitor Cocktail [Sigma], 

and 50 mM 2,2′-Dithiodipyridine [Sigma]) or, for co-IPs, IP Buffer (50 mM Tris, pH 7.5, 

150 mM NaCl, 1mM EDTA, 0.1% Nonidet P-40,  10% glycerol, 1% Plant Proteinase 



 

115 
 

Inhibitor Cocktail [Sigma], and 50 mM 2,2′-Dithiodipyridine [Sigma]). For expression of 

dexamethasone-inducible proteins, plants were sprayed with a 50 μM dexamethasone 

solution containing 0.02% (v/v) Silwet L-77 (OSi Specialties) 16 hours before tissue was 

harvested. Samples were centrifuged at 10,000 g at 4°C for 5 minutes, and supernatants 

were transferred to new tubes.  

Immunoprecipitations were performed as described previously (Shao et al., 2003) 

using GFP-Trap_A (Chromotek). Total proteins were mixed with 1 volume of 2x Laemmli 

sample buffer, supplemented with 5% β-mercaptoethanol, 1% Protease Inhibitor Cocktail 

(Sigma), and 50 mM 2,2′-Dithiodipyridine (Sigma). Samples were then boiled for 5-10 

minutes before loading. Total proteins and/or immunocomplexes were separated by 

electrophoresis on a 4-20% Mini-PROTEAN TGX Stain-Free protein gel (Bio-Rad). 

Proteins were transferred to a nitrocellulose membrane and probed with anti-HA-HRP 

(3F10) (Sigma), mouse anti-GFP (ab6556) (Abcam), and goat anti-mouse-HRP 

antibodies (A-10668) (Invitrogen).  

For protein extraction from yeast, yeast grown on solid SD -Leu, -Trp plates were 

resuspended in lysis buffer (100 mM NaCl, 50 mM Tris-Cl, pH 7.5, 50 mM NaF, 50 mM 

Na-β-glycerophosphate, pH 7.4, 2 mM EGTA, 2 mM EDTA, 0.1% Triton X-100, 1 mM 

Na3VO4). Glass beads were then added to the suspension and the solution was vortexed 

for 1 minute three times. After the addition of 1 volume of 2x Laemmli sample buffer 

supplemented with 5% β-mercaptoethanol, samples were boiled for 10 minutes. 

Immunoblots were performed using anti-HA-HRP (3F10) (Sigma), mouse anti-GAL4DBD 

(RK5C1) (Santa Cruz Biotechnology), goat anti-mouse-HRP (A-10668) (Invitrogen), 
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antibodies. Visualization of immunoblots from yeast strains used in two-hybrid assay were 

performed using the KwikQuant Imager (Kindle Biosciences). 

 

Fluorescence and Light Microscopy 

Confocal laser scanning microscopy was performed on a Leica TCS SP8 confocal 

microscope (Leica Microsystems) equipped with a 63X, 1.2-numerical aperture water 

objective lens and a White Light Laser. sYFP fusions were excited at 514-nm and 

detected using a 522 to 545 nm band-pass emission filter. mCherry fusions were excited 

at 561 nm and detected using a custom 595 to 620 nm band-pass emission filter.  

To capture detailed images of Arabidopsis roots, images were captured using a 

Stemi 305 compact Greenough stereo microscope (Zeiss). Digital images were captured 

using Labscope software (Zeiss). 

 

Quantitative-PCR 

For RT-PCR and quantitative RT-PCR experiments, RNA was extracted using the 

Spectrum plant total RNA kit (Sigma-Aldrich) according to manufacturer’s instructions. 

cDNA was produced from 1 μg total RNA using the Verso cDNA synthesis kit (Thermo 

Fisher Scientific). Relative RNA amounts were determined by quantitative RT-PCR using 

the Power Up SYBR Green Master Mix (Thermo Fisher Scientific). A comparative Ct 

method was used to determine relative quantities (Schmittgen and Livak, 2008). ACTIN2 

was used for normalization. 
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NAA50 Knockdown Transcriptome Profiling 

 For RNA sequencing, plants were first sprayed with a solution containing 50 μM 

dexamethasone and 0.02% (v/v) Silwet L-77 (OSi Specialties) 24 hours, 12 hours, and 

immediately before tissue collection. Three biological replicates were performed per 

genotype per treatment, each consisting of approximately 0.4 g leaf tissue taken from the 

4th leaf of 4 unique plants. RNA was extracted from 4-week-old Arabidopsis leaves using 

the Spectrum plant total RNA kit (Sigma-Aldritch) according to manufacturer’s 

instructions. 

Total RNA was prepared into equimolar pools for each sample submitted to 

Indiana University’s Center for Genomics and Bioinformatics for cDNA library construction 

using a TruSeq Stranded mRNA LT Sample Prep Kit (Illumina) following the standard 

manufacturing protocol. Sequencing was performed using an Illumina NextSeq500 

platform with 75 cycle sequencing kit generating 84bp single-end reads. After the 

sequencing run, demultiplexing was performed with bcl2fastq v2.20.0.422.  

Trimmomatic (1; version 0.33; non-default parameters = 

ILLUMINACLIP<adapter_file>:2:20:6 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20 

MINLEN:35) was used to trim reads of adapter and low-quality bases. Reads were 

mapped to the Arabidopsis thaliana genome using STAR with the final parameters (4; 

version 2.5.2a; --outSAMattributes All --outSAMunmapped Within --outReadsUnmapped 

Fastx --outFilterMultimapNmax 1 --seedSearchStartLmax 25 --chimSegmentMin 20 --

quantMode GeneCounts --twopassMode Basic --outWigType wiggle --outWigStrand 

Unstranded --outWigNorm None --sjdbGTFtagExonParentTranscript Parent --

sjdbGTFtagExonParentGene ID --outSAMtype BAM SortedByCoordinate). Read counts 
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were determined using a custom perl script. Differential expression comparisons of all 

features with 5 or more reads (in total across all samples) were carried out with DESeq2 

(2; R package version 3.4.0) along with the IHW (3) package to adjust for multiple testing 

procedures. 

Identification of significantly altered transcripts was performed by comparing 

‘DEX:NAA50-ami’ and ‘DEX:Scrambled-ami’ datasets. Transcripts which differed 

significantly (adjusted P-value <0.05) between the ‘DEX:NAA50-ami’ and 

‘DEX:Scrambled-ami’ datasets were then analyzed to determine whether expression had 

increased or decreased relative to the ‘DEX:NAA50-ami 0 hr’ dataset. Those transcripts 

which were significantly (adjusted P-value <0.05 and log2 fold-change >1.5) up- or 

downregulated relative to the ‘DEX:NAA50-ami 0 Hr’ dataset were then used for GO term 

enrichment analysis. Gene Ontology (GO) term enrichment analysis was performed in 

Cytoscape using the BiNGO app (Maere et al., 2005).  

 Transcriptome similarity analysis was performed using the Genevestigator 

Signature tool (https://genevestigator.com/gv/doc/signature.jsp). For this analysis, a list 

of the 330 most significantly altered (greatest log2 fold-change) transcripts at 12 hours 

was used as input. A heatmap comparing this input to similar transcriptomes was 

generated using the Heatmapper Expression tool 

(http://www2.heatmapper.ca/expression) (Babicki et al., 2016).  
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Trypan Blue Staining 

Trypan blue staining of Arabidopsis roots was performed by soaking seedlings in 

a solution of 10 mg/mL trypan blue (Sigma) in water for twenty minutes. Seedlings were 

then washed three times with deionized water. 

 

ER Stress Treatments 

 ER stress treatments of Arabidopsis seedlings were performed by growing seeds 

directly on MS plates supplemented with TM (Sigma) or DTT (Bio-Rad). For treatment of 

adult plants, TM was injected directly into one half of an Arabidopsis leaf using a 

needleless syringe. 

 

In Vitro Acetylation Assays 

E. coli strain BL21.AI was transformed with a pDEST17 vector carrying NAA50. 

5xHIS-tagged NAA50 was purified from E. coli using a Nickel-His column (Sigma). A 5 

mL culture was incubated at 37ºC for 16 hours, and then subcultured to a final volume of 

100 mL. The culture was grown until the OD600 reached 0.5. Expression of NAA50 was 

induced by adding 1 mM IPTG and 0.2% Arabinose to the culture. The culture was then 

incubated at 30ºC for 3 hours. Cells were then harvested and resuspended in 8 mL of 

Native Purification Buffer (50 mM NaH2PO4, 500 mM NaCl) supplemented with 8 mg 

lysozyme and a protease inhibitor tablet (Roche). The suspension was then incubated on 

ice for thirty minutes, and then sonicated. After sonication, the cell debris was pelleted by 

centrifugation (5,000 x g, 15 minutes) at 4ºC. The Ni-NTA resin was washed twice with 

Native Purification Buffer and then incubated with the lysate for 1 hour at 4ºC. The resin 
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was then washed 4 times with Wash Buffer (Native Purification Buffer supplemented with 

6 mM Imidazole). Fractions were eluted with Elution Buffer (Native Purification Buffer 

supplemented with 250 mM Imidazole). 

For in vitro auto-acetylation assays, 4 µg recombinant NAA50 was incubated with 

100 µM Acetyl-Coenzyme A (Roche) in a 2X acetylation buffer (50mM Tris HCl pH 7.5, 

2mM EDTA, 200mM NaCl, 10% Glycerol) at 30°C. Detection of auto-acetylation activity 

was performed through immunoblotting using acetylated lysine monoclonal antibody 

(1C6) (Invitrogen).  

In vitro N-terminal acetylation assays were performed according to Foyn et al., 

2017, using recombinant HIS-tagged NAA50 that was purified using the method 

described above. Synthetic peptides used in N-terminal acetylation assays were procured 

from GenScript. 

 

Detecting NAA50-Mediated NTA by Mass Spectrometry 

Liquid chromatography was performed on protein extracts from Arabidopsis 

seedlings and rosettes. Arabidopsis protein extraction was performed by grinding tissue 

in lysis buffer (50mM Tris-HCl pH 7.5, 150mM NaCl, 0.5% NP-40). Plant cell debris was 

pelleted by centrifugation (10 minutes, 10,000g). For protein extraction from E. coli, 

cultures were resuspended in lysis buffer (50 mM Tris-HCl pH 7.5, 50mM NaCl, 5% 

glycerol). Cultures were then sonicated and cell debris pelleted (5 minutes, 5,000g). 

Protein was precipitated using TCA/ethanol 

Protein samples were resuspended and denatured in 8M urea with 100mM 

ammonium bicarbonate, pH 7.8. Disulfide bonds were reduced by incubation for 45 
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minutes at 57°C with a final concentration of 10mM Tris (2-carboxyethyl) phosphine 

hydrochloride (C4706, Sigma Aldrich). A final concentration of 20 mM iodoacetamide 

(I6125, Sigma Aldrich) was then added to alkylate these side chains and the reaction was 

allowed to proceed for one hour in the dark at 21°C. The samples were diluted to 1M urea 

using 100mM ammonium bicarbonate, pH 7.8. Trypsin (V5113, Promega) was added, 

and the samples were digested for 14 hours at 37°C. 

The digested lysates were desalted using C18 SepPaks (WAT051910, Waters) 

and dried down. Dried pellets were resuspended in 50 μL 5mM KH2PO4 in 30% 

acetonitrile (34998, Sigma Aldrich), pH 2.7 (buffer A) and then fractionated using strong 

cation exchange chromatography on an AKTA Pure 10 (GE Healthcare) equipped with a 

Luna 5μm 100 angstrom 150 x 2.1 mm strong cation exchange (SCX) column (00F-4398-

B0, Phenomenex). Buffer B was 350mM KCl (PX1405, EM Science) in buffer A. A 200 

μL/min gradient was run from 0% B to 50% B over 10 mL, then up to 100% B over 1 mL. 

Fractions were collected and N-terminally acetylated peptides eluted between two and 

four mL into the gradient. 

Individual fractions from the SCX chromatography were desalted using ZipTips 

(ZTC18S096, EMD Millipore), dried down and resuspended in 0.1% formic acid (94138, 

Honeywell). Fractions were analyzed by LC-MS on an Orbitrap Fusion Lumos mass 

spectrometer equipped with an Easy NanoLC1200 HPLC (ThermoFisher). Buffer A was 

0.1% formic acid in water. Buffer B was 0.1% formic acid in 80% acetonitrile. Peptides 

were separated on a two-hour gradient from 0% B to 35% B. Peptides were collisionally 

fragmented using HCD mode. Precursor ions were measured in the Orbitrap with a 
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resolution of 120,000. Fragment ions were measured in the Orbitrap with a resolution of 

60,000. 

LC-MS/MS data generated from E. coli was searched against an Eschericia coli 

database (strain K12) downloaded from Uniprot. LC-MS/MS data generated from 

Arabidopsis was searched against an Arabidopsis thaliana database downloaded from 

Uniprot. Proteome Discoverer version 2.1.1.21 (ThermoScientific) was used to interpret 

the MS/MS files. Data was searched using the Sequest HT algorithm and the results were 

filtered via Percolator with a decoy database false discovery rate (FDR) set to < 1%. The 

database search parameters were set as follows: two missed trypsin cleavage sites were 

allowed per peptide. A mass tolerance of 5 ppm and 0.04 Da were used for precursor and 

fragment ions, respectively. Oxidation of methionine, pyroglutamine on peptide amino 

termini and protein N-terminal acetylation were set as variable modifications. 

Carbamidomethylation was set as a fixed modification 

 

Accession Numbers 

Arabidopsis sequence data is available under the following AGI accession numbers: 

EDR1 (At1g08720), NAA50 (At5g11340), γ-TIP (At2g36830), NAA10 (AT5G13780), 

SDF2 (AT2G25110). RNA sequencing data is accessible through the NCBI GEO 

database (GSE145580). 
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Table 3-1. Primers used in this study. 
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Appendix: Arabidopsis HYPK May Regulate Plant Development and Stress 

Responses 

 

Introduction 

Although there is mounting evidence that NTA plays an important role in regulating 

plant stress signaling and development, little is known about how NAT complexes function 

in plants. The NatA complex has been implicated in the regulation of plant stress signaling 

and development (Linster et al., 2015; Feng et al., 2016). It was recently demonstrated 

that loss of NatB results in dwarfism and altered osmotic stress responses (Huber et al., 

2019). Furthermore, I have demonstrated a role for the NatE catalytic component NAA50 

in regulating plant stress signaling and development (Chapter 3). Further investigation of 

NAT complexes may reveal additional roles in other aspects of plant development and 

stress signaling. 

NAT complexes are comprised of enzymatic subunits and auxiliary subunits 

(Polevoda et al., 2009). The NatA complex associates with the Huntingtin yeast two-

hybrid protein K (HYPK) (Arnesen et al., 2010). HYPK was initially identified as an 

interactor of Huntingtin protein in a yeast two-hybrid screen (Faber et al., 1998). Human 

HYPK physically interacts with NatA through a direct interaction with Naa10 and Naa15 

(Arnesen et al., 2010; Gottlieb and Marmorstein, 2018). Association with HYPK may 

impact the activity of NatA and NatE. The N-terminus of HYPK has been shown to 

negatively impact NatA acetylation activity (Weyer et al., 2017). The inhibitory effect of 

HYPK on NatA activity is mediated by HYPK-dependent changes to the hNaa10 active 

site (Gottlieb and Marmorstein, 2018). Although HYPK may inhibit NatA activity, loss of 
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HYPK results in reduced accumulation of Naa10 and Naa15, indicating that it is essential 

for the formation of the NatA complex (Arnesen et al., 2010). HYPK may also be important 

for NatE-mediated NTA. The association of HYPK with NatA inhibits the association of 

hNaa50 with the complex (Gottlieb and Marmorstein, 2018). These studies demonstrate 

that HYPK is an important modulator of NTA mediated by the NatA and NatE complexes. 

In addition to playing a role in the regulation of N-terminal acetylation, HYPK has 

been implicated as an inhibitor of protein aggregation. HYPK has been shown to display 

chaperone-like activity (Raychaudhuri et al., 2008). Loss of HYPK results in increased 

aggregation of Huntingtin protein as well as apoptosis and cell cycle arrest (Arnesen et 

al., 2010). Although HYPK displays chaperone-like activity, HYPK displays characteristics 

that distinguish it from other chaperones. For instance, HYPK localizes to ribosome-

associated complexes, and does not co-localize with Huntingtin aggregates (Arnesen et 

al., 2010). This demonstrates that the chaperone-like activity of HYPK is likely required 

co-translationally. 

Additional work investigating the roles of NAT complex components may yield 

insight into the function of NTA in regulating plant development and stress signaling. 

Here, I describe preliminary work exploring the role of HYPK in Arabidopsis. I have 

demonstrated that loss of HYPK results in altered plant development, enhanced drought 

resistance, and induced UPR signaling. These results suggest that Arabidopsis HYPK 

may function to repress ER stress in plants. 
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Results 

HYPK is Conserved in Arabidopsis 

 Although HYPK has been characterized in humans, it has not been investigated in 

plants. A BLAST search using the human HYPK amino acid sequence returned a single 

hit in Arabidopsis thaliana, the protein encoded by At3G06610. Human and Arabidopsis 

HYPK share 36.94% identity (Figure 4-1). This demonstrates that HYPK is likely 

conserved in plants and indicates that Arabidopsis HYPK may function similarly to human 

and yeast HYPK. 

 

 

 

 

 

 

Figure 4-1. HYPK is conserved in Arabidopsis. An amino acid alignment between the Arabidopsis and 
human HYPK proteins is displayed. This alignment was generated using Clustal Omega 
(https://www.ebi.ac.uk/Tools/msa/clustalo/) and visualized in Jalview (Waterhouse et al., 2009). 
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Arabidopsis HYPK Displays ER-Like Localization 

I have shown that Arabidopsis NAA50 localizes primarily to the ER (Figure 3-1E). 

To test whether Arabidopsis HYPK displays a similar localization, we transiently 

expressed a sYFP-tagged HYPK in N. benthamiana. HYPK-sYFP displayed an ER-like 

localization pattern (Figure 4-2). This demonstrates that like other Arabidopsis NAT-

associated proteins, HYPK may also localize to the ER. Furthermore, it suggests that 

Arabidopsis HYPK may associate with the ER-localized NAA10 and NAA50. 

 

 

 

Figure 4-2. Arabidopsis HYPK displays ER-like localization. sYFP-tagged HYPK was transiently expressed 
in N. benthamiana. A z-stack image is displayed. The bar represents 50 microns. 
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Loss of HYPK Results in Developmental Defects 

Given that HYPK is conserved (Figure 4-1), we hypothesized that HYPK may be 

essential for plant development or stress responses. To test this, we characterized a 

HYPK T-DNA insertion mutant, (SALK_080671; hypk-1). Adult homozygous hypk-1 

plants were dwarfed compared to wildtype and displayed altered leaf morphology (Figure 

4-3). hypk-1 plants were not sterile and produced viable seed. 

 

 

 

 

Figure 4-3. Loss of HYPK results in developmental defects. Representative five-week-old plants are 
displayed. 
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hypk-1 Plants Display Enhanced Drought Tolerance 

 Loss of the NatA components NAA10 and NAA15 has been shown to result in 

enhanced drought tolerance (Linster et al., 2015). Additionally, I have shown that 

constitutive knockdown of NAA50 results in enhanced drought tolerance (Figure 3-5). We 

therefore hypothesized that loss of HYPK may alter plant drought tolerance. Indeed, we 

found that hypk-1 plants displayed enhanced drought tolerance (Figure 4-4A). After 

extended periods of drought, hypk-1 plants fared significantly better than wildtype plants 

and retained more fresh weight during drought treatment (Figure 4-4, B-C). That loss of 

HYPK results in enhanced drought tolerance indicates that HYPK may be a repressor of 

drought response signaling. Alternatively, loss of HYPK may induce a stress response 

that ultimately induces drought tolerance. This adds to previous observations that loss of 

NatA and NatE components results in enhanced drought tolerance. 
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Figure 4-4. hypk mutants display enhanced drought tolerance. A. 5-week-old plants underwent a 4-day 
period of drought, or normal watering. Representative plants are shown. This experiment has been 
repeated three times with similar results. B. Fresh weight measurements were taken of rosettes from 5-
week-old plants following a 4-day period of drought (-H2O), or normal watering (+H2O). Bars represent 
averages from 6 individual plants. Error bars represent standard deviation. Significance was determined 
using a Students t-test (P <0.05). C. Percent fresh weight retained was calculated based on the average 
fresh weight of watered and unwatered plants in B. 
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hypk-1 Plants Display ER Stress Tolerance and Constitutive UPR Signaling 

I have demonstrated that loss of NAA50 in Arabidopsis results in constitutive ER 

stress and the induction of the UPR (Figure 3-7). We therefore hypothesized that loss of 

HYPK may result in altered ER stress sensitivity. We investigated the ER stress sensitivity 

of hypk-1 plants through treatment with tunicamycin (TM). Leaves of four-week-old plants 

were injected with TM and allowed to grow for 6 days. We found that hypk-1 plants fared 

better than wildtype plants, displaying reduced senescence and tissue collapse (Figure 

4-5A).  

 

 

Figure 4-5. Loss of HYPK results in enhanced ER stress tolerance and constitutive UPR activation. A. 4-
week-old Col-0 and hypk-1 plants were injected with TM. Representative leaves are shown. Leaves were 
detached and images taken 6 days after injection with tunicamycin. This experiment was repeated twice 
with similar results. B. Spliced bZIP60 was detected by performing RT-PCR on cDNA generated from 4- 
and 5-week-old Col-0 and hypk-1 plants. 

 



140 
 

To test whether loss of HYPK induces constitutive ER stress, we utilized RT-PCR 

to measure bZIP60 splicing in hypk-1 plants. Indeed, we observed higher levels of spliced 

bZIP60 in cDNA samples generated from 4- and 5-week-old hypk-1 plants (Figure 4-5B). 

This result indicates that the UPR is activated in hypk-1 plants in the absence of external 

stress or chemical induction of ER stress. The constitutive activation of the UPR in hypk-

1 plants may explain the enhanced ER stress tolerance of hypk-1 plants. Activation of the 

UPR may prime hypk-1 plants for response to ER stress. Furthermore, activation of the 

UPR may explain the morphological defects, dwarfism, and drought tolerance observed 

in hypk-1 plants. 

 

Discussion 

 

Arabidopsis HYPK is Required for Development and Suppression of Stress 

Responses 

 We have demonstrated that the HYPK gene is conserved in Arabidopsis. As in 

humans, HYPK appears to play an important role in plants. Loss of HYPK results in 

altered development, indicating that HYPK may be essential for plant growth. This is 

similar to observations of plants lacking other NatA and NatE components. Knockdown 

of NatA and NatB complex components results in dwarfed plants (Linster et al., 2015; 

Huber et al., 2019). Similarly, I found that loss of NAA50 results in altered rosette size 

and dwarfism (Figure 3-5B; Figure 3-2). That loss of HYPK results in a similar phenotype 

indicates that a similar process may be disrupted.  
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Our results suggest that HYPK may regulate ER stress signaling in plants. The 

hypk-1 mutation results in enhanced resistance to ER stress and constitutive UPR 

signaling (Figure 4-5, B-C). This mirrors my findings demonstrating that loss of NAA50 

leads to constitutive UPR activation (Figure 3-7). Since human HYPK has been shown to 

have chaperone-like activity and to be involved in the regulation of protein aggregates 

(Raychaudhuri et al., 2008; Arnesen et al., 2010), it is possible that Arabidopsis HYPK 

fulfills a similar function. If true, loss of HYPK may therefore result in the formation of 

protein aggregates and induced ER stress. As discussed previously in Chapter 3, there 

is an established connection between ER stress and osmotic stress in plants. Given this 

connection, it is possible that ER stress induced by the loss of HYPK results in altered 

drought tolerance.  

The observed developmental defects and altered stress responses of hypk plants 

may result directly from the loss of HYPK function, or from altered NatA or NatE activity. 

We have yet to demonstrate a molecular function for Arabidopsis HYPK. As in humans, 

it is possible that Arabidopsis HYPK functions as a chaperone protein and prevent the 

formation of protein aggregates. However, loss of HYPK may also influence the formation 

or activity of the NatA and NatE protein complexes, as has been observed in humans 

(Arnesen et al., 2010; Gottlieb and Marmorstein, 2018). Future work in Arabidopsis should 

aim to address whether the NatA and NatE complexes are intact and functional in hypk-

1 plants, as well as determine whether Arabidopsis HYPK displays chaperone-like 

activity. 

Future work should aim to address questions surrounding HYPK function and 

conservation in eukaryotes. If HYPK does indeed function to repress protein aggregation, 
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it will be important to be able to detect the formation of protein aggregates in hypk 

mutants. Some attempts have been made at visualizing protein aggregate formation in 

Arabidopsis roots with fluorescent dyes (Cho and Kanehara, 2017). The use of similar 

techniques may prove useful in determining what effect the loss of HYPK has on plant 

cells. Most studies of HYPK have focused on characterizing human HYPK. The level to 

which HYPK function is conserved between plants and animals has yet to be investigated. 

Attempts to rescue the Arabidopsis hypk-1 allele with the human HYPK gene may yield 

insight into the degree of functional conservation shared with Arabidopsis HYPK. The 

study of HYPK in Arabidopsis has the potential to shed light on the function of human 

HYPK and provide insight into the role of NatA- and NatE-mediated NTA. 

 

Materials and Methods 

 

Plant Material and Growth Conditions 

Arabidopsis thaliana accession Col-0, and Col-0 mutants hypk-1 (SALK_080671) 

were used in this study. For soil-grown plants, seed was directly sowed onto Pro-Mix PGX 

Biofungicide plug and germination mix supplemented with Osmocote 14-14-14 fertilizer 

(ICL Fertilizers). Flats were placed at 4oC for 48 hours for stratification before being 

transferred to a growth room set to 23oC and 12-hour light (150 μEm-2s-1)/12-hour dark 

cycle. For transient expression experiments, Nicotiana benthamiana was grown under 

the same growth room conditions as A. thaliana. 
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Plasmid Construction 

 HYPK was cloned into the gateway-compatible entry clone pDONRP1-P4 

following amplification from Arabidopsis cDNA. HYPK-sYFP was generated in the 

cauliflower mosaic virus 35S promoter vector pEarleyGate100 (Earley et al., 2006) using 

a modified multisite Gateway recombination cloning system (Invitrogen) as described in 

(Qi et al., 2012). All primers used in this study are listed below (Table 4-1). 

 

Fluorescence Microscopy 

Confocal laser scanning microscopy was performed on a Leica TCS SP8 confocal 

microscope (Leica Microsystems) equipped with a 63X, 1.2-numerical aperture water 

objective lens and a White Light Laser. The sYFP fusion was excited at 514-nm and 

detected using a 522 to 545 nm band-pass emission filter. 

 

ER Stress Assays 

 ER stress treatments were performed by injecting tunicamycin (Sigma) into the 

leaves of 4-week-old Arabidopsis plants using a needless syringe. Following injection, 

plants were allowed to grow under normal conditions for six days before leaves were 

detached and pictures were taken. 

 

RT-PCR 

For RT-PCR experiments, RNA was extracted using the Spectrum plant total RNA 

kit (Sigma-Aldrich) according to manufacturer’s instructions. cDNA was produced from 1 

μg total RNA using the Verso cDNA synthesis kit (Thermo Fisher Scientific). RT-PCR was 
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performed using MyTaq DNA polymerase (Bioline) according to manufacturer’s 

instructions. 

 

 

 

 

 

 

Table 4-1. Primers used in this study. 
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