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Abstract 

 

Plant stress responses: Autophagy and Senescence 

by 

Nicola Jane Harrison-Lowe 

 

Chair: Laura J. Olsen 

 

In plants, the process of senescence advances an individual cell, organ, or plant 

toward developmentally programmed, or environmentally induced, death. This 

requires the coordination of distinct, but functionally related, pathways that 

integrate external cues from biotic and abiotic stress factors with internal age-

related cues. This allows for drastic alteration of cellular metabolism and 

organelle functions.  Once initiated, senescence allows for degradation of 

intracellular components and nutrient recycling to healthy developing areas of the 

plant. The stress-related autophagy pathway is active during senescence, and 

mediates cellular degradation by delivering selective and non-selective cargo to 

the vacuole for hydrolysis. Through the study of three proteins, AtATG6, AtFDC, 

and AtNHL57, my research provides an integrated perspective on plant stress 

biology.   

Examination of Arabidopsis Autophagy-related Protein 6 (AtATG6) 

established a link between autophagy and reproductive development. 

Homozygous atg6 plants were never recovered, suggesting a gamete 

transmission defect. Pollen test crosses determined that a male gametophyte 

defect was responsible and germination assays revealed that atg6(-) pollen 
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grains germinated at very low efficiencies in vitro. This highlighted a new role for 

AtATG6 during pollen germination. 

Our understanding of AtATG6 function was broadened through 

characterization of a novel interacting partner, a FYVE-domain-containing protein 

(AtFDC). AtFDC bound AtATG6 directly, was zinc coordinated, and peripherally 

associated with a punctate membrane structure. These traits are all consistent 

with its putative role as PI3P-binding protein. AtFDC is the first of the non-PRAF 

Arabidopsis FYVE-domain proteins to be characterized, and the first novel ATG6 

interaction partner identified in plants.  

Finally, we identified AtNHL57, a senescence-associated protein with a 

novel Peroxisomal Targeting Signal 1 (PTS1), an SFL tripeptide. NHL57 

localized to peroxisomes, and in vitro protein import experiments revealed that 

the SFL tripeptide was necessary, but not sufficient, for targeting. In addition, 

nhl57 homozygous mutant plants exhibited retarded degradation of chlorophyll 

during dark-induced senescence. This furthered our knowledge of PTS1 

tripeptides and provided an intriguing link between chlorophyll degradation and 

peroxisomes during senescence. 

In conclusion, these data provide a unique perspective on plant stress 

biology and provide a foundation for future work in pollen biology, lipid signaling 

and the physiology of senescent peroxisomes.   
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Chapter 1 
 

Introduction 
 

Plant Stress Responses: Autophagy and Senescence 
 

Plants are non-motile, photosynthetic, eukaryotic organisms. When it comes to 

stress exposure, the term non-motile is of particular significance. While plants 

can produce and disperse their seed in the hopes that their offspring will 

encounter more favorable growth conditions, the parent organism must be able 

to adequately respond to environmental changes in situ. Consequently, plants 

are able to respond to a wide variety of biotic and abiotic stress factors, including 

macro- and micro-nutrient deficiency, excessive irradiation, and phytotoxins such 

as heavy metals. In addition, plants must respond to attack by a variety of 

pathogens, including viruses, bacteria, and fungi, as well as to tissue destruction 

due to insect and animal herbivory.  

Plants coordinate a series of distinct, but functionally related pathways to 

mediate their responses to these factors (Figure 1.1). While the systemic 

acquired resistance pathway (SAR) and hypersensitive response (HR) primarily 

work to limit pathogen infection, the autophagy pathway and the process of 

senescence regulate the response to a variety of abiotic and biotic factors. 

Response to nutrient limitation is predominantly mediated by the autophagy 

pathway, which regulates nutrient levels through the targeted degradation of 

cytosolic components. In addition, autophagy works to maintain cell homeostasis 

through the degradation of oxidized and misfolded protein aggregates, disposal 

of excess or unneeded proteins and lipids, and the identification and removal of 

aberrant organelles. Finally, the process of senescence, which occurs naturally 

at the end of the plant’s lifecycle or in response to a variety of stress factors,
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regulates both autophagic and non-autophagic degradation as the cell 

progresses toward, and enters into, the programmed cell death pathway. Here I 

will discuss the integrated roles that the autophagy pathway and the process of 

senescence play during plant stress response.  
 

Autophagy – Recycle and Reuse 
 

Autophagy is a highly conserved intracellular process that allows eukaryotic cells 

to prolong their survival under hostile conditions. Since it was first observed in 

the mid 1950s [1], the autophagy pathway has been intensively studied in yeast 

and mammalian systems, and more recently in plants [2,3]. Autophagy is most 

well known for its important role in response to nutrient deprivation [4]. In yeast 

exposed to nitrogen limiting conditions, the autophagy pathway is responsible for 

the targeted sequestration, transportation, and degradation of superfluous or 

damaged intracellular components [5]. Through the breakdown, assimilation and 

recycling of the resulting macromolecules, cells increase the likelihood they will 

be viable should conditions become more favorable. In contrast to the 

degradation activity of the ubiquitin proteasome machinery [6], which 

predominantly degrades short-lived proteins, upon induction the autophagy 

pathway targets long-lived proteins, cytoplasmic components, and entire 

organelles to the vacuole for degradation [2,4]. This is strikingly observed in the 

methylotrophic yeast Pichia pastoris, which selectively degrades their alcohol 

oxidase-rich peroxisomes when their carbon source is switched from methanol to 

glucose [7]. As one would anticipate, autophagy is a tightly regulated process 

whose function relies upon continual inductive feedback from the environment 

[8]. If the hostile environment alters in the organism’s favor, the autophagy 

pathway returns to a basal level of activity, removing damaged or aberrant 

proteins. Alternatively if conditions do not change, the cell progresses toward 

death [9].  

In addition to its well studied role during starvation, the autophagy 

pathway has been implicated in a wide variety of cellular and developmental 

processes, including apoptosis and necrotic cell death [10]. Autophagy is 
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required for dauer development and life span extension in C. elegans [11], tissue 

remodeling in Drosophila [12], neuronal and embryonic development in mice 

[13,14], and is essential for fruiting body formation in Dictyostelium [15].  

Particular attention has also been paid to the role of autophagy in various human 

disease pathologies [16]. Autophagy suppresses tumor formation [17], limits 

bacterial and viral pathogen infection [18], and is implicated in the clearing of 

amyloids related to neurodegenerative diseases, including Alzheimer’s and 

Parkinson’s [19]. In N. tobacum, autophagy plays important roles in the 

regulation of programmed cell death following the hypersensitive response 

[20,21], and is implicated in pollen germination in Arabidopsis [22-24].  

 

Two types of non-selective autophagy 
 Regardless of the specific environmental or developmental cues, once initiated 

non-selective autophagy can occur in one of two manners, termed micro- and 

macroautophagy [5]. These two “types” are morphologically distinguishable using 

electron microscopy, and while both involve the sequestration of cytoplasmic 

components, they differ in the site of sequestration. As seen in Figure 1.2, 

microautophagy occurs when the tonoplast or lysosomal membrane invaginates 

or protrudes, resulting in direct uptake of cytosolic components. This can include 

the direct uptake of organelles that lie adjacent to the vacuole. In plants, 

microautophagy has been described in the cotyledons of  germinating seedlings 

and in senescent leaves [25,26]. Small ER-derived vesicles containing proteases 

have also been seen, in senescing tissues, being directly engulfed by the 

vacuole [27]. These vesicles serve as an alternative mechanism for delivery to 

the plant vacuole for a variety of cargo, including wheat gliadin endosperm, oil 

bodies, and rubber particles. In addition, entire amyloplasts (starch-containing 

granules) have been observed surrounded by tonoplast protrusions, possibly 

indicating that microautophagy is occurring [28,29].  
In contrast, macroautophagy (Figure 1.2) involves the sequestration of 

cytoplasmic components into double-membrane vesicles called autophagosomes 

[30]. Macroautophagy has been observed in tobacco cells in response to sucrose 
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starvation and is characterized by the formation of acidic vesicles in the cytosol 

[31]. In yeast, these vesicles are nucleated and form at the phagophore 

assembly site (PAS) which is located on the vacuolar membrane [32]. This 

structure is characterized by the co-localization of a large number of autophagy 

proteins to a single punctate site [33]. Despite morphological similarities between 

yeast and plant autophagy, to date, no one has identified the PAS in plants. 

Rather it is currently hypothesized that provacuoles, small vesicles of trans-Golgi 

network or endoplasmic reticulum origin, form the tubular structures initially 

observed at the sequestration site [34-36]. These tubular structures expand as 

membrane is delivered to the sequestration site, ultimately fusing to form a 

vesicle [2]. There has been a great deal of investigation regarding the origin of 

the sequestrating membrane; current data suggest that the mitochondria, trans-

Golgi network, and endoplasmic reticulum all contribute to the process [37]. The 

plasma membrane and central vacuole have also been suggested as sources of 

membrane in plants [38]. After formation, autophagosomes traffic through the 

cytosol and dock at lysosomal or vacuolar membranes [4]. The outer membrane 

of the autophagosome then fuses with the vacuolar membrane. This releases a 

single-membrane bound autophagic body into the vacuole for lysis and 

subsequent degradation by the resident hydrolases [39].  

 
Selective autophagy 
While both micro- and macroautophagy are thought to be largely non-specific 

regarding the degradation of cytoplasmic components, organelles are degraded 

in a selective manner. Termed pexophagy or mitophagy, when the cargo is 

peroxisomes or mitochondria, respectively, these specialized forms of autophagy 

are induced by different stimuli than the bulk degradation pathway [7]. These 

pathways remove damaged or aberrant organelles and in addition, allow for the 

targeted removal of organelles whose primary metabolic function has become 

redundant [40]. While they share many molecular components with the non-

selective autophagy pathways, additional proteins are required for cargo 

recognition, including certain peroxisome biogenesis proteins such as PEX14 [7]. 
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In addition to the selective micro and macroautophagy pathways, the selective 

Chaperone Mediated Autophagy pathway (CMA), functions in mammalian cells 

to deliver unfolded proteins directly into the lysosome [41]. However, evidence for 

the conservation of this pathway in plants has not been forthcoming. In 

mammals, CMA is mediated by the cytosolic chaperone hsc70 and the 

lysosome-associated membrane protein type 2A (LAMP-2A) [5]. Together, they 

target cytosolic forms of secretory proteins, transcriptions factors, protease 

subunits, and calcium-binding proteins to the lysosome for degradation. 
 
Increasing complexity - the molecular machinery 
Autophagy shares protein components with the morphologically similar 

endomembrane vesicular trafficking pathways, including the yeast cytoplasm-to-

vacuole targeting (CVT) pathway and the vacuolar protein-sorting (VPS) pathway 

[42]. Extensive genetic analysis using yeast mutants has allowed for the 

identification of 31 AuTophaGy-related (ATG) genes [5]. Consequently, research 

in this system allows us to understand the molecular mechanisms that control the 

induction and regulation of the autophagy pathway. Additional research in 

mammals and plants has highlighted the congruency and disparity between the 

molecular mechanisms in different organisms. Regardless of the system studied, 

the process can be separated into several distinct stages: induction and 

regulation, autophagosome formation and, finally, trafficking and degradation.  
 

Induction and regulation: The autophagy pathway is negatively regulated by 

the Target Of Rapamycin (TOR) kinase [43], which hyperphosphorylates Atg13, 

an activating component of the ATG1 kinase complex (Figure 1.3a) [44]. Under 

nutrient-limiting conditions, this phosphorylation is inhibited, allowing for 

formation of the Atg1 kinase complex [45]. This complex contains Atg1, Atg13, 

and Atg17, though recent data suggest that Atg11, Atg20, Atg24, Atg29, Atg31 

are also present [46]. Of these only Atg1, Atg13 and Atg20 appear to have 

sequence-based homologs in plants [8]. Concurrently, the induction of autophagy 

also requires activation of the class III phosphatidylinositol-3-kinase (PI3K) 
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complex, which is involved both in regulating TOR activity, and in 

autophagosome formation [47]. Interestingly, the placement of the PI3K complex 

in the induction pathway varies. In mammalian cells, the class I and class III PI3K 

complexes have been reported to work upstream of TOR to transduce nutrient 

signals[8]; however recent data suggest TOR functions independently of class III 

PI3K signaling in Drosophila [48].  In both systems, experiments using the PI3K 

inhibitors wortmannin and 3-methyladenine revealed that class III PI3K activity is 

also required for the induction of autophagosome formation [47,49,50].  

Regardless of the organism, the PI3K complex is composed of three 

conserved subunits, the PI3K catalytic subunit, Vps34, an activating kinase 

Vps15, that anchors the complex to the membrane, and ATG6 (Figure 1.3b). In 

yeast, a fourth subunit, Atg14, is also present [51]. The PI3K enriches the 

sequestration membrane with phosphatidylinositol-3-phosphate (PI3P). These 

PI3P-rich membranes have been shown to directly traffic to the vacuole in both 

yeast and plants [52-54]. Addition of the PI3P lipid moiety to the autophagosome 

membrane leads to the recruitment and membrane association of additional 

autophagy proteins, including the Atg18-Atg2 complex [55]. Following 

recruitment, the Atg18- Atg2 complex functions, in conjunction with the Atg1 

kinase complex, to regulate the cycling of the integral membrane protein Atg9 

between intracellular compartments, including mitochondria, during vesicle 

formation [56]. Current data suggest that as Atg9 cycles between compartments, 

it delivers membrane to the growing autophagosome. Recently an association 

between Atg9 and Arp2 has been reported, which suggests that the actin 

cytoskeleton is required for Atg9 cycling [57].  

 

Autophagosome formation: Following vesicle nucleation, two ubiquitin-like 

conjugation systems are responsible for the assembly of two protein complexes 

essential for vesicle formation. Both conjugation systems are conserved in yeast, 

plants, and mammals [2,5,36,58]. Based upon the phenotypes of deletion 

mutants, these complexes regulate the size, rate of expansion, and curvature of 

the growing autophagosome.  
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Assembly of the Atg12-Atg5 complex begins with the conjugation of the C-

terminal glycine of Atg12 to an internal cysteine of the E1-activating enzyme Atg7 

via a thioester bond [4]. Atg12 is subsequently transferred to an internal cysteine 

of the E2-conjugating enzyme Atg10, and then forms an amide bond with Atg5 

(Figure 1.3d) [46,59]. Following this conjugation, a large hetero-octomeric 

complex composed of Atg12, Atg5, and Atg16 is formed [5]. This complex 

associates with the growing autophagosomal membrane (phagophore) and is 

thought to aid in the expansion and curvature of the membrane [5]. This complex 

is also required for recruitment of Atg8 to the forming autophagosome. 

  ATG8 is the only autophagy protein present in the completed 

autophagosome (aside from the prAPEI receptor Atg19) and is associated with 

both the inner and outer membrane. A second system is responsible for 

conjugating this critical protein to phosphatidylethanolamine (PE), allowing for its 

membrane association (Figure 1.3c) [60]. This requires the activity of the 

cysteine protease Atg4, which cleaves a C-terminal arginine from Atg8, exposing 

a C-terminal glycine residue [4]. Next, Atg8 is conjugated to the aforementioned 

Atg7 via a thioester bond.  Following transfer to the E2 enzyme Atg3, Atg8 then 

forms an amide bond  with a PE moiety [61]. Despite our understanding of the 

assembly of this complex, its mechanistic functions during autophagosome 

formation are still unclear [36]. While Atg8 protein associated with the outer 

membrane of the autophagosome is removed by the activity of Atg4, the Atg8 on 

the inner membrane is degraded along with the cargo. This has lead to the 

widespread use of Atg8 as an autophagosomal marker [62]. Furthermore, recent 

data indicate that Atg8 may stimulate the tethering and hemifusion of membranes 

in vitro, suggesting a role for the Atg8-conjugating system in regulating 

membrane fusion during autophagosome formation [63]. Interestingly, at least 

one other protein has been reported on the autophagosomal membrane, the 

plant-specific α-tonoplast intrinsic protein (alpha-TIP) [64]. 

Trafficking and degradation: By monitoring Atg8-GFP, we can follow the 

completed autophagosomes and cargo as they travel through the cytosol to the 

vacuole. Precisely how the autophagosomes travel has not been determined. 
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While it was initially thought that Atg8 was a microtubule binding protein, 

additional evidence for association of autophagosomes with microtubules has not 

been forthcoming [46]. Following transit, the final steps involve fusion of the outer 

membrane with the vacuole membrane, the tonoplast. It has been reported that 

common fusion machinery including the V-SNARE Vti1 [65] and the activity of 

associated Vam3 syntaxin and a Rab family GTPase [66] mediate fusion in 

yeast. Study of the two key Arabidopsis agravitropic mutants sgr3 and sgr4 

identified plant homologs of these SNARES [67,68]. In addition, the proteins 

AtVAM3 and AtVTI1 localize to a prevacuolar compartment, supporting their 

function in vacuolar vesicle fusion [69]. Since plant cells can contain more than 

one vacuole type, additional research is needed to understand the mechanisms 

that specifically target autophagosomes to the lytic vacuole [70]. Upon fusion, a 

single membrane-bound autophagic body is released into the vacuolar lumen 

and the resident proteases then degrade the vesicle and cytosolic cargo. 

Treatment with PMSF or the cysteine protease inhibitor E-64 has been shown to 

inhibit this degradation. The resultant amino acid and macromolecule 

components are presumably exported and recycled to the cytosol to prolong cell 

survival [4].  

 
Plant autophagy mutants  
As mentioned above, homologs for many of the autophagy proteins 

characterized in yeast have been identified and studied in plants. A summary of 

the autophagy proteins with known Arabidopsis homologs is provided in Table 

1.1. Both of the ubiquitin-like conjugation systems have been reconstituted [59-

61], and subunits of the PI3K complex, TOR kinase signaling pathway, and 

several components of the Atg1 kinase complex have been identified [2,8]. 

However, it is the analysis of plant autophagy mutants that has been most 

revealing. While deletion of AtVPS34 leads to embryo lethality [71], the majority 

of ATG mutant plants are viable. For example, tobacco homologs of the PI3K 

VPS34 and ATG6 play important roles during programmed cell death (PCD) [20]. 

In plants, PCD occurs following the hypersensitive response in an effort to limit 



9 

the spread of pathogens [20]. In ATG6 mutants, PCD is not limited to the site of 

infection but spreads throughout the entire organ, indicating that the PI3K 

complex, and potentially the autophagy pathway, is required for regulation of 

PCD during the innate immune response [72].  In addition, the loss of 

Arabidopsis ATG6 leads to pollen germination defects, indicating a potential role 

for autophagy during gamete development [22-24].  

Analysis of additional mutants indicates that deletion of key autophagy 

genes leads to perturbation of the autophagy pathway [61,73]. This was clearly 

demonstrated by a lack of autophagosome formation in the root tips of atg2, 

atg5, atg4a/b, and atg18a mutants [60,74,75]. The loss of ATG4 activity is 

particularly detrimental as it prevents the formation of ATG8-PE [60]. In addition, 

autophagy mutant plants exhibit similar phenotypic consequences that affect 

their ability to respond to stress, altering the normal developmental program, and 

shortening the life cycle. 

Phenotypic analysis of the first autophagy mutants, atg7 and atg9, 

provided evidence of a link between the autophagic recycling process and the 

process of senescence [76]. Following fifteen days of nitrogen limitation, wild-

type plants appear healthy because the autophagy pathway presumably 

functions to prolong survival. In contrast, atg9 mutants, which lack a functional 

autophagy pathway, suffer from signs of stress including chlorosis in both the 

cotyledons and mature rosette leaves [76]. They also exhibit decreased overall 

viability, leading to premature senescence and overall shortened life span. 

Similar phenotypes were later observed for atg5, atg7, atg4a/b, and atg10 mutant 

plants which appeared smaller than their wild-type plant counterparts and also 

exhibited premature senescence in photosynthetic tissues [59-61,77]. In addition, 

these mutants produced fewer seeds than wild-type, possibly due to decreased 

branching in the inflorescence and a reduced number of flowers [60,61]. This 

early transition to senescence indicates that in the absence of autophagy 

nutrients quickly become limiting. Multiple groups have examined the expression 

patterns of known senescence-responsive genes in various atg mutants. Early 

induction of SEN1, SAG12, and PED1 were observed, indicating that 
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perturbation of the autophagy pathway results in early activation of the natural 

process of senescence [74,78].  
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When Recycling Is Not Enough - Senescence 
Senescence is a dynamic process that occurs naturally concurrent with age or is 

prematurely induced by a variety of biotic and abiotic factors [79]. The natural 

age-related senescent processes are regulated by internal genetic, hormonal, 

and metabolic cues and are keenly attenuated to external cues. In fact, the 

photoperiod, availability of water and macro/micro nutrients have a deep impact 

upon the initiation, rate of progression, and ultimate completion of senescence 

[80,81]. In contrast, induced senescence occurs independent of age and serves 

vital roles in plant defense against viral, bacterial, and fungal pathogens, 

controlling high levels of oxidative stress and in response to macro and micro 

nutrient limitation [82]. Like autophagy, senescence is responsible for the 

degradation and remobilization of macromolecules, including lipids, amino acids 

and nucleic acids [82]. Senescent degradation is achieved through the 

coordination of at least three intracellular degradation pathways: the 

ubiquitin/proteasome pathway, the vacuolar degradation pathway (particularly for 

chlorophyll breakdown), and the autophagy pathway. This allows for source-to-

sink transport of vital nutrients from senescing mature leaves, roots, or floral 

organs to distal parts of the plant. These nutrients are used for maturation of 

developing tissues in young organs, for reproductive structures and seeds, or 

can be stored for periods of dormancy. However, in contrast to the autophagy 

pathway, senescence predominantly leads to death at the organismal, organ, 

tissue, or cellular level [83].  

 
Definition of senescence 
Senescence is easily seen in leaves, where the characteristic degradation of 

chlorophyll is readily observable. However, this visible morphological change has 

led to confusion regarding the definition of senescence as it pertains to 

programmed cell death. Senescence is often viewed as a plastic process that 

occurs in viable cells and involves functional and active transcription for initiation 

and regulation [83]. In contrast, programmed cell death typically occurs in 

damaged cells under extreme duress [84], or is associated with the 
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developmentally programmed death of individual cells or groups of cells during 

pollen incompatibility, synergid death, aleurone death in barley, pith autolysis, or 

formation of tracheary and sieve tube elements  [85,86]. Consequently, one 

definition considers senescence and programmed cell death to be mutually 

exclusive processes, completion of the former leading to initiation of the latter 

[87]. This separation is based on several studies in tobacco and flax, which 

showed reversal of chlorophyll degradation and re-greening of tissues [88-90]. 

Since programmed cell death is a committed process [84], these studies 

indicated that two separate processes must be occurring, one that is reversible, 

considered senescence, and a second that is committed, considered 

programmed cell death [91].  An alternative definition refers to the deterioration of 

an entire organism/organ as senescence and the degradative-process at the 

cellular level as programmed cell death [79]. Another definition implies that only 

tissues that can undergo visible chlorophyll degradation, photosynthetic tissues, 

undergo senescence, while the rest undergo programmed cell death [79,87]. 

Consequently, many researchers consider senescence to be synonymous with 

programmed cell death (PCD), as one so often leads to the other [92]. 

Interestingly, some examples of programmed cell death involve senescence-

related processes, such as degradation of organelles and the recycling of 

intracellular components [93]. However as we come to understand more about 

the molecular, physiological, and hormonal controls of senescence and 

programmed cell death, the differences between the two may become more 

prominent [91]. For the purpose of this discussion, I shall use the term 

programmed cell death to refer to irreversible changes during the final stages of 

senescence, rather than considering the terms to be synonymous. 

 
Leaf senescence 
The most well-studied form of senescence is the organ-specific degradation of 

leaves, termed leaf senescence. The most striking example occurs in deciduous 

trees in autumn [94], during which the high nitrogen composition in the 

chloroplasts is remobilized prior to leaf abscission, presumably for use in the 
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subsequent growing season [83]. In contrast, for many short-lived plant species 

leaf senescence is correlated with completion of the entire life cycle. This is 

especially true in monocarpic species that undergo a single reproductive event. 

In monocot cereal crops, including wheat, barley and corn, the onset of leaf 

senescence is tightly correlated with seed development [95]. Nutrients are 

continually mobilized from old to young leaves and ultimately to the flag leaf [96]. 

Up to 90% of the nitrogen in the vegetative portions of the plants is exported to 

allow for grain-filling and ripening of the kernels [96]. Following ripening, the plant 

undergoes organismal senescence. 

 In contrast, leaves can mature and senesce independently of the 

reproductive cycle [83]. This is readily observable in members of the 

Brassicaceae, which form a single tight rosette of leaves at the base of the plant.  

In the case of Arabidopsis, each leaf reaches maturity following a period of rapid 

expansion (peak photosynthetic activity) approximately twelve days after its 

emergence from the vegetative meristem as a leaf primordium [97]. After a 

period as a source organ, leaves begin to senesce about twenty-four days post 

emergence and enter the later stages of cell death between twenty-eight and 

thirty-two days post-emergence [82]. This is due, in part, to the addition of new 

rosette leaves, which self-shade the older leaves, and the accumulation of 

oxidative damage as a result of photosynthesis [97]. Upon flowering, the 

formation of leaves stops and nutrients are assimilated and relocated to the 

reproductive structures [98]. Following ovule fertilization and the onset of silique 

formation, floral organs, including petals and stamens, also undergo a controlled 

maturation and senescence program best evidenced by the wilting and 

subsequent abscission of petals from ornamental flowers like roses [99]. 

Ultimately, the loss of photosynthetic capacity due to leaf senescence leads to 

organismal death that is closely correlated with the production of mature seed.  

 
Cellular changes during leaf senescence 
While it is important to remember that senescence occurs in both photosynthetic 

and non-photosynthetic organs, I will focus on the well-studied process that 
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occurs in leaves. The major changes that occur at the cellular level are 

summarized in Figure 1.4. Leaf senescence is a gradual and organized process 

that begins in the cells at the leaf margin and continues inward toward the central 

veins, where nutrients are exported to the sink sites using the vascular system. 

On a cellular level, leaf senescence begins with a stark reduction in anabolic 

cellular processes, including protein synthesis, organelle biogenesis, and 

tRNA/rRNA synthesis.  Photosynthetic activity decreases markedly, 

accompanied by corresponding changes in accessory pathways including 

photorespiration [83]. Total RNA in both the cytosol and chloroplast decreases 

rapidly due the activity of several RNases [82,96]. Next the chloroplast DNA 

(cpDNA) is degraded, the nucleus decreases in size, and the chromatin is 

condensed as transcription rates decrease [100].  

The first morphologically observable changes occur in the chloroplasts 

[88]. Electron microscopy reveals progressive disruption and reduction of the 

thylakoid membrane system and the clustering of  plastoglobules, small 

lipoprotein particles that contain tocopherol cyclase (VTE1) and mediate free-

radical damage [101,102]. This is associated with the in situ and vesicle-

mediated degradation of  highly abundant nitrogen-rich chloroplastic proteins, 

including ribulose bisphosphate carboxylase (Rubisco) and chlorophyll a/b 

binding proteins (CAB) [79,96]. Following release, nitrogen may be remobilized 

prior to long distance transport, via conversion to glutamine or asparagine 

through one of the proposed GS/GOGAT or PPDK-GS/GLGOT pathways [83]. 

There has been extensive work aimed at identifying the proteases 

responsible for plastidic protein degradation. Early evidence revealed a low pH 

requirement for degradation of Rubisco, suggesting chloroplast proteins may be 

targeted to the vacuole [35]. In wheat leaves, small vesicles, called Rubisco 

containing bodies (RCBs), bud from chloroplasts and are then incorporated into 

autophagosome-like vesicles [103]. The evidence of autophagy’s involvement in 

this degradation has been strengthened by reports of stromal proteins in ATG8-

labeled vesicles during senescence [104]. In addition, multiple plastidic metallo-

endoproteinases, aminopeptidases, and tobacco aspartic protease CND41 have 
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been suggested as hydrolytic candidates [96,105]. Surprisingly, many proteases 

are constitutively expressed, including the long-term degradation candidates, the 

Clp proteases. The catalytic subunits of the stroma-localized Clp Ser-type 

endopetidase protease complex are not up-regulated during senescence. 

However, two of the ATP-dependent HSP100-like regulators ClpD/ERD and 

ClpC1, which unfold proteins for the Clp proteases, are strongly induced during 

senescence, perhaps suggesting an altered specificity for the complex [106].  To 

date, this active area of research area has not yielded a definitive answer 

regarding the protease identity. Following the onset of photosystem complex 

degradation, the photosynthetic pigment chlorophyll is degraded. When the 

degradation is complete only the carotenoids, anthocyanins, tetrapyrollic 

catabolites, and phenolics remain in the leaves [82] (for a detailed review on 

chlorophyll degradation see ref [94]). 

Despite this internal degradation, the majority of chloroplasts, like other 

intracellular organelles, remain intact until late senescence, though some 

perturbation of the outer membrane has been reported. In fact mitochondria and 

peroxisomes show many increased enzymatic activities [86]. The generation of 

hydrogen peroxide-derived activated-oxygen species, through the activity of 

lipooxygenese and the down-regulation of peroxisomal catalase [107], allows for 

rapid oxidative damage of biomolecules [108]. Normally the enzymatic and non-

enzymatic antioxidant defense systems would eliminate these radicals, but this 

does not occur during senescence, resulting in high levels of cellular oxidative 

stress [109]. Lipases, such as phospholipase D and lytic acyl hydrolase [110], 

induced during senescence, break down membrane components, including the 

abundant galactolipids from thylakoid membranes [111]. The by-products of the 

lipase activity enter into the β-oxidation pathway and are used to produce α-

ketoglutarate for gluconeogenesis [83]. For release of free amino acids, 

endo/exo-peptidases and hydrolases accumulate in the vacuole via transport in 

precursor protease vesicles (PPV) [112-114]. Cysteine proteases, including the 

maize See2 gene products and SAG12, a well known senescence-associated 

proteinase, are both strongly induced [115,116]. Throughout the process, 
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macroautophagy delivers cytoplasmic components into the vacuole. In addition, 

microautophagy has been observed, as cytoplasmic components directly enter 

the vacuole through tonoplast invaginations [82,88]. The cell then progresses 

toward total loss of viability and organ-wide programmed cell death. Ultimately, 

the leaf undergoes abscission from the plant. 

 

Molecular regulation: Hints from genomics 
Our understanding of the molecular and hormonal regulation of senescence has 

come from two main avenues of investigation - the identification of Senescence-

Associated Genes (SAGS) using genomic techniques, and the analysis of mutant 

plants with altered senescence responses. These two approaches have hinted at 

the complexity of the process and its regulation at the molecular and hormonal 

level. Extensive work in multiple plant species, including maize, sweet potato, 

barley, and Arabidopsis has led to the identification of a large number of SAGs. 

Comparison of cDNA libraries from control and early-senescent field-grown 

aspen trees indicate that metallothionein and cysteine proteases are highly 

expressed in autumn leaves and identified 49 additional SAGs [117]. Similar 

work in the flag leaves of rice identified 533 senescence-associated genes [118]. 

Initial cDNA profiling experiments in Arabidopsis identified 12 genes that were 

induced or repressed during senescence [119]. In addition, analysis of 1,300 

Arabidopsis enhancer trap lines led to the identification of 147 genes with 

senescence-specific activation of the GUS reporter gene [120].  

However, microarray profiling performed on several plant species has 

yielded the largest subset of genes that show altered expression patterns during 

senescence [95,106,121]. Approximately sixteen percent of Arabidopsis genes 

have altered expression during senescence, and almost 800 genes have 

significant enough induction to be considered SAGS. These include families of 

transcription factors [122], components of signaling complexes including kinases 

and GTP binding proteins, ubiquitin-proteasome pathway proteins, autophagy 

proteins, degradative enzymes such as cysteine proteases and lipases, and 

proteins with established roles in hormone production, regulation, and signaling 
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[106,121]. One well-studied example is the ion transporter PPF1, which functions 

during senescence by controlling Ca2+ levels and regulating reproductive 

development [123]. The expression pattern of the vast majority of SAGs is similar 

during both induced and age-dependent senescence. However, at least one 

study has identified differences in the expression of several genes, depending 

upon the method of senescence induction [124]. In addition, SAGS induced in 

Arabidopsis rosette leaves have been profiled in an age-dependent and position-

specific  manner, further  illustrating some differences [97].  

 

Senescence-associated transcription factors 
Approximately 300 transcription factors were up-regulated in the genomic 

analysis [125]. They represent many families including, but not limited to,  bZIP, 

HSF, C2H2, NAC, and WRKY family members [95,106,126]. Several of these, 

including ATHSFB1/HSF4 and SAP12, which contain two AN1-like zinc finger 

domains, are involved in drought tolerance and maintenance of cell viability 

during senescence [127]. In addition, almost one-fifth of all NAC transcription 

factors are up-regulated during senescence and promote or repress the process.  

NTL9 is a NAC protein induced during oxidative stress. Like all NAC proteins, 

NTL9 is dormant in its native membrane-bound form and becomes active 

following condition-dependent proteolytic cleavage and nuclear localization [128]. 

Consistent with its designation as a senescence-associated transcription factor, 

NTL9 over-expression leads to premature activation of many SAGs [128]. 

However, only a subset of the activated genes is down-regulated in ntl9 mutants 

hinting at possible functional redundancy in the signaling network [128]. Another 

NAC with an experimentally confirmed role during senescence is AtNAP [129]. 

As one would expect, AtNAP is a nuclear protein whose over-expression leads to 

precocious senescence. Conversely atnap  mutant lines show delayed leaf 

senescence [129]. Little is known about the upstream activators of either NAC 

protein.  

The most well-studied senescence-associated transcription factors are in 

the WRKY family. Seventy-four distinct proteins  are members of the WRKY 
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family and together mediate plant responses to biotic factors, including pathogen 

defense by activation of the systemic acquired resistance pathway and through 

induction of senescence [130]. The abundance and activity of WRKY proteins is 

regulated by ethylene, jasmonic acid, or salicylic acid signaling, although no 

direct activation of a WRKY protein by a hormone-signaling cascade has been 

shown.  Sequence analysis has revealed that the promoters of many SAGs 

contain potential WRKY factor binding sites, dubbed W-box motifs [95]. To date, 

three family members have received particular attention in regards to 

senescence: WRKY6, WRKY70 and WRKY53.  

WRKY6 is induced by ethylene and jasmonic acid signaling [131] and 

functions in part by positively regulating the expression of SAGs, including SEN1 

(a protease), NAC2 (a jasmonic acid regulatory protein), and the leaf senescence 

induced receptor kinase, SIRK [132]. Like other WRKY factors, WRKY6’s activity 

is mediated by NPR1, a protein that controls the onset of systemic acquired 

resistance in response to pathogens [133]. WRKY6 also shows the characteristic 

auto-regulatory feedback seen with other WRKY proteins and regulates the 

activity of other WRKY genes [130]. However, wrky6 plants, while dwarfed with 

curled leaves, do not have a senescence phenotype, indicating potential 

functional redundancy.  

Like WRKY6, WRKY70 is also regulated by stress hormone signaling. 

This has been clearly demonstrated by the reduced levels or complete loss of 

WRKY70 transcript in plants that lack functional salicylic acid signaling and 

synthesis pathways (npr1, pad4 and NahG) [134]. In contrast to WRKY6, wrky70 

knock-out lines clearly show signs of premature senescence in mature rosette 

leaves, accompanied by elevated expression of SAGs and jasmonic 

acid/ethylene-related genes [134]. This indicates that unlike WRKY6, WRKY70 

negatively regulates the expression of these senescence-promoting genes [134].  

The final WRKY I shall highlight is WRKY53. A current model of the 

WRKY53 signaling pathway is shown in Figure 1.5.  This transcription factor has 

been implicated in regulation of senescence, is involved in the systemic acquired 

resistance pathway and is induced by H2O2-mediated oxidative stress [135,136]. 
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In contrast to WRKY70, RNAi and knockout lines for WRKY53 show delayed 

senescence phenotypes, indicting that WRKY53 works to promote senescence. 

WRKY53 has been shown to directly bind to the promoters of many genes, 

including several catalase isoforms (CAT1, 2 and 3), multiple ethylene response 

proteins, a senescence-induced receptor-like serine/threonine kinase, SAG12 

and eight other WRKY proteins (including WRKY6) [136]. In addition, WRKY53 

may indirectly regulate WRKY70 as indicated by analysis of WRKY53 over-

expression plants [136]. In addition to identifying WRKY53 targets, upstream 

components in this pathway have been identified. At least two proteins have 

been shown to directly bind the WRKY53 promoter including the mitogen-

activated protein kinase kinase kinase (MEKK1), a component of the MAPK 

signaling pathway, and AD, a novel DNA-binding kinase [137,138]. Interestingly 

both kinases can also phosphorylate WRKY53 and directly interact with one 

another [138]. This phosphorylation increases WRKY53’s ability to bind to its 

target gene [138]. This is the first instance where the upstream regulatory factors 

of a senescence-associated transcription factor have been described.  

The complex WRKY regulatory web integrates pathogen defense and the 

process of senescence. Presumably, analysis of the remaining 290+ senescence 

associated transcription factors will determine how senescence is regulated in 

response to other biotic and abiotic cues. In addition, we may further understand 

how the developmental and environmental cues received through the hormonal 

signaling networks interact to regulate this complex process.  

 
The role of sugar and plant hormones during senescence 
Plant hormones attenuate plant growth and development with environmental 

conditions and also mediate defense responses. All of the biotic and abiotic 

factors that induce hormone production, including drought, pathogen attack, 

osmotic stresses, and oxidative stresses, can also induce senescence. Not 

surprisingly therefore, hormones implicated in the response to these stimuli have 

either positive or negative roles in the regulation of induced senescence. In 

addition, these same hormones have key roles in the regulation of natural 
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senescence, they attenuate development in response to environmental cues. 

Analysis of microarray data and enhancer trap lines reveals that many SAGs are 

induced by exogenous application of several key plant hormones, including 

abscisic acid (ABA), salicylic acid (SA), ethylene, and jasmonic acid (JA)  

[78,120]. Here I will summarize our current understanding of the roles that sugar 

and plant hormones play in the regulation of senescence. Figure 1.6 highlights 

the potential signaling components involved in each pathway.  

 
Sugar signaling: The onset of senescence is mediated by the sugar signaling 

pathways [139]. A marked decrease in photosynthetic activity and the induction 

of senescence are correlated with high intracellular sugar concentrations. 

Microarray analysis indicates that the senescence-specific gene SAG12 is 

induced more than 900-fold by glucose, and several enzymes involved in 

nitrogen assimilation, including the nitrate transporter AtNRT2 and glutamine 

synthetase GLN1, are also up-regulated [140]. It is unclear how sugars 

accumulate when photosynthetic activity decreases. There is evidence of up-

regulation of peroxisomal enzymes involved in the glyoxylate cycle [141]. This 

pathway allows for production of cellular metabolites used for gluconeogensis 

from lipids, suggesting de novo sugar synthesis may occur during senescence 

[80,142] (see Figure 1.6b). In castor bean leaf blades, accumulation of callose 

deposition in the sieve plates prevents the flow of phloem. This leads to “back 

up” of excess sugars into the leaf tissues. Since this occurs just prior to the 

senescent breakdown of chlorophyll, it reinforces the connection between high 

sugar concentration and the onset of senescence [143]. Additional evidence of 

sugar’s role in the induction of senescence comes from the analysis of 

Arabidopsis “sugar” mutants. For example, the Arabidopsis sweetie mutant [144], 

which has increased sensitivity to glucose and sucrose, undergoes premature 

senescence, as do many other sugar hypersensitive mutants [139]. In addition, 

over-expression of the glucose sensor hexokinase (HXK) leads to premature 

senescence due to “over-active” sugar sensing [145]. As expected, the 

hexokinase mutants gin2/hxk1 display retarded senescence phenotypes even 
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though the cellular sugar levels are comparable with wild type [146]. Microarray 

data indicate that many key sugar-associated enzymes and transporters [98] are 

induced during leaf senescence and programmed cell death, including 

hexokinase (HXK), the monosaccharide transporter homolog SFP1 [147], and 

the Arabidopsis high-affinity hexose transporter STP13 [148].  

It is important to remember that the sugar-dependent regulation of 

senescence involves the coordination of many phytohormones. For example, two 

well-characterized glucose-insensitive mutants are actually defective in the 

regulation of key plant hormones: the abscisic acid deficient gin1 (aba2) and the 

constitutive ethylene mutant gin4 (ctr1) [139,149]. Additional evidence comes 

from the analysis of cpr5/hys1/old1 mutants, which display a hyper-senescence 

phenotype [150-152]. CPR5/HYS1/OLD1 is associated with activation of 

pathogen response genes and its activity is modulated by sugars, and both 

salicylic acid and ethylene signaling [151,152]. cpr5/hys1/old1 mutant plants 

show symptoms of high levels of oxidative stress, which may be responsible for 

the premature senescence phenotype. Data showing strong up-regulation of 

reactive oxygen species-related genes in the mutant support this hypothesis. In 

addition to salicylic acid, ethylene, and sugar, this up-regulation may also be 

mediated by abscisic acid signaling [150]. Taken together, analyses of the 

cpr5/hys1/old1 and other sugar mutants provides evidence that complex 

interactions between sugar and hormone signaling are involved in regulating the 

onset of senescence [153]  

 
Hormones: Cytokinin: Cytokinin, which functions during cell division, 

chloroplast maturation, and shoot/root morphogenesis, is also a potent inhibitor 

of senescence [80] (see Figure 1.6a).  During the onset of senescence, IPT, the 

enzyme that catalyzes the first step in the cytokinin synthesis pathway, is down-

regulated, while the degradation rate of cytokinin is increased through the activity 

of cytokine oxidase [124,125]. Conversely, the exogenous application of 

cytokinin, or increased endogenous production, for example via the SAG12-

promoter-driven expression of a bacterial IPT gene [119] delays senescence in 
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tobacco plants [154]. Cytokinin functions by delaying chloroplast degradation and 

increasing the activities of photosynthesis-related enzymes, including Rubisco, 

NADH-dependent hydroxypyruvate reductase (HPR), NADP-dependent 

glyceraldehyde-3-phosphate dehydrogenase and fructose-1,6-bisphosphatase 

[154]. This activity is mediated by histidine kinase 3 (AHK3), a cytokinin receptor. 

An AHK3 gain-of-function mutant (ore2) displays increased leaf longevity through 

the phosphorylation of ARR2, which may directly regulate transcription 

suppressing senescence [155]. There is also evidence that the cytokinin 

mediated delay of senescence can be inhibited by high glucose levels, resulting 

in inhibition of photosynthesis and HPR activity [80].  

 

Hormones: Abscisic acid (ABA), Auxin and Salicylic acid (SA): Abscisic acid 

(ABA), sometimes called the dormancy hormone, is a potent environmental 

stress hormone and mediates responses to drought (through stomata regulation) 

[156], high salt concentrations, and regulates hydrogen-peroxide metabolism 

[157,158], all factors that can contribute to induce senescence. In rice leaves, 

ABA stimulates the production of hydrogen-peroxide, resulting in increased 

oxidative stress and the promotion of senescence [158].  Several ABA-

responsive proteins also promote senescence, including Tomato Stress Factor 1 

(TSF1), an ethylene response factor that mediates the expression of 

senescence-associated genes when expressed in tobacco seedlings [159]. In 

addition, ABA levels are elevated in senescing leaves and stimulate leaf 

abscission, the final step of leaf senescence [78]. Auxin also regulates leaf 

abscission, but its role during senescence is not well understood [82,125]. 

Several key auxin biosynthesis enzymes are upregulated during senescence, 

and the exogenous auxin can suppress the transcription of some SAGs [82,125].  

In contrast to ABA, microarray data suggest that salicylic acid (SA) 

functions predominantly during natural rather than induced senescence [124]. 

The levels of SA, which functions in the systemic acquired resistance pathway in 

response to pathogen infection, are increased almost four-fold in senescing 

Arabidopsis leaves. A recent transcriptome analysis of transgenic SA-deficient 
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NahG plants indicates SA is required for the up-regulation of many SAGs [124]. 

This includes the cysteine protease SAG12, which is undetectable in SA 

signaling, and biosynthesis mutants pad4 and npr1 [160]. SA has also been 

implicated in the regulation of the senescence-specific transcription factor 

WRKY53 [161].  

 

Hormones: Ethylene and Jasmonic acid (JA) 

It is ethylene and jasmonic acid that have the most clearly established 

roles in the induction and promotion of dark-induced senescence. Ethylene has 

long been associated with the ripening of fruit, maturation of reproductive organs 

and induction of senescence [162]. Analysis of the “Onset of Leaf Death” (OLD) 

mutants demonstrate ethylene’s involvement in the regulation of senescence 

[163].  Three classes of mutants were described: those with ethylene-enhanced 

premature senescence phenotypes (old1/cpr5/hys1, old5, old14), those with 

ethylene-dependent senescence phenotypes (old9, old11, old13) and those with 

phenotypes so severe that ethylene treatment had no effect (old3, old12) [163]. 

In all cases, the effect of ethylene appears to be age-dependent since 

senescence could not be in cotyledons or young leaves. In addition, while 

increased duration of ethylene treatment causes leaf yellowing, variation is 

observed in the attenuation of the mutants to the ethylene signal. This suggests 

several of the genes may encode signaling components. In addition, ethylene-

insensitive mutants such as ein2 display a delayed-senescence phenotype [164] 

and three ethylene biosynthesis genes (including ACC synthases) are up-

regulated during senescence [125].  EIN3, a known ethylene response factor, is 

also up-regulated during senescence [162], as are several of its targets, including 

AtERF1a whose transcriptional activation requires ethylene and jasmonic acid 

signaling pathways [165]. 

Jasmonic acid and several biosynthesis intermediates are biologically 

active hormones that regulate developmental processes, including root growth 

and reproductive development. In addition, they are involved in the response to 

wounding and defense against insects and pathogens [166].  A role for methyl 
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jasmonate in senescence was initially observed when wormwood (Artemisia 

absinthium) extract was applied to oat leaves, resulting in the rapid onset of 

senescence [167]. Exogenous application of JA, to either attached or detached 

Arabidopsis leaves, also results in premature senescence [168]. As expected, 

the JA-insensitive coi1-1 mutant, which lacks a key protein component of the JA- 

responsive SCF complex, suffers from delayed leaf senescence [168,169]. At 

least one transcription factor has been identified as a mediator of JA signaling 

during senescence. OsDOS, a rice CCCH-type zinc finger protein is a negative 

regulator of JA signaling [170].  

In addition, jasmonic acid concentrations increase in senescing leaves 

[168], as do transcripts for biosynthesis genes including AtLOX2, AtAOS, and 

AtOPR3 [125]. The synthesis of jasmonic acid requires the peroxisomal β-

oxidation machinery [171]. Chief among the enzymes required is 3-ketoacyl-CoA 

thiolase 2 (KAT2), which catalyzes the final step in the JA biosynthesis pathway 

[171]. KAT2 is activated during dark-induced and natural senescence and RNAi 

work has demonstrated that a reduction in KAT2 protein greatly slows the 

process of senescence [172]. There is also evidence that senescence-associated 

genes such as SAG101 may be involved in the release of α-linoleic acid for use 

in JA synthesis [168].   

 

Summary of hormone receptors and cascades: The activity of all these 

hormones is mediated by a variety of cytosolic and membrane-localized 

receptors and/or ubiquitin-ligase-based receptors [173]. In most cases it is 

assumed that previously identified components of hormone signaling pathways 

function as upstream regulators during senescence [82], as many of them are 

up-regulated during senescence. This includes the multi-hormone mitogen-

activated kinases (MAPK) [174], cytokinin receptors CK1/CRE1 [175], the 

ethylene response factors CTR1 and EIN3 [176], the jasmonic acid-associated 

COI1 SCF complex [177], and other components of the major signaling networks. 

In addition, microarray data have led to the identification of many novel kinases 
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and proteins of unknown function that may play a role in signal transduction 

[153].  

During growth and development the different signaling pathways are 

integrated through shared molecular components and overlapping response 

profiles; the same appears to be true during senescence [178]. As with any 

signaling cascade, activation of receptors leads to signal amplification, and 

ultimately to altered transcription. In the case of senescence-inducing stimuli, 

including high sugar concentrations, this leads to induction of senescence-

associated genes and initiation of cellular degradation processes. Additional 

transcription factors, which respond to senescence repressing stimuli, such as 

cytokinin, lead to increased transcription of photosynthetic enzymes or 

suppression of the senescence-associated genes. The integration of these 

repressive and inductive sugar and hormonal stimuli controls and regulates the 

initiation and progression of senescence. Additional research on novel SAGs will 

allow for a greater understanding of how the complex network of signaling 

pathways is regulated, during both natural and induced senescence.  

 

 
The Role of Peroxisomes During Senescence 

 
Due to the complex regulatory network and plethora of intracellular changes, the 

process of senescence is more easily considered in the context of a single 

signaling pathway, particular developmental stage, in response to specific 

stimulus, or through the examination of one subcellular compartment. 

Consequently, rather than focusing on the cellular level, recent studies have 

focused on understanding the molecular changes that occur in an individual 

organelle during a variety of developmental processes [179]. Proteomics 

approaches greatly aid this research by identifying changes in the protein 

complement that occur during a particular development stage or in response to 

specific inductive stimuli. One example is our proteomic analysis of peroxisomes 

isolated from senescing Arabidopsis leaves (see Chapter 4). Peroxisomes are 
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responsible for a wide array of biochemical processes, many of which are 

essential during senescence. Through examination of the proteins present in 

peroxisomes, we hope to add to our understanding of senescence as a whole. 

Throughout this review, I have tried to highlight the senescence-related 

peroxisomal functions, and here I will integrate the information to paint a clearer 

picture of this organelle’s involvement in senescence. This information is also 

presented in Figure 1.7.  

There are a number of significant changes in peroxisome metabolism 

during senescence. As photosynthesis is down-regulated, the peroxisomal 

enzymes responsible for the carbon salvage pathway photorespiration, glycolate 

oxidase and hydroxypyruvate reductase, are degraded. This is accompanied by 

up-regulation of enzymes involved in fatty acid metabolism [106]. As previously 

mentioned, many of the membrane lipids from chloroplast degradation enter the 

peroxisomal β-oxidation cycle for energy production [180]. In addition to the 

active β-oxidation cycle, the enzymes involved in the peroxisomal glyoxylate 

cycle, which are absent from mature leaf peroxisomes, are re-induced during 

senescence. In developing seedlings this pathway breaks down lipids providing 

intermediates for gluconeogenesis and it presumably performs a similar function 

in senescing tissues [142]. The high levels of intracellular sugars, which lead to 

repression of the cytokinin-mediated inhibition of senescence, may come in part 

from the de novo synthesis of glucose from succinate generated in the 

peroxisome. 

The increased concentration of JA present in senescing tissues comes 

from increased synthesis. As previously mentioned, the synthesis of jasmonic 

acid from α-linolenic acid relies upon peroxisomally-localized enzymes [181]. 

After transport into peroxisomes, OPDA (12-oxo-phytoenoic acid) is converted 

into the oxylipin jasmonic acid through the activities of multiple enzymes, 

including thiolase (KAT2) and OPR3. Jasmonic acid actively promotes the onset 

of senescence and the beginning of chlorophyll degradation. Peroxisomes may 

also be involved in this vital process. Like mammalian peroxisomes, plant 

peroxisomes contain the enzymes required for the α-oxidation of fatty acids 
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[182]. While the degradation of chlorophyll may occur via RCBs/autophagy, direct 

vacuolar uptake, or cytosolic enzymes, it is hypothesized that phytanic acid, a 

chlorophyll degradation by product, may be metabolized via peroxisomal α-

oxidation [183]. Alternatively, two cucumber peroxidases, which are induced 

during ethylene treatment, might be involved in chlorophyll degradation [184], 

though no direct link between chlorophyll degradation and peroxisome α-

oxidation has been shown. Whether or not peroxisomes function in chlorophyll 

degradation is an intriguing, but still unanswered, question. 

Finally, the high levels of oxidative stress, which are key factors in the 

induction of senescence, are derived from increased peroxisomal metabolism in 

conjunction with ABA signaling [111]. Peroxisomes are named for their role in the 

production and metabolism of hydrogen peroxide and are characterized by their 

dense crystalline core composed of catalase [142,185]. Normally hydrogen 

peroxide is metabolized by catalase activity. CAT2, the isoform present in 

photosynthetic tissues, is not expressed during senescence at a time when 

MnSOD (a superoxide dismutase) activity is highest [107,186]. This leads to the 

accumulation of reactive oxygen species. In addition, xanthine and urate oxidase 

are induced during senescence. These enzymes are involved in the catabolism 

of purines, presumably from the degradation of RNA, and their increased activity 

accelerates the production of ROS. The release of these free radicals and 

reactive oxygen species allows for the breakdown of macromolecules. In 

addition, many SAGs including LSC54, which encodes a metallothionenin 

protein, are strongly induced in response to oxidative stress [111,187].  

To summarize, due to their roles in many essential senescence-related 

processes, including fatty acid metabolism, jasmonic acid biosynthesis, oxidative 

stress regulation, and purine catabolism, the study of senescent peroxisomes 

affords us a greater understanding of the complex biochemical changes that 

occur during senescence.   
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When You Reach the Point of No Return - Cell Death 

 
Senescence is a complicated process, which requires the coordination of 

complex molecular machinery, including protein degradation and nutrient 

mobilization pathways, hormone and sugar signaling pathways, and the 

regulation of oxidative stress and the ROS network. Ultimately, all this activity 

has one main goal, to prepare the cell, tissue, organ or organism for death. 

Programmed cell death occurs at the end of the committed senescence process 

and is regulated by reactive oxygen species (ROS), nitric oxide levels and 

several hormones [188]. Whether it is age-related or the result of biotic or abiotic 

factors, cell death is characterized by a series of specific cellular events which 

ultimately lead to the loss of cell viability through a predominantly non-apoptotic 

mechanism [82,86]. During PCD there is localized accumulation of reactive 

oxygen species (ROS), which leads to repression of jasmonic acid signaling and 

activation of the salicylic acid signaling pathway. In addition ethylene produced in 

one cell, spreads to surrounding cells and induces PCD [189].   

Unlike mammalian cells, plants lack caspase homologs indicating that 

PCD is regulated by a novel mechanism [190]. The role of the mitochondria has 

also not been demonstrated beyond reports of specific vesicles containing 

mitochondria and an apparent increase in intracellular Ca2+ [191,192]. In 

addition, due to the plant cell wall, there is no heterophagic removal of cell 

“corpses” as typically seen during mammalian apoptotic death [91]. In plant cells, 

the final stages begin with complete internucleosomal fragmentation of DNA and 

histone degradation due to rupture of the nuclear membrane [100,192]. Oxidative 

damage leads to disruption of the endomembrane system and the membranes of 

metabolic organelles, including peroxisomes and mitochondria. Shortly 

thereafter, their enzymatic functions cease.  Finally, loss of tonoplast integrity 

leads to degradation of any remaining cytoplasmic components, loss of turgor, 

and cell death [79,82].  
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Foreshadowing the Thesis 

 
The first chapter of this thesis has introduced the reader to two different 

pathways that have overlapping functions during plant stress responses. Both 

autophagy and senescence occur in response to abiotic and biotic cues and can 

result in programmed cell death. In addition, each process is partially reversible 

and each results in the targeted degradation of internal cellular components, 

nutrient recycling, and retooling of the cell’s metabolic and catabolic functions. In 

this thesis, I explore both of these processes by investigating the function of 

three very different proteins. In Chapter Two I present my work on Autophagy-

related Protein 6 (ATG6), which highlights a novel role for the autophagy 

pathway during pollen development [22]. In Chapter Three, I present my 

identification and characterization of FDC, a novel ATG6-binding partner, which 

contains a FYVE domain. In Chapter Four, I focus on the role of peroxisomes 

during senescence utilizing the collaborative proteomic analysis of senescent 

peroxisomes. I present data on the identification and characterization of a novel 

senescence-associated peroxisomal protein, whose function hints at an exciting 

link between peroxisomes, and senescence-related chlorophyll degradation. 

Finally, my conclusions and future directions are presented in Chapter Five. 
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Table 1.1: Yeast autophagy proteins: While sequence-based homologs are 
present for many autophagy proteins in the Arabidopsis genome, many key 
proteins lack homologues. Relevant publications are indicated for those proteins 
whose function has been experimentally determined in Arabidopsis.   

Yeast protin Homologue Function 
TOR Single gene Protein kinase, negative autophagy regulator 

 Atg1 Kinase complex 
  

Atg1 Three 

 

Serine/threonine kinase 
Atg13 Two genes Hypophosphorylation leads to autophagy 

 Atg17 None Interacts with Atg1 
AtgG11 None Peripheral membrane protein 
Atg20 Gene family Interacts with Atg24 and Atg17 
Atg24 None Interacts with Atg20 and Atg17 
Cargo recognition 

  
Atg11 None Interacts with Atg1 and Atg19 
Atg19 None Involved in cargo recognition for cvt pathway 
Nucleation - Phosphatidylinositol-3-Kinase complex 
Atg6 Single gene Subunit of PI3K complex [21-24]  
Atg14 None Subunit of PI3K complex 
Vps15 Single gene Vps34 activating kinase 
Vps34 Single gene PI3K catalytic subunit [20,50,71] 
Atg5:Atg12:Atg16 complex [77] 

 
Atg5 Single gene Forms complex with Atg12 [74] 
Atg7 Single gene E1-like enzyme for Atg8 and Atg12 activation 

 Atg10 Single gene E2 protein [59] 
Atg12 Two genes Interacts with Atg5 [59] 
Atg16 Single gene Forms complex with Atg5 and Atg12 
Atg8 conjugation pathway [77] 

 
Atg3 Single gene E2 protein [20] 
Atg4 Two genes Cysteine protease [58,60] 
Atg7 Single gene E1-like enzyme for Atg8 and Atg12 activation 

 Atg8 Gene family Conjugated to PE, autophagosome formation 

 Membrane cycling 
  

Atg2 Single gene Involved in ATG9 recycling [74] 
Atg9 Single gene Membrane protein [32,74,76] 
Atg11 None Needed for Atg9 recycling 
Atg18 Gene family Needed for Atg9 recycling [75,193] 
Atg23 None Involved in Atg9 recycling 
Atg27 None PI3P binding protein 
Additional proteins 

  
Atg15 None Lipase 
Atg21 ND Atg8 recruitment 
Atg22 Single gene Integral membrane permease 
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Figure 1.1. Plant stress stimuli and response pathways. 

Plant responds to a wide variety of developmentally programmed and 
environmentally-induced stimuli. These initial stimuli result in alterations of the 
hormone-signaling network and corresponding changes in transcription and 
translation. In the case of nutrient limitation, or in response to damaged 
organelles, the autophagy pathway is induced to prolong cell survival. Because 
of continued nutrient deprivation, or in response to additional abiotic factors, 
plants can begin the process of induced or premature senescence.  Alternatively 
developmentally programmed senescence can occur during advanced age, 
typically correlated with the reproductive cycle and oxidative stress levels. In 
response to pathogen attack, the hypersensitive response and the systemic 
acquired resistance pathway function to limit the spread of infection. The affected 
tissues or organs undergo senescence and programmed cell death. 
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Figure 1.2.  Macro- and microautophagy.  
 
Following perception of a starvation signal, nonselective bulk macroautophagy 
proceeds with the uptake of cytoplasmic components into double-membrane 
vesicles called autophagosomes. Once completely formed, autophagosomes 
traffic through the cytosol and dock at the vacuolar membrane. The outer 
membrane fuses with the tonoplast, releasing a single membrane-bound 
autophagic body into the vacuole for degradation. Nutrients are then recycled 
back to the cytosol. Microautophagy involves the direct uptake of cytoplasmic 
components adjacent to the vacuole through invagination of the tonoplast. 
Selective autophagy can also occur, including macro- and micropexophagy and 
mitophagy. 
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Figure 1.3. Autophagic molecular machinery.  
 
A)  In the absence of an inductive signal, TOR kinase maintains Atg1 and Atg13 
and their hyperphosphorylated and unassociated forms. Following induction of 
autophagy, TOR activity is repressed, allowing for formation of the Atg1 kinase 
complex. Proteins with dashed outlines do not have identified homologues in 
Arabidopsis. B) The phosphatidylinositol-3-kinase complex (type III) is composed 
of Atg6, Atg14, Vps15, and Vps34, and allows for enrichment of the 
sequestration membrane with PI3P. This recruits additional ATG proteins, 
including the Atg18-Atg2 complex (not pictured), which functions in the cycling of 
Atg9. C) Following proteolytic cleavage by Atg4, Atg8 is conjugated to 
phosphatidylethanolamine (PE) by the E1 and E2 like proteins, Atg7 and Atg3, 
respectively. Atg8-PE then associates with the forming autophagosome. This 
conjugation is reversible by the activity of Atg4. D) Atg12 is conjugated to Atg5 
via Atg7 and the E2-conjugating enzyme Atg10. Subsequently a large hetero-
tetrameric complex with Atg16 is formed (one of the four subunits is indicated), 
which may aid in the expansion and curvature of the autophagosome membrane. 
Adapted, in part, from [4,5,36,46]. 
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Figure 1.4. Cellular changes during Arabidopsis leaf senescence.  
 
A) Senescence in photosynthetic tissues begins with degradation of chloroplast 
DNA (cpDNA) and degeneration of  thylakoid membranes. Chlorophyll is rapidly 
degraded, as are the photosystems and other chloroplast proteins, perhaps by 
Clp proteases. B) Rubisco-containing bodies also deliver proteins to the vacuole 
for degradation by the senescence-enriched proteases, hydrolases, and 
peptidases. Macro- (C) and microautophagy (D) allow for bulk degradation of 
cytosolic components. E) Following brief production of senescence-associated 
proteins, the nucleus shrinks, nuclear DNA is condensed, and tRNAs are 
degraded as transcription slows. F) Lipids are assimilated in  peroxisomes, via 
the β-oxidation pathway, a process that may allow for sugar accumulation 
through gluconeogenesis. G) Peroxisomes release reactive-oxygen species into 
the cytosol, which then oxidize biomolecules, aiding the degradative process. H) 
The resulting nutrients are exported to developing organs and reproductive 
structures.  
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Figure 1.5. Transcriptional regulation of senescence: WRKY53 example 
 
It is predicted that several hundred transcription factors are involved in the 
regulation of senescence, including members of the WRKY family. Many 
members of the family are active during oxidative stress and in response to 
pathogen attack. WRKY53 is directly regulated by MEKK1 activity that not only 
binds to the WRKY53 promoter, but also directly phosphorylates WRKY53. In 
addition, AD, a novel DNA-binding kinase also binds directly to the WRKY53 
promoter. WRKY53 is responsible for the induction of many SAGs, including the 
vacuolar protease SAG12. Since the transcription of SAG12 is salicylic acid-
dependent, WRKY53 may be regulated by SA signaling. WRKY53 also directly 
promotes transcription of WRKY6, a senescence-promoting transcription factor, 
and indirectly represses WRKY70, a senescence repressor. 
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Figure 1.6. The role of hormone and sugar signaling during senescence.  

Hormones regulate the induction of senescence by responding to internal 
biosensors, which monitor nutrients and oxidative stress, and by signaling to 
neighboring cells. A) Cytokinin, a potent repressor of senescence, functions via 
many receptors, including histidine kinase 3 (AHK3), and is actively degraded by 
cytokinin oxidase. B) This repression is modulated by sugar sensors including 
hexokinase 1 (HXK). C) At least four major hormones promote senescence by 
activating transcription of SAGS through predominantly unknown mechanisms. 
These hormones respond to internal stimuli, including sugar levels, nutrient 
sensors, and oxidative stress, or to external stimuli. i) Jasmonic acid may 
function via the well-studied Coi1-SCF complex. ii) Salicylic acid functions via 
NPR1-mediated SAR-pathway components to activate transcription of 
defense/PCD, and senescence-associated genes (SAGs). iii) ABA signaling, 
perhaps via the G-coupled receptor GCR2, and ABI1/ABI2, promotes reactive 
oxygen species. iv) Mutant analysis suggests that ethylene functions via the OLD 
genes and EIN3 receptor. As previously reported during pathogen defense, the 
ethylene and jasmonic acid signaling pathways may converge at ethylene 
response factors such as ERF1. In addition, proteins are targeted for degradation 
via the hormone-mediated ubiquitin proteasome degradation pathway.  
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Figure 1.7. Alterations in peroxisomal biochemistry are integral to 
senescence.  
 
A) The jasmonate precursor 12-oxo-phytodienoic acid (OPDA), produced in the 
chloroplast and cytosol, is imported into the peroxisome where it is converted to 
jasmonic acid via OPR3 and β-oxidation enzymes, including thiolase (KAT2). B) 
During senescence, membrane lipids from degradation of the chloroplast and 
thylakoid membranes, enter the β-oxidation cycle producing acetyl-CoA. C) 
Following up-regulation of the glyoxysomal enzymes, malate synthase (MS) and 
isocitrate lyase (IL), acetyl-CoA can enter the glyoxylate cycle, producing 
metabolites for gluconeogensis. D) Phytanic acid, a toxic by-product of 
chlorophyll degradation, may be converted to pristanic acid via α-oxidation in the 
peroxisome, after which it can enter the β-oxidation cycle. E) The enzymes 
involved in photorespiration (GLO and HPR) are down-regulated as chloroplast 
function ceases.  F) Urate oxidase and xanthine oxidase, which function in purine 
degradation, generate hydrogen peroxide (H2O2), as do peroxisomal 
superoxidise dismutases, MnSOD and CuSOD. G) Catalase, which would 
normally degrade the excess H2O2, is down-regulated, leading to an increase in 
reactive-oxygen species that leach into the cytosol and degrade biomolecules.  
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Chapter 2 
 

Autophagy Protein 6 (ATG6) is Required for  
Pollen Germination in Arabidopsis thaliana  

 
Abstract 

 
 Autophagy is an intracellular recycling pathway that extends the life of an 

organism in hostile growth conditions.  Yeast autophagy protein 6 (Atg6/Vps30) 

is required for formation of autophagosomes during starvation.  Here we show 

that the Arabidopsis ATG6 homolog is an essential gene required for pollen 

germination and plant development.  Analysis of multiple atg6 lines of 

Arabidopsis containing T-DNA inserts indicated that the homozygous atg6 plants 

were never recovered and heterozygous plants displayed variable growth 

phenotypes.  atg6 heterozygous pollen test crosses confirmed that a male 

gametophyte defect was responsible for the loss of homozygous segregants.  

PCR performed on the pollen samples showed that the T-DNA was present, 

suggesting the defect occurs after microsporogenesis.  Furthermore, plants 

homozygous for qrt1(-/-) and heterozygous for atg6 produced tetrads that were 

trinucleate and stained uniformly with Alexander stain.  qrt1(-/-)/atg6(+/-) pollen 

grains exhibited greatly decreased germination efficiencies in vitro.  In addition, 

defective pollen grains were positive for GUS activity (encoded by the insertional 

T-DNA) indicating that they were the atg6(-) segregants.  Finally, a series of in 

vivo pollen tube guidance experiments suggested no additional pollen defects 

during pollen tube growth or guidance.  Whether ATG6 acts in an autophagy-

dependent or independent manner during pollen development, these data 

suggest novel connections between plant stress responses and reproductive 

biology. 
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Introduction 
 When eukaryotic cells encounter growth-limiting nutrient conditions, such 

as carbon or nitrogen deprivation, they begin the process of autophagy.  This 

inducible pathway allows for extensive intracellular recycling in an effort to extend 

the life of the cell [1].  Autophagy occurs through the sequestration of cytoplasmic 

components into vesicles, which are subsequently degraded in the 

vacuole/lysosome [2,3].  The autophagy pathway has been implicated in a variety 

of cellular processes including sporulation in yeast [4], moderation of disease 

states such as neurodegenerative disorders, cancer, and viral infection in mice 

and humans [5-7], fruiting body formation in Dictyostelium [8], and regulation of 

programmed cell death following the hypersensitive response in tobacco [9].  

While extensively studied in yeasts, until recently little was known about 

molecular or genetic aspects of autophagy in plants.  

Ultrastructural analysis provides evidence that macroautophagy, where 

autophagosomes form in the cytosol, and microautophagy, where the tonoplast 

invaginates to cause direct uptake of cytoplasmic contents into the vacuole, 

occur in plant cells [10-12].  The two processes take place during different 

developmental stages; macroautophagy is observed in vegetative plant tissues, 

while microautophagy is observed during seedling germination and senescence 

[10,11]. Further evidence of plant autophagy comes from carbohydrate-starved 

tobacco cell cultures, which accumulate acidic vesicles.  These vesicles have the 

characteristics of autophagosomes, indicating that the autophagy pathway is 

indeed conserved in plants [13,14]. Utilizing data from the extensive molecular 

and genetic work completed with Saccharomyces cerevisiae, bioinformatics has 

allowed the identification of over 30 Arabidopsis homologs of autophagy proteins 

[2].  The first genetic evidence for conservation of the autophagy pathway came 

from examination of atg9 [15] and atg7 [16] mutants in Arabidopsis. Plants with 

mutations in either gene suffer reduced viability under stress conditions, early 

senescence, and chlorosis, consistent with a role for these proteins in stress and 

nutrient metabolism [15]. Additional proteins have been characterized in plants 
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including ATG8, a known autophagosomal marker, and components of the 

ubiquitin-like conjugation pathways [2,17-19]. 

AtATG6, is the Arabidopsis homolog of yeast Atg6/Vps30, and 

mammalian and tobacco Beclin1 proteins.  Like other ATG6 homologs, AtATG6 

contains the evolutionarily conserved coiled-coil protein-interaction domain and a 

putative amino-terminal nuclear export signal.  Though untested in plants, this 

export signal is required for the function of human Beclin1 in the autophagy 

pathway [20].  The mouse homolog of ATG6 was identified as a haplo-insufficient 

tumor suppressor.  Mice that are heterozygous for the Beclin1 gene suffer from 

deregulation of the autophagy pathway and an increase in spontaneous tumor 

growth [21].  In yeast, Atg6/Vps30 is an essential part of the phosphoinositol-3-

kinase (PI3K) complex that regulates autophagosome initiation.  Yeast mutants 

lacking Atg6/Vps30 fail to form autophagosomes under starvation conditions, 

causing disruption of the autophagy pathway [22].  Recent work indicates that the 

tobacco homolog (Beclin1) plays a role in regulating programmed cell death 

following the hypersensitive response [9,22,23]. 

We investigated the role of AtATG6 and found it is essential for male 

gametophyte development.  In angiosperms, male gametes (pollen) develop in 

the anthers of the parent plant.  The process, known as microsporogenesis, 

begins with two rounds of meiosis to generate four microspores (tetrads).  Each 

of these microspores then undergoes mitosis and a cell fusion event to produce a 

single pollen grain with two nuclei, the vegetative nucleus and generative (sperm) 

nucleus.  A separate mitotic event then produces the two sperm nuclei from the 

generative nucleus.  Following dehiscence, the mature tri-nucleate pollen grains 

are released from the anthers of the parent plant and, after landing on a stigma, 

germinate.  While multiple factors have been identified that affect pollen 

germination rates, the exact mechanisms that regulate the process remain 

unclear [24,25].  The observable process begins with grain hydration and leads 

to polar pollen tube growth through the pistilate tissues [24].  We examined 

microsporogenesis, and pollen grain germination and guidance in atg6 

heterozygous pollen populations and found that disruption of the ATG6 gene led 
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to pollen germination defects, consistent with others’ recent results [26,27].  

Microarray experiments conducted on pollen samples show that mRNA transcript 

levels for many autophagy components, including AtATG6 mRNA, are enriched 

[28,29].  In addition, autophagosome-like structures have been observed in 

pollen grains [30]. We cannot yet determine, however, whether AtATG6 is acting 

in an autophagy-dependent or independent manner during pollen germination or 

whether its role requires conserved PI3K-mediated signaling [29]. 

 
Materials and Methods 

 Cloning.  Using Pfu Turbo (Stratagene, Cedar Creek, TX), Arabidopsis 
ATG6 was amplified with and without the native stop codon from the full-length 

cDNA clone U12843, which was obtained from ABRC, and ligated into the 

Gateway® pENTR/SD/TOPO vector (Invitrogen, Carlsbad, CA).  Resultant 

clones were fully sequenced.  The primers used were ATG6 LP: 5’-

CACCATGAGGAAAGAGGAGATTCCA-3’, RPstop: 

5’CTAAGTTTTTTTACAGTAAGG3’ and RPnostop: 

5’AGTTTTTTTACAGTAAGGCTT3’.  For the yeast (S. cerevisiae) studies, the 

yeast vector pYL435 was obtained from ABRC (deposited by S. Dinesh-Kumar, 

Yale University) and Quick-Change® site-directed mutagenesis (Stratagene, 

Cedar creek, TX) was used to introduce a stop codon following the his tag 

(primers used were LP: 5’CATCACCATCACCTGTAAGTTCTGTTCCAGGGG3’, 

RP: 5’CCCCTGGAACAGAACTTACAGGTGATGGTGATG3’).  LR clonase™ 

recombination reactions (Invitrogen, Carlsbad, CA) were performed to transfer 

the ATG6 cDNA without a stop codon from pENTR/SD/TOPO into this modified 

pYL435 vector (the TAP tag was modified with a truncation that removed 144 

amino acids after the His tag epitope). Both Fujiki’s group [27]  and Gu’s group 

[26]  also used carboxyl terminal, GFP-tagged versions of AtATG6, and saw no 

significant effect on function.  For overexpression of ATG6 in plants, LR 

clonase™ recombination reactions were performed to transfer the ATG6 cDNA 

with a stop codon from pENTR/SD/TOPO into pCHF3-GW, a 35S:His-tagged 

http://www.arabidopsis.org/servlets/TairObject?id=500939192&type=clone�
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plant overexpression vector (gift from Jianming Li, University of Michigan; 

pCHF3-GW is pCHF3 modified with a Gateway® cassette). 

 Yeast complementation.  SEY6210 wild-type yeast (S. cerevisiae) were 

transformed with pYL435:ATG6 and grown on SC–ura media supplemented with 

galactose (6.7 g/L yeast nitrogen base (YNB) without amino acids, 10 g/L 

ammonium sulfate, 0.67 g/L amino acids–ura/–trp, 24 mg/L trp, 2% galactose, pH 

5.6) to test for protein production.  Protein was detected by western blot using an 

anti-PentaHis antibody (Qiagen, Valencia, CA) raised against the his tag on the 

protein.  For yeast complementation experiments, SEY6210, BY4742Δvac8, 

SEY6210Δvps30, SEY6210Δvps30::pr414-atg6 and 

SEY6210Δvps30::pYL435AtATG6 strains were grown to mid-log phase in SC–

ura+galactose media.  Cells were pelleted, washed, and resuspended at 0.2 

OD660 in SC–ura–nitrogen+galactose media (0.67 g/L amino acids–ura/–trp, 24 

mg/L trp, 2% galactose, pH 5.6) and grown for four hours.  Cells (1 OD660) were 

harvested, TCA precipitated and subjected to SDS-PAGE [31].  Proteins were 

transferred to Immobilon™ membrane (Millipore) and probed with antibodies 

against aminopeptidase 1 (α-Ape1, 1:30,000; generously provided by D. Klionsky, 

University of Michigan) or against the his tag on the protein (anti-PentaHis, 

1:10,000) in TBS-Tween with 3% BSA.  Proteins were visualized using HRP-

conjugated secondary antibodies and Millipore chemiluminescent substrate, 

according to manufacturer’s instructions.  D. Klionsky, University of Michigan, 

generously provided all yeast strains. 

 Multiplex RT-PCR.  Total RNA was extracted from the indicated plant 

tissues using the RNeasy Plant Mini kit (Qiagen, Valencia, CA) with on-column 

DNase digestion, according to manufacturer’s directions.  RNA was quantified 

using a spectrophotometer.  RT-PCR was performed using  the Access Quick 

(Promega, Madison, WI) RT-PCR kit (PCR portion = 55oC annealing, 23 cycles, 

3 minute extension) with 50-100 ng RNA template and 100 ng ATG6 gene-

specific primers or 10 ng β-tubulin gene-specific primers.  (The primers used 

were; ATG6 primer 1: 5’TGATATATTAGAAGGCAGAGAGAC3’, ATG6 primer 2: 

5’TAGAAGAAACAGAGAAACAAAATG3’, β-tubulin primer 1: 
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5’ATACAGAACAAGAACTCGTCTTAC3’, β-tubulin primer 2: 

5’CTCTTCTTCTTCAACATCATACTC3’).  

 Mutant plant lines.  Seeds with potential mutations in AtATG6 were 

obtained from the ABRC seed stock center [32].  The lines and their 

corresponding allele designations are:  SALK_051168 is atg6-1, SALK_109281 is 

atg6-2, SAIL_656-FO8 is atg6-3, SAIL_543-G11 is atg6-4, SAIL_80_B10 is atg6-

5 (Figure 2.3).  Seedlings were grown under 16L/8D at 22oC.  DNA was extracted 

from young rosette leaves.  Leaf tissue was homogenized in 200 µL extraction 

buffer (200 mM Tris-HCl, pH 7.5, 250 mM NaCl, 25 mM EDTA, 0.5% SDS), 

vortexed, and centrifuged 2 min. at full speed in a standard microfuge at room 

temperature.  Then 150 µL supernatant was transferred to a new tube containing 

150 µL isopropanol. The DNA was pelleted by centrifugation for 5 min. at full 

speed in a standard microfuge at room temperature. The DNA pellet was washed 

with 70% ethanol, allowed to air dry, and then was resuspended in 50 µL water.  

The presence of the T-DNA insert was tested by PCR using the gene-specific 

primers suggested for each line at http://signal.salk.edu/cgi-bin/T-DNAexpress.  

The LBc1 primer was used to detect the T-DNA inserts in the SALK lines (LBc1: 

5’GCCGATTTCGGAAGGAGGATC3’); the LBb1 primer was used to detect the T-

DNA insert in the SAIL lines (LBb1: 5’ GCCTTTTCAGAAATGGATAAATAGCCTT 

GCTTCC3’).  PCR conditions used were 50-55oC annealing, 25 cycles, 2 min. 

extension.  

 Construction of plant over-expression lines.  Three-week-old Col-0 

Arabidopsis plants were transformed with pCHF3-GW-ATG6 using the simplified 

Agrobacterium-mediated transformation protocol developed by Bent [33].  T1 

plants were grown on MS media with kanamycin (50 µg/mL).  DNA was extracted 

and integration of the transgene was determined by PCR, as described above.   

Leaf tissue was ground directly into standard SDS-PAGE sample buffer.  

Expression of the ATG6 protein was measured by western blots using the anti-

PentaHis antibody (1:10,000, Qiagen, Valencia, CA).  After confirming the 

presence of the transgene and overexpression of the protein, multiple 

http://signal.salk.edu/cgi-bin/T-DNAexpress�
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independent lines were selected for further analysis.  Homozygous progeny in 

the T2 were identified by kanamycin segregation tests.  

 Crosses.  Pollen from atg6-2 (Salk_109281) heterozygotes was crossed 

into gl2 plants  (which lack trichomes) and the resulting progeny with trichomes 

were analyzed by PCR for the atg6 T-DNA insertion.  For the reciprocal cross, 

Arabidopsis pollen from the Landsberg erecta (Ler) ecotype was crossed into 

atg6-2 (Salk_109281) heterozygotes and the progeny screened by PCR for the 

T-DNA insertion.  Plants were then allowed to self-fertilize.  Homozygotes with 

the erecta mutant phenotype (short stature) were seen in the F2, indicating that 

the outcross was successful.  Finally, pollen from four independent 

35S:ATG6:HIS overexpression lines was crossed into atg6-2 (Salk_109281) 

heterozygotes.  The resulting F1 plants were screened by PCR for the atg6 T-

DNA insert and for the presence of the 35S:ATG6:HIS transgene, and by 

western blot for the presence of the transgenic protein using an anti-PentaHis 

antibody (1:10,000 dilution; Qiagen, Valencia, CA).  F1 plants were then allowed 

to self-fertilize.  Screening for the transgene and  the engineered protein was 

repeated on the F2 and the F3 progeny to identify homozygous segregants. The 

S. Clark lab (University of Michigan) provided the first generations of gl2 and Ler 

Arabidopsis plants. 

 Seed counts.  Mature green siliques were collected from multiple 

positions on the inflorescence, bleached for 4 hours in an ethanol:acetic acid 

solution (3:1 ratio) to remove the chlorophyll, and incubated in 1 N NaOH 

overnight.  The cleared siliques were placed on slides and observed under a light 

microscope.  The total number of seeds and locations/frequency of gaps in each 

silique was recorded. 

 Pollen analysis.  For examination of microsporogenesis, small (central), 

medium (green) and large (white tipped) Arabidopsis flower buds were collected 

from wild-type and atg6-2 heterozygous plants and vacuum infiltrated for 2 hours 

in fixative (4% formaldehyde, 3.125% glutaraldehyde in 50 mM sodium 

cacodylate buffer, pH 7).  Tissues were washed with buffer (50 mM sodium 

cacodylate, pH 7), stained with 2% OsO4 in buffer, taken through an ethanol 
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dehydration series (30%, 50%, 70%, 90%, 95%, 100%, 100%, 100% new bottle), 

embedded in medium Spurr’s resin using 25%, 75%, and 100% resin changes, 

and finally cured until firm (8-10 hours at 80°C).  Resin blocks were sectioned for 

light microscopy and stained with toluidine blue [34].  The developmental stage 

represented by each section was determined and the sections were examined for 

any observable phenotypic differences.  

Using ATG6 heterozygous plants, pollen from 10 individual open flowers 

was collected by suction onto filter paper using a device similar to that described 

previously [35].  To determine whether the T-DNA insert was present, DNA was 

extracted from the pollen.  First, the pollen was released from the filter by 

washing in extraction buffer (200 mM Tris-HCl, pH 7.5, 250 mM NaCl, 25 mM 

EDTA, 0.5% SDS).  The pollen grains were then ground by mortar and pestle for 

1 min. and frozen in liquid nitrogen; this sequence was repeated four times.  

Isopropanol (0.4 vol) was added and the DNA was precipitated by centrifugation 

at 4oC for 20 min at full speed in a microcentrifuge.  The DNA pellet was washed 

with 70% ethanol, air dried on the bench top, and then resuspended in 5-10 µl 

water.  PCR was performed using the T-DNA screening primers described above 

(using Taq polymerase (Promega, Madison, WI), 55oC annealing, 30 cycles, 2 

min. extension). 

To assess pollen viability, total pollen from one wild-type or heterozygous 

flower was transferred to a slide and examined under a light microscope.  

Samples were stained with Alexander stain for 10 min. and examined using light 

microscopy [36].   For germination assays, total pollen from one flower was 

transferred to solid germination media (protocol from Zhenbiao Yang lab 

University of California, Riverside: 18% sucrose, 0.01% boric acid, 1 mM CaCl2,1 

mM Ca(NO3)2, 1 mM MgSO4, 0.5% agar, pH 7.0) and incubated at 22oC 

overnight.  The number of germinated pollen grains was counted.  For the lines 

homozygous for qrt1, each tetrad was scored for the number of pollen grains that 

germinated.  For GUS staining, 20 µl GUS staining solution (50 mM NaHPO4, pH 

7.2, 5% Triton X-100, 0.4 mM X-Gluc (5-bromo-4-chloro-3-indolyl-beta-D-

glucuronic acid in dimethyl-formamide)) was applied to each collection of pollen 
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grains.  After incubation at 37°C for 2 hours, grains were observed under a light 

microscope and the scoring process was repeated for each tetrad.  To observe 

pollen nuclei, pollen was transferred onto glass slides, 4',6-diamidino-2-

phenylindole  (1 µg/ml, DAPI) solution was applied and the slides were incubated 

either at 4oC overnight or at room temperature for 20 min [37].  Nuclei were 

visualized using fluorescence microscopy (DAPI channel) and the number per 

cell recorded.  

To examine pollen tube guidance, Col-0 virgin pistils (from closed 

immature buds) were demasculated using fine tweezers, hand pollinated, and 

incubated on pollen germination media at 22oC for 24 hours.   Pistils were fixed 

for 30 min. in an ethanol:acetic acid mixture (3:1 ratio) and softened overnight in 

1 N NaOH.  Pollen tubes were stained using decolorized aniline blue (0.1% w/v) 

and visualized using fluorescence microscopy (GFP channel).  A 10X stock (1% 

w/v) of decolorized aniline blue was made by mixing 0.2 g aniline blue with 20 ml 

1 M K3PO4.  The stock was stored in the dark overnight and diluted 1:10 with 

water before using. 

 

Results  
Yeast complementation.  Yeast Atg6/Vps30 functions in both the CVT 

(cytoplasm-to-vacuole targeting) pathway and the autophagy pathway [1,23].  To 

determine whether AtATG6 function is conserved between yeast and plants, 

AtATG6 was expressed in yeast atg6/vps30 mutants.  First, the processing of 

Ape1 under normal growth conditions was observed.  Yeast lacking Atg6/Vps30 

were unable to correctly traffic Ape1 to the vacuole, where it is normally 

processed to its mature form (Fig. 2.1A, compare WT vs. vector lanes).  Ape1 

was not processed in AtATG6-expressing cells, indicating that AtATG6 did not 

complement the ∆atg6/vps30 CVT pathway defect (Fig. 2.1A, compare WT vs. 

AtATG6 lanes).  Second, to test whether AtATG6 can complement the 

∆atg6/vps30 autophagy pathway defect, Ape1 processing was analyzed following 

induction of autophagy under nitrogen starvation conditions.  Again no 

processing of Ape1 was seen (Fig. 2.1B, compare WT vs. AtATG6 lanes), 
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indicating that AtATG6 did not complement the ∆atg6/vps30 autophagy pathway 

defect.  Ape1 is processed only under autophagy-inducing conditions in the yeast 

∆vac8 strain [38].  Therefore, the yeast ∆vac8 strain was included as a control to 

show that autophagy was induced by nitrogen starvation in Fig. 2.1B (compare 

the ∆vac8 lanes in Fig. 2.1A vs. Fig. 2.1B). 

 AtATG6 expression.  To determine whether ATG6 expression is spatially 

regulated, RNA was extracted from multiple tissue types and multiplex RT-PCR 

was performed.  Similar levels of ATG6 mRNA were detected in all tissues, 

indicating that there was no spatial regulation of ATG6 expression (Fig. 2.2A).  In 

addition, ATG6 expression was analyzed in leaves from wild- type plants grown 

under several stress conditions.  No significant difference in ATG6 expression 

was detected in wild-type plants grown at 22oC in the light or in the dark (at 4oC 

or 22oC; Fig. 2.2B).  Plants grown under relatively low light conditions at 4oC also 

showed no differences, within the time period tested (data not shown).  Minor to 

moderate effects were seen when ATG6 expression was tested in wild-type 

plants that were challenged with 100 mM NaCl (data not shown). 

 atatg6 mutant analysis.  To assess the physiological role of AtATG6, 

multiple T-DNA insertional mutant lines were obtained from the ABRC stock 

center:  SALK_051168 (atg6-1) SALK_109281 (atg6-2), SAIL_656-F08 (atg6-3), 

SAIL_543-G11 (atg6-4), and SAIL_80-B10 (atg6-5) - a line generated in the 

quartet (qrt1) background [39] (Fig 2.3).  atg6-1 (SALK_051168), atg6-2 

(SALK_109281), atg6-4 (SAIL_543-G11) and atg6-5 (SAIL_80-B10) have T-DNA 

inserts in the indicated exons, while atg6-3 (SAIL_656-F08) has a T-DNA insert 

in the fifth intron (Fig. 2.3).  Heterozygous plants were identified for all lines 

except SALK_051168 (atg6-1).  Multiple attempts, by several people and from 

several seed stock re-orders, to isolate atg6-1 heterozygotes were all 

unsuccessful.  Thus, this putative mutant allele was not further studied. 

Phenotypic analysis was performed primarily on the atg6-2 line.  atg6-2 

heterozygotes displayed a variety of growth phenotypes when compared to wild-

type plants.  Some differences that were noted included retarded growth, 

increased anthocyanin production, and decreased silique production (Fig. 2.4).  
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Heterozygotes grown on complete MS media supplemented with 5% sucrose did 

not exhibit this growth phenotype (not shown).  In addition, atg6-2 heterozygotes 

had lower levels of ATG6 transcript compared to wild-type plants, measured by 

RT-PCR using ATG6 gene-specific primers (Fig 2.4B).  

No homozygous segregants were recovered in any atg6 mutant line.  This 

suggests that AtATG6 may be essential for plant development.  Segregation 

ratios were obtained for all confirmed mutant alleles and revealed a 50:50, wild 

type to heterozygote ratio for each mutant line (Table 1A).  To determine whether 

the loss of ATG6 was embryo lethal, siliques on heterozygous plants were 

examined.  No aborted seeds were seen in any of the mutant lines (Fig. 2.5), 

consistent with a germ-cell defect.  In addition, no abnormal gapping due to re-

absorption of mutant seeds was observed, suggesting that all ovules were 

fertilized.  Because all ovules on heterozygotes developed into viable seeds, the 

defect was most likely in the paternal rather than maternal germ line.  The defect 

did not appear to be post-fertilization. To determine whether the germ-cell defect 

was paternal or maternal, a series of crosses was performed.  First, pollen from 

atg6-2 heterozygotes was crossed into homozygote gl2 plants.  Homozygous gl2 

plants lack trichomes, therefore any progeny bearing trichomes must be the 

result of a successful outcross.  The plants produced by this cross were 

screened for transmission of the T-DNA at the ATG6 locus.  All progeny were 

found to be wild type, strongly suggesting that a pollen defect prevents 

transmission of the allele (Table 1B).  This suggested that fertilization in atg6 

heterozygous plants occurred between wild-type pollen and either a wild type or 

an atg6 mutant egg.  Next, the reciprocal cross was performed using pollen from 

Landsberg erecta (Ler) mutant plants crossed into female atg6 heterozygotes.  

These progeny segregated with the previously observed 50:50 ratio (Table 1B).  

The F1 plants were allowed to self fertilize.  The success of the initial outcross 

was confirmed when homozygotes with the erecta mutation were recovered in 

the F2 generation.  This indicates that the atg6 mutant allele was only inherited 

maternally, due to a pollen defect that does not allow normal transmission of the 

allele (Table 1).  
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 Complementation of the atg6-2 heterozygote phenotype.  Transgenic 

plants were engineered to express ATG6 under the control of the constitutive 

35S promoter.  Pollen from multiple transgenic lines overexpressing ATG6 was 

used to manually fertilize atg6-2(+/-) plants.  Overexpression of the ATG6 protein 

(with a 6XHis tag) in each paternal transgenic line was confirmed by western blot 

(Fig 2.6A), following PCR detection of the transgene.  The progeny of the cross 

were allowed to self-fertilize. Plants from the F1 and F2 generations were 

screened for T-DNA inserts.  While phenotypically complemented atg6-2 (+/-

)/ATG6:HIS(+/-) plants were observed in the F1 generation (Fig. 2.6B-D), no 

homozygous segregants were found in their progeny (F2 and F3 generations). 

This indicated that overexpression of ATG6, under the control of the constitutive 

35S promoter, could only rescue the growth phenotype (anthocyanin production, 

number of siliques, and internodal length were also normal).  The lack of 

complementation of the pollen germination phenotype suggests that the primary 

pollen defect may occur prior to activation of the 35S promoter. 

 Effect of atg6 on pollen development.  The mature pollen population 

was examined to determine when, during pollen development, the defect 

responsible for loss of transmission occurred.  First, DNA was extracted from 

pollen from atg6 heterozygous plants.  PCR was performed to test whether the T-

DNA was present in the mature pollen.  The T-DNA insert was detected, 

suggesting that the effect of the mutation began after microsporogenesis (data 

not shown).  Next, buds from atg6-2 heterozygotes at a variety of development 

ages were harvested and embedded in Spurr’s resin for examination under light 

microscopy.  No morphologically observable defects were seen in the 

microsporocytes, tetrads, or mature pollen from atg6-2 heterozygous plants (Fig. 

2.7).   

 Since no defect was seen during microsporogenesis, the next step was to 
test whether the mature pollen had any gross structural or viability defects.  

Pollen from all heterozygous mutant lines was collected and examined by light 

microscopy.  All of the pollen grains appeared uniform and indistinguishable from 

wild-type (and qrt1) controls (Fig. 2.8).  In addition, staining with Alexander stain 
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[36] (a vital stain), produced uniformly purple pollen grains (Fig. 2.8, panels B, E, 

H, J), indicating that the pollen was viable.  Note that freshly collected pollen 

grains (Fig. 2.8, panels A, D, G, I) become more rounded after hydration during 

staining (Fig. 2.8, panels B, C, E, F, H, J).  Next, to examine post-

microsporogenesis pollen development, atg6-5 plants (SAIL_80-B10), which 

were homozygous for qrt1(-/-) and heterozygous for atg6, were grown.  These 

plants produce the expected fused tetrad clusters characteristic of the qrt1 

mutation,[39] further indicating that microsporogenesis was unaffected. In 

addition, atg6-2 and atg6-5 pollen was trinucleate, as revealed by DAPI staining 

(Fig. 2.8C, F).  Together, these experiments indicated that pollen produced by 

atg6 heterozygotes was viable, had normal morphology, and was trinucleate.   

 The next step was to assess the effect of atg6 mutations on pollen 

germination using in vitro pollen germination assays.  atg6-2 pollen germinated 

less than wild type, with an overall germination efficiency under 50% (data not 

shown).  This raised the possibility that only the wild-type pollen grains in the 

atg6-2 sample germinated.  All of these pollen grains looked alike.  To distinguish 

between mutant and wild-type pollen grains, the atg6-5 line was chosen for 

further analysis.  Because atg6-5 was generated in the qrt1 mutant background, 

two pollen grains in each of the fused tetrads would be wild type and two would 

be mutant.  Thus, if atg6-5 mutant grains could not germinate, then only the wild-

type pollen grains in each tetrad would be predicted to germinate.  As expected, 

pollen grains in tetrads from atg6-5(+/-) plants germinated with lower efficiency, 

in vitro, than pollen grains in tetrads from qrt1(-/-) plants (Fig. 2.9A).  In more 

than 95% of all atg6-5 tetrads, at least two pollen grains failed to germinate.  

GUS staining was used to determine which pollen grains displayed the 

germination defect.  Only the mutant grains, which contain a T-DNA with LAT52, 

a post-meiotic pollen-specific promoter driving the expression of -glucuronidase 

(GUS), should stain positive [40].  GUS staining on in vitro germinated atg6-5 

tetrads revealed that the two non-germinating pollen grains were positive for 

GUS activity (Fig. 2.9C).  Thus, they were the atg6-5 mutant pollen grains.  In 

rare instances, however, pollen grains positive for GUS activity were seen at 
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intermediate stages of pollen tube growth (Fig. 2.9D).  The growth of these pollen 

tubes was slower and led to shorter pollen tubes than those observed for wild-

type pollen in the same tetrad.     

 To be sure that there were no subsequent defects caused by the mutation, 

a series of in vivo pollen tube guidance experiments were performed.  Pollen 

from atg6-2, atg6-3, atg6-4, and atg6-5 plants was applied to demasculated 

pistils and aniline blue staining performed.  As expected no defects in pollen tube 

growth or guidance were observed (Fig. 2.10; atg6-5 not shown because each 

grain in qrt1 tetrads does not contact the stigma surface equally).  Therefore, the 

primary defect in pollen development caused by the atg6 mutation was the 

inability of atg6 mutant pollen to germinate.  

 
Discussion 

 ATG6 is essential for pollen germination in Arabidopsis.  The greatly 

reduced efficiency of pollen germination seen in atg6-2 and atg6-5 mutant grains, 

compared to wild type, was responsible for loss of homozygote segregants (Fig. 

2.9).  Other stages of pollen development were not affected:  1) 

microsporogenesis was unaffected in atg6 heterozygotes (Fig. 2.7) plants 

homozygous for qrt1 and heterozygous for atg6-5 produced viable trinucleate 

tetrads (Fig. 2.8) mature atg6-2, atg6-3, atg6-4, and atg6-5 pollen grains 

appeared normal (Fig. 2.8).  These observations are consistent with those 

previously reported [26,27]. This study, however, examined multiple mutant 

alleles.  Surprisingly, rare instances of atg6-5 pollen germination were observed 

(Fig. 2.9D), suggesting that the defect caused by loss of ATG6 was variable.  It is 

interesting that, even in these cases, no homozygotes were recovered, 

suggesting that those atg6-5 grains that germinated were also defective in later 

stages of pollen tube growth.  No differences between atg6-2, atg6-3, atg6-4, 

atg6-5, and wild-type pollen were detected by in vivo pollen tube guidance 

experiments (Fig. 2.10, and data not shown), suggesting that any mutant pollen 

tube growth must terminate prior to significant penetration into pistilate tissues.  

The ability of some pollen grains with LAT52-driven GUS activity to germinate 
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(Fig. 2.9D), however, implies that there are cellular or environmental variants that 

can periodically allow progression into later stages of pollen development.  

It is possible that loss of ATG6 has additional effects during both pollen 

germination and vegetative growth.  When the 35S promoter was used to drive 

ATG6:HIS6 expression in atg6-2  heterozygotes, the mutant growth phenotype 

was rescued (Fig. 2.6).  No homozygotes were recovered in the next generation 

(data not shown), however, suggesting that the pollen germination phenotype 

was not rescued.  This is interesting because the 35S promoter is activated [41] 

before the observable pollen defect occurs.  This suggests that an additional, as 

yet unidentified, atg6 defect occurs prior to activation of the 35S promoter, shortly 

after microsporogenesis.  The atg6 heterozygote phenotype also suggests that 

ATG6 is required during vegetative growth.  This is consistent with ATG6 

expression analyses, which show that ATG6 is ubiquitously expressed in most 

plant tissues [27] (Fig. 2.2), though several groups have reported higher ATG6 

expression in pollen [26,28]. Although the mRNA levels did not change, the 

severity of the heterozygote growth phenotype was generally increased under 

stress conditions, such as high salt treatment (data not shown).  Thus, the 

vegetative defect is probably a response to autophagy or stress-induced  

metabolism [12]. It remains unknown, however, whether AtATG6 functions in the 

same manner during pollen germination and vegetative growth or whether 

AtATG6 has two distinct functions - one during pollen development and one 

during vegetative tissue growth and maintenance.  

 In yeast and mammalian systems, Atg6 is part of the highly conserved 

class III phosphoinositol-3-kinase (PI3K) complex, which includes Vps34 as the 

catalytic subunit [42]. This complex is responsible for phosphorylating the inositol 

ring at the 3’ position, generating phosphoinositol-3-phosphate (PI3P), an 

important lipid in intracellular signaling [43]. PI3P and other phosphoinositide 

lipids are involved in vesicular trafficking and membrane transport [44].  In plant 

cells, trafficking of PI3P from the trans-Golgi network to the lumen of the vacuole 

has been reported [45,46], consistent with other systems [47].  Despite this 

apparent conservation of function, overexpression of AtATG6 was unable to 
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complement the yeast ∆atg6/vps30 mutant phenotype, independent of nutrient 

limitations (Fig. 2.1). The lack of complementation seen in this study is not 

entirely surprising, however.  Other PI3K complex components, such as 

AtVPS34, are also unable to complement the corresponding ∆vps34 yeast 

mutant phenotype [48].  This suggests that the protein components in the yeast 

and Arabidopsis PI3K complexes have sufficiently different protein-protein 

interactions or general functions that they are not fully interchangeable in 

heterologous systems.  

 Others have reported partial[9] or complete[27] complementation of the 

yeast mutant by overexpression of AtATG6.  These groups, however, were 

evaluating complementation of different pathways and used different assays.  

First, visual examination of autophagosome accumulation [10,27] can be difficult 

and subjective, though it may represent a qualitative response to 

complementation.  It is important to include appropriate controls (such as co-

localizing proteins) for proper identification of autophagic bodies.  In addition, 

Fujiki’s group measured the amount of CPY (now called Prc1) that was delivered 

to vacuoles in mutant yeast that were complemented with AtATG6 [27].  Prc1 is 

delivered to vacuoles by the vps (vacuolar protein sorting) pathway; it is secreted 

in atg6 mutants.  These results can also be somewhat difficult to interpret.  It 

seems that AtATG6 only partially restores targeting of Prcp1 to vacuoles in yeast 

atg6 mutants (see Fig. 2.1 in ref. 26), though the authors claim full 

complementation.  The current study, however, used maturation of the protein 

Ape1 as a marker for cvt vs. autophagy pathway complementation (Fig. 2.1).  

This is a different, and more direct assay for these pathways.  AtATG6 very 

clearly does not restore Ape1 processing under normal or autophagy-inducing 

conditions in yeast atg6 mutants.  The effects of AtATG6 on the cvt pathway and 

on autophagosome accumulation were not determined in this study. 

 There is evidence for a conserved role for AtATG6 in a PI3K complex, 

making it entirely possible that AtATG6 functions primarily in a phosphoinositol 

signaling event during pollen germination.  While a direct interaction between 

AtATG6 and AtVPS34 has not been shown, like AtATG6, AtVPS34 homozygotes 
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are not viable (data not shown).  Dinesh-Kumar’s group also found that the 

programmed cell death phenotype, seen with loss of tobacco beclin1/atg6, was 

phenocopied by expression of NbVPS34 RNAi [9].  This suggests a possible 

conserved interaction between AtATG6 and AtVPS34 in plants, similar to that in 

yeast [23].  It was also previously shown that AtVPS34 heterozygotes have 

reduced PI3P signaling [48].  Taken together, these observations provide indirect 

evidence that AtATG6 may associate with a conserved PI3K complex.  While 

other phosphoinositol lipids have been implicated in pollen tube growth, there is 

currently no direct evidence for the involvement of PI3P [49].  Pollen tube growth 

and germination both require membrane trafficking and cytoskeletal remodeling 

[49].  Thus, it is possible that components of vesicular trafficking pathways and 

PI3P signaling, such as AtATG6 and AtVPS34, could be involved in pollen 

germination. 

 Because of the complexity of the process, it is difficult to determine 

whether AtATG6 is acting in the autophagy pathway during pollen germination.  

The yeast PI3K complex can act in an autophagy or non-autophagy capacity, 

depending on the nutrient conditions [23].  The energy requirements of pollen 

germination may mimic severe nutrient stress, leading to activation of the 

autophagy pathway [24].  Phosphoinositol lipids are also essential, however, for 

placement of the actin cytoskeleton and for the process of endocytosis - both of 

which occur continually[50] and through non-autophagic processes.  Furthermore, 

additional Arabidopsis homologs of yeast proteins required for vacuolar protein 

sorting, which is a non-autophagic trafficking pathway, are essential for pollen 

development [51,52].  Thus, during pollen germination, ATG6 may be involved in 

non-autophagic vesicular trafficking or in an autophagic process.   

 A final possibility is that AtATG6 has a novel function in plants during 

pollen germination.  Human Beclin1:GFP is localized to both the cytosol and 

Golgi membranes [53].  AtATG6:GFP had a similar dual localization to cytosol 

and to punctate structures, when expressed in tobacco BY2 cells (Harrison-Lowe, 

unpublished results) or in Arabidopsis protoplasts [27].  This may be caused by 

two separate pools of AtATG6 in plants cells, which could represent two distinct 
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functions for the protein.  AtATG6 could function in a membrane-bound PI3K 

complex during autophagic or non-autophagic processes [23,42].  Presumably, 

this would be nutrient dependent, as in yeast and mammalian systems 

[1,3,10,13].  In addition, ATG6 could have a second, as yet unknown, function 

that requires a cytosolic localization.  This may or may not be nutrient regulated, 

or it may instead be limited to a specific developmental stage, such as pollen 

development, or to a specific tissue type.  For now, it is unknown which of these 

potential functions is required for pollen germination in Arabidopsis.  Regardless, 

it appears that AtATG6 may have multiple roles in plants, including an essential 

role in pollen germination. 
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 atg6 +/+ atg6 - /+ % w/ T-DNA 
atg6-2 male w/gl2 21 0 0 
atg6-2 female w/er-1 9 10 52.63 

 
 
Table 2.1. atg6-2, atg6-3, atg-4, and atg6-5 mutant alleles did not segregate 
with the expected ratio.  
 
A) No homozygous segregants were found by screening all mutant plant lines 
containing a T-DNA in the ATG6 coding region.  The progeny segregated with a 
1:1 ratio of wild type to heterozygous plants. The probability that the mutant allele 
was not segregating in the expected ratio (1 wild type: 2 heterozygotes: 1 
homozygote) is shown in the confidence column. B) Crosses performed to test 
for gametophytic defects showed that the mutant allele, containing the T-DNA 
insert, was not transmitted through the pollen.  
 

 
 
 
 
 
 
 

Genotype atg6 +/+ atg6 -/+ atg6 -/- % w/ T-DNA Confidence 
atg6-2 92 96 0 51.1 99.99 
atg6-3 11 13 0 54.2 99.89 
atg6-4 15 13 0 46.4 99.97 
atg6-5 16 14 0 46.7 99.98 
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Figure 2.1.  AtATG6 did not complement yeast ∆atg6/vps30 mutants.   
 
Ape1 was processed to its mature form in WT yeast via the CVT pathway (A, 
normal growth conditions) and during autophagy (B, nitrogen starvation), 
detected by western blots using antibodies raised against yeast Ape1.  This 
processing did not occur in Δvps30/atg6 yeast (vector lane, Δvps30 strain), but 
was restored by overexpression of ScVPS30/ATG6 under both growth conditions 
(ScVPS30 lane, Δvps30 strain).  Processing was not restored by overexpression 
of AtATG6 under normal (A) or autophagy-inducing (B) conditions (AtATG6 lane, 
Δvps30 strain), indicating that AtATG6 did not complement the yeast CVT or 
autophagy pathway defects in Δvps30/atg6 yeast.  Δvac8 yeast were included as 
a control to show that the nitrogen starvation conditions induced autophagy (B); 
APE1 is processed to its mature form in Δvac8 yeast only under autophagy-
inducing conditions [38].  Δvps30 yeast transformed with AtATG6 expressed 
detectable levels of AtATG6 (last lane of panels A and B).  
  



74 
 

 
 
 

 
 
 
Figure 2.2. AtATG6 was expressed ubiquitously.   
 
A) Multiplex RT-PCR was performed with ATG6-specific primers (upper band) 
using mRNA extracted from young leaves (yl), rosette leaves (rs), roots (rt), 
stems (st), flowers (fl), and siliques (sil).  Comparable levels of ATG6 transcript 
were present in all tissues tested. β-tubulin was used as a control (lower band).  
B) Three-week-old Arabidopsis plants were transferred from normal growth 
conditions (light, 22oC) at time 0 min into the dark or into the dark at 4oC.  mRNA 
was extracted from leaves samples collected at three different time points after 
transfer (15, 30 and 45 min) and multiplex RT-PCR was performed with ATG6-
specific primers (upper band). β-tubulin was used as a control (lower band).  No 
significant differences were observed in the ATG6 transcript levels at any time 
point or under any condition.  This experiment was repeated many times, with 
comparable results. 
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Figure 2.3. Summary of ATG6 alleles.   
 
Five mutant lines were obtained from ABRC that contained a T-DNA insertion 
within the ATG6 coding region (At3g61710.1). Although additional splice variants 
are annotated, only At3g61710.1 was confirmed by RT-PCR and sequence 
analysis (data not shown).  The atg6-5 (SAIL_80-B10) line was generated in the 
qrt1 mutant background.  The T-DNA insert present in the atg6-5 line also 
contains a LAT52:GUS, pollen specific promoter.  T-DNA insertion sites and 
orientation are indicated by arrowheads.  Exons are depicted by boxes on the 
gene. 
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Figure 2.4.  atg6-2 heterozygous plants had variable growth phenotypes.  
 
No homozygous mutants were identified.  Heterozygotes exhibited variable 
growth phenotypes, including increased internodal length and decreased 
production of siliques (A).  In addition, many atg6-2 heterozygotes exhibited 
retarded growth and overall dwarfed stature (B, red flag) compared to wild-type 
plants (B, blue flags).  The ATG6 transcript level was reduced in atg6-2 
heterozygotes (lower panel in B). 
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Figure 2.5.  Siliques from atg6-2, atg6-3, and atg6-4 heterozygotes did not 
contain aborted seeds and were filled.   
 
The total of number seeds and gaps (spaces due to early seed abortion) in 
siliques for atg6-2, atg6-3, and atg6-4 heterozygous plants was determined.  No 
statistically significant difference between any allele and wild-type plants was 
observed (table).  All siliques were filled.  Developing seeds in mutant and wild-
type siliques were visually indistinguishable.  
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Figure 2.6.  Overexpression of ATG6 complemented the atg6-2 
heterozygous phenotype.   
 
One of the four homozygous 35S:ATG6 transgenic plant lines (A, bottom) was 
grown on kanamycin selection media for comparison to wild-type plants, which 
are not kanamycin resistant (A, top).  Expression of the his-tagged protein was 
confirmed by western blot (A, left panel, top band).  Pollen from 35S:ATG6 plants 
was crossed into atg6-2 heterozygote plants (B).  The resultant F1 atg6-2 
heterozygotes overexpressing ATG6 (D) appeared equal to or larger than wild-
type plants (C). No atg6-2 homozygous segregants, however, were recovered in 
the F2 or F3 generations.  This indicated that the overexpression of ATG6 
complemented only the atg6-2 heterozygote phenotype.  
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Figure 2.7.  Microsporogenesis was unaffected by atg6-2.  
 
 Small (center), medium (green), and large (white tipped) Arabidopsis buds were 
collected from wild-type and atg6-2 heterozygous plants, embedded in Spurr’s 
resin, sectioned for light microscopy and stained with toluidine blue.  No 
differences were observed between wild-type (Col-0, top) and atg6-2 
heterozygotes (bottom) during any stage of microsporogenesis.  Tetrads (A, B), 
microspores (C, D), and mature pollen (E, F) appeared normal in atg6-2 
heterozygotes.  Bar = 100 µm   
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Figure 2.8.  atg6 plants produced viable, trinucleate pollen with normal 
morphology.   
 
Mature pollen was collected from wild-type plants (Col-0) and from heterozygous 
mutants (atg6-2 and atg6-5) and observed under a light microscope before (A, D, 
G, I) and after (B, E, H, J) staining with Alexander stain.  Mature pollen from was 
also DAPI-stained and observed by fluorescence microscopy (C, F).  No 
apparent differences were observed in gross morphology, staining intensity, or 
nuclei number when compared to wild-type pollen. atg6-5 plants (which are in the 
qrt1 background) produced the characteristic fused tetrad of pollen grains (G, I).  
All grains in each qrt1 and atg6-5 tetrad cluster stained uniformly with Alexander 
stain (H, J), consistent with the results from the atg6-2 line (B, E).  Freshly 
collected pollen grains (A, D, G, I) become more rounded after hydration during 
staining (B, C, E, F, H, J).  Bars = 50 µm. 
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Figure 2.9.  Pollen germination efficiency was decreased in atg6-2 and atg6-
5 heterozygote plants. 
 
In vitro germination assays were conducted with mature pollen from atg6 
heterozygotes.  Pollen was incubated on germination media for 24 hours at 22oC.  
atg6-2 pollen was directly observed by light microscopy (B, wild-type top, atg6-2-
lower), while atg6-5 was first GUS stained to allow for identification of the mutant 
grains.  The number of pollen grains per tetrad that formed a pollen tube was 
counted for qrt1 (open gray bars) and atg6-5 lines (solid black bars) (A).  Of 
those atg6-5 grains that germinated, more than 90% were negative for GUS 
activity, indicating they were the wild-type grains in the tetrad (C).  A rare 
example of an atg6-5 tetrad in which three grains germinated is shown in D.  
Bars = 50 µm. 
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Figure 2.10.  In vivo pollen tube guidance was unaffected in atg6-2, atg6-3, 
and atg6-4 heterozygous plants.   
 
Col-0 flowers were demasculated and hand-pollinated with wild-type (A), atg6-2 
(B), atg6-3 (C), or atg6-4 (D) pollen and incubated at 22oC for 18 hours.  Pistils 
were fixed, stained with decolorized aniline blue, and the pollen tubes observed 
by both DIC (left) and fluorescence microscopy (right).  No differences were seen 
in pollen tube growth rates or guidance through the pistil tissues in any of the 
lines.  As seen with the atg6-2 line, less than 50% of the pollen grains, from all 
mutant lines, germinated.  Bar = 300 µm. 
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Chapter 3 

 
AtFDC is a Novel FYVE-Domain-Containing Protein that Interacts with 

Autophagy Protein 6 (AtATG6) in Arabidopsis thaliana 

 

Abstract 
Phosphatidylinositol-3-phosphate (PI3P) plays key roles in the regulation 

of both constitutive protein trafficking, and stress-induced trafficking through the 

autophagy pathway. Proteins that contain high specificity PI3P-binding domains, 

including FYVE domains, which allow for peripheral association with membranes, 

mediate this biological activity. In yeasts and plants, the class III 

phosphatidylinositol-3-kinase complex (PI3K) produces PI3P. Here we show that 

Arabidopsis autophagy-related protein 6 (AtATG6), a subunit of the PI3K 

complex, interacts with AtFDC a novel FYVE-domain-containing protein. 

Bioinformatics analysis revealed that AtFDC is one of 15 Arabidopsis FYVE-

domain-containing proteins. AtFDC also showed conservation of the canonical 

sequence R+HHC+XCG, which contains the “histidine switch.” In addition to 

eight conserved cysteines, which coordinate zinc ions, it was determined that 

AtFDC contained eight free thiol groups and bound zinc ions in the expected 2:1 

ratio. AtFDC was found to peripherally associate with membranes and also 

exhibited punctate intracellular localization. Both properties are observed in other 

functional FYVE domain proteins. However, AtFDC did not display any lipid 

binding ability in vitro. Thus, AtFDC is the first of the non-PRAF (PH, RCC1, and 

FYVE) Arabidopsis FYVE domain proteins to be characterized, and the first novel 

ATG6 protein interaction partner identified in plants.  
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Introduction 

Eukaryotic organisms respond to a wide variety of biotic and abiotic stress 

factors through the activation of lipid signaling pathways and through the 

production of phosphatidylinositol lipids. The myo-inositol head group of these 

lipids undergoes regulated modification by spatially separated substrate-specific 

phosphatidylinositol-lipid-kinases [1]. These phosphatidylinositol lipids play key 

roles in the regulation of transcription [2], activation of the autophagy pathway, 

pathogen response [3], polarized cell growth [4], cell signaling [5,6], root hair 

development [7] and in the maintenance of constitutive and stress induced 

vesicular trafficking processes, including the autophagy pathway [5,8,9]. The 

autophagy pathway allows cells to survive under hostile conditions by promoting 

internal degradation and recycling. Initiation of this process requires the activity 

of the class III phophatidylinositol-3-kinase (PI3K) complex, which catalyzes the 

formation of phosphatidylinositol-3-phosphate (PI3P) through the addition of a 

phosphate group to the 3 prime position of the myo-inositol head group [10].  

PI3P is required for the continual sorting of newly synthesized proteins 

and their receptors to the endosome and vacuole [9,11,12]. PI3P also has 

established roles in trans-Golgi-to-vacuole/lysosome protein sorting [10], and 

regulation of the actin cytoskeleton [13,14].  Research conducted with Daucus 

carrota identified the essential lipid phosphatidylinositol-3-phosphate (PI3P) in 

plant cells [14,15]. Subsequently, PI3P has been found to  have distinct 

regulatory roles during root nodule development in soybeans [16] and in the 

regulation of stomatal movements in response to abscisic acid signaling [17,18]. 

Although its role is not clearly defined, PI3P is also associated with sites of active 

transcription in the nucleus [19,20].  

The yeast and mammalian PI3K complex is composed of at least three 

conserved subunits: Vps34, which is the catalytic subunit; Vps15, which is an 

activating kinase; and autophagy-related protein 6 (Atg6) [21]. Subsequent 

bioinformatics analysis has identified sequence-based homologues for each of 
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these three conserved components [22]. An additional component Atg14, which 

serves as a linker protein between Vps34 and Vps15 in yeast, lacks a sequence-

based homologue in Arabidopsis. The involved of the Arabidopsis VPS34 

homolog in PI3P synthesis was demonstrated in a 1994 study that analyzed 

atvps34 mutants. Whereas atvps34 homozygotes are not viable, heterozygous 

segregants produce reduced levels of PI3P [15]. The biological activity of PI3P is 

largely mediated by cytosolic proteins that contain highly specific PI3P-binding 

domains. These domains allow the effector proteins to become reversibly and 

peripherally associated with membranes [1,23-25]. The effector proteins then 

serve as receptors during cellular trafficking, as signaling components through 

interactions with small GTPases, or as docking/scaffold proteins for large 

macromolecular complexes [8,26].  

One well-studied class of  PI3K effector proteins contains evolutionarily 

conserved FYVE domains. The 60-80 amino acid FYVE domain was initially 

identified in four proteins: Fab1, YOTB, Vac1, and EEA1 [27-29].  The crystal 

structure of several of these FYVE-domain-containing proteins has been solved 

and consistent with earlier point mutation analysis, indicates that eight-highly 

conserved cysteine residues are responsible for coordinating two zinc ions [30]. 

This association stabilizes the anti-parallel beta sheets and is necessary for the 

functionally active conformation of the FYVE domain [29,30]. In addition, a 

conserved RHHCCG motif forms the PI3P-binding pocket and contains the 

histidine residues required for the “histidine switch” which allows for pH-

dependent binding of the FYVE domain to PI3P [31,32].  Through association 

with PI3P, many FYVE-domain proteins localize to the PI3P-rich endosomal or 

Golgi membranes and serve important roles in endosomal fusion and protein 

sorting [23,26,29]. Additional proteins, such as Fab1, are active kinases, others, 

such as EEA1 and Vac1, associate with small GTPases, while members of the 

Arabidopsis PRAF family contain RCC1 (Regulator of Chromosomal 

Condensation 1) DNA binding motifs [6,33].   

Studies have also confirmed the requirement for PI3K activity during the 

autophagy pathway in plants. Carbon-starved tobacco cells treated with the PI3K 
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inhibitor wortmannin are unable to form autophagic vesicles [34]. The most well-

studied plant PI3K component homolog  is ATG6 which been implicated in 

regulating the hypersensitive response during programmed cell death in tobacco 

[35]. Interestingly ATG6’s role during the restriction of programmed cell death 

requires the activity of another PI3K component homolog, NtVPS34 [35,36]. This 

suggests that ATG6 functions in a PI3K complex in plants similar to other 

eukaryotic systems. The Arabidopsis ATG6 homolog also has an essential role 

during pollen development [37-39]. However, it is unclear whether AtATG6’s role 

in pollen biology requires PI3K activity or PI3P production.  

Due to the variety of ATG6’s biological functions in plants and the lack of 

an Atg14 homolog, we wanted to identify additional AtATG6 interacting proteins. 

This would allow for a greater understanding of ATG6’s role in plant-specific 

processes like pollen development, and could potentially identify novel PI3K 

components. To achieve this goal, a yeast two-hybrid assay was performed. 

Here we present the identification and characterization of a novel AtATG6-

interacting protein termed AtFDC, or FYVE-domain-containing protein. Unlike the 

previously characterized Arabidopsis FYVE domain containing proteins, PARF 

[40], PARF-LP [20] (also termed PRAF4 [41]), and UVR8 (also termed PRAF9 

[41]), which also contain PH and RCC1 domains, AtFDC contains only a 

canonical FYVE-domain. To date, AtFDC is the first of the non-PRAF FYVE-

domain-proteins to be characterized and the first novel ATG6 protein interaction 

partner identified in plants. 

 

Materials and Methods 

 Plasmid construction.  Full-length AtFDC and AtATG6 were amplified 

using Vent polymerase (New England Biolabs, Ipswich, MA) from full-length 

cDNA clones (U12263, U12843) obtained from ABRC (Arabidopsis Biological 

Resource Center). The primers were AtFDC Primer 1: 5’ATGCAACAGGG 

AGATTACAAT3’, AtFDC Primer 2: 5’TCAATGTGCGCTAACGAGGAA3’, ATG6 

Primer 1: 5’ATGAGGAAAGAGGAGATTCCA3’, ATG6 Primer 2: 5’CTAAGT 

TTTTTTACAGTAAGG3’. PCR products were incubated with 1 unit Taq 
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polymerase at 72oC for 15 min (Promega, Madison, WI) and then ligated into 

TOPOPCRII (Invitrogen, Carlsbad, CA) following the manufacturer’s instructions. 

In addition, AtFDC and AtATG6 were amplified with and without their stop 

codons from full-length cDNA clones (U12263 and U12843) and ligated into the 

Gateway® pENTR/SD/TOPO vector (Invitrogen, Carlsbad, CA) (ATG6 see ref 

[38], AtFDC LP:5’CACC ATG CAA CAG GGA GAT TAC AAT3’, FDC RPstop: 

5’TCA ATG TGC GCT AAC GAG GAA3’, AtFDC RPnostop: 5’ATG TGC GCT 

AAC GAG GAA3’).  

For the yeast two-hybrid assay, full length ATG6 was amplified from 

U12843 with specific primers (ATG6-NdeILP: 

5’CATATGAGGAAAGAGGAGATTCCA3’, ATG6-SalIRPnostop:5’ 

GTCGACAGTTTTTTTACAGTAAGGCTT3’) that added mutagenic SalI and NdeI 

restriction sites. The PCR products were ligated into TOPOPCRII. 

TOPOPCRII:ATG6 was digested with SalI and NdeI and the ATG6 gene 

fragment was gel purified and then ligated into SalI- and NdeI-digested pAS1 

vector (ABRC).  

For overexpression of AtFDC and AtATG6 in E.coli, LR clonase™ 

recombination reactions (Invitrogen, Carlsbad, CA) were performed to transfer 

the AtFDC and ATG6 cDNAs with stop codons from pENTR/SD/TOPO into pH9-

GW [38]. For the yeast overexpression studies, the yeast vector pYL435 was 

obtained from ABRC and mutagenesis was performed as described previously 

[38]. LR clonase™ recombination reactions (Invitrogen, Carlsbad, CA) were 

performed to transfer the AtFDC cDNA with and without the native stop codon 

from pENTR/SD/TOPO into this modified pYL435 vector [38]. For overexpression 

of AtFDC in plants, LR clonase™ recombination reactions (Invitrogen, Carlsbad, 

CA)  were performed to transfer the AtFDC cDNA with a stop codon from 

pENTR/SD/TOPO into pCHF3-GW, a 35S:His-tagged plant overexpression 

vector (gift from Jianming Li, University of Michigan; pCHF3-GW is pCHF3 

modified with a Gateway® cassette). 

 Protein overexpression and purification.  pH9-GW-AtFDC and pH9-

GW-AtATG6 were transformed into chemically competent BL21 protein over-



92 

expression cells. Following growth to 0.4-0.6 OD600 nm in LBkan50 media, protein 

production was induced by addition of 1 mM IPTG. Cell cultures were harvested 

three hours post induction by centrifugation at 5,000 rpm for 10 min at 4oC, 

resuspended in lysis buffer (40 mM imidazole, 4 M NaCl, 160 mM Tris-Cl, pH 

7.9) and subjected to sonication (3x20 sec pulse with 20 sec pause). The crude 

extract was then centrifuged at 5,000 rpm to pellet unbroken cells. The cleared 

lysate was applied to HisBind resin columns (Novagen, Darmstadt, Germany) 

and processed according to the manufacturer’s instructions. 2 M urea was added 

to the lysis buffer to solubilize AtFDC; the urea was removed later by standard 

dialysis against 40 mM HEPES buffer. The protein concentration in each elution 

fraction was determined using a BCA protein assay kit (Pierce, Rockford, IL). A 

final solution of 1 mg/ml AtATG6 was prepared in 40 mM HEPES buffer, pH 7.5 

(while AtFDC was soluble only to 0.5-0.8mg/ml) 

 Yeast two-hybrid screen and mating assay.  pAS1:AtATG6 was 

transformed into haploid Y187 cells and transformants were identified by growth 

on SC–Trp media. Y187::pAS1:ATATG6 cell cultures were grown to mid-log 

phase and subjected to a second transformation with either an empty pACT 

vector (negative control) or the CD4-10 Arabidopsis yeast two-hybrid library 

(ABRC and NSF/DPE/USDA Collaborative research in plant biology program, 

research collaboration group in plant protein phosphorylation (USDA 92-37105-

7675)) at a titer of 2.5x109 pfu/ml. The cells were then plated onto interaction 

media SC-Leu/-Trp/-His/25 mM 3-AT and grown for five days at 30oC. A sample 

of this transformation was plated onto SC-Leu/-Trp to assess the total number of 

transformants screened in this study (approximately 3.4 × 106 colonies). Eighty-

seven medium to large colonies were re-streaked onto interaction media SC-

Leu/-Trp/-His/25 mM 3-AT and tested for β-D-galactosidase activity using a 5-

bromo-4-chloro-3-indolyl β-D-galactoside filter assay. The 

Y187::pAS1:AtATG6::empty pACT vector cells were negative for autoactivation.  

Sixty clones showing strong activation (blue color) were grown in SC-Leu 

media to cause loss of the bait plasmid. Samples were then subjected to PCR 

using Taq polymerase (RP:5’CACTACAGGGATGTTTAATACCAC3’, 
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LP:5’GCACAGTTGAAGTGAACTTGCGGG3’). To allow for sequencing of the 

pACT interacting gene the PCR products were purified in the following manner: 

50 µl PEG (20% PEG 8000, 2.5 M NaCl) was added to a 50 µl PCR reaction and 

incubated at 37oC for 15 min. The reaction was precipitated by centrifugation at 

12,000rpm for 15 minutes (room temperature) and the pellet rinsed with 80% 

ethanol. Following drying the pellet was dissolved in 25 µl of water and then each 

product was sequenced using the PCR primers. Genes were identified using 

BLAST tools on the TAIR website (http://www.arabidopsis.org/).  

Selected pACT interaction plasmids were isolated from cultures grown in 

SC-Leu media (causes loss of the initial ATG6 containing plasmid) to allow for 

mating studies. In brief, pelleted 3 ml yeast cultures were resuspended in 500 µL 

lysis buffer (0.1 M Tris-HCL pH 8.0, 50 mM EDTA, 1% SDS) and vortexed with 

glass beads. The solution was supplemented with 25 µL of 5 M NaCl and 

extracted with 400 µL TE-saturated phenol and with 400 µL phenol:chloroform 

(4:1). DNA was precipitated by the addition of 1 ml 95% ethanol, pelleted by 

centrifugation at 12,000 rpm for 5 minutes, rinsed with 70% ethanol, dried at 

room temperature, and resuspended in water. For the yeast mating assay, 

haploid Y190 yeast cells containing the pACT-AtFDC construct isolated from the 

yeast two-hybrid screen were mated with haploid Y187 cells containing either the 

pAS1-AtATG6 construct or pAS1 empty vector control. The haploid and mated 

cell lines were streaked on interaction media and yeast growth was assayed for 

β-galactosidase activity. 

 Far western analysis.  pH9-GW:AtFDC, pH9-GW:AtATG6, and pGEM7Zf 

:SoGLO [42] were linearized with an appropriate enzyme prior to in vitro 

transcription with SP6 RNA polymerase (Promega, Madison, WI). Radiolabeled 

protein probes were produced by addition of in vitro synthesized mRNA to a cell-

free rabbit reticulocyte lysate (Promega, Madison, WI) translation system 

containing [35S]methionine. Incorporation of the radiolabel was quantified via 

trichloroacetic acid precipitation as previously described [43]. 

Purified His6-tagged AtFDC, AtATG6 and AtPEX5 protein (gift from A. 

Liepman) were applied to methanol-activated PVDF membrane in duplicate (10 
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µg protein per spot). The membrane was then allowed to air dry before being 

probed for two hours at room temperature with 5x106 TCA-precipitable counts of 

in vitro transcribed and translated AtATG6, AtFDC or SoGLO (positive control) in 

TBS-TWEEN with 3% BSA. The blots were then washed 3 times for 20 minutes 

in TBS-TWEEN, allowed to air dry and then exposed overnight to light-sensitive 

film. 

 Zinc-binding experiments.  Protein concentration (mg/ml) was 

determined by measuring the absorbance at 276 nm of purified AtFDC:HIS6 

protein and using the calculated extinction coefficient for AtFDC (1.004, 

http://www.expasy.ch/tools/protparam.html) to calculate the mg/ml protein. To 

generate Zn2+-coordinated AtFDC, the protein was incubated with 2 mM DTT and 

2 molar equivalents of Zn2+
, purified on a NAP5™ column (Amersham 

biosciences, Pittsburgh, PA) and eluted at a concentration of 20 µM into HEPES 

buffer with 20 µM NaCl (pH 7.5). The Ellman’s assay [44] was performed in 

triplicate as follows: 600 µl guanidinium-HCl, 40 µl of 4 mg/ml Ellman’s reagent 

(Sigma, St. Louis, MO) and 160 µl of 40 mM HEPES, pH 7.5 containing 0.2 µM 

AtFDC protein were combined, and after 10 min incubation at room temperature, 

the absorbance at 412 nm was measured. The number of free cysteines in 

AtFDC was calculated using the following equation [44]: OD412nm = [µM protein] 

x (# of free cysteines) x 13,700. For the PAR/PCMB assay [45], a Zn2+ standard 

curve was generated by adding appropriate volumes of a 153 µM ZnCl2 solution 

to get final Zn2+ concentrations from 0.5 -2.5 µM to a cuvette containing 8 µl of 10 

mM PAR (Pyridyl Azo Resorcinol, Sigma, St. Louis, MO) in 40 mM HEPES buffer 

(pH 7.5). The solution was brought to a final volume of 800 µl with 40 mM 

HEPES (pH 7.5) and the absorbance at 500 nm measured using a 

spectrophotometer. For determination of AtFDC Zn2+ binding, 0.5µM purified 

AtFDC protein, in either the oxidized or reduced Zn2+ coordinated form was 

combined with 4.8 µL of 5 mM PCMB (para-chloromercuribenzoic acid, Sigma, 

St. Louis, MO) in 100 µM PAR solution, brought to a final volume of 800 µl with 

40 mM HEPES, pH 7.5, and the OD500nm recorded [45]. Control cuvettes were 

prepared containing 0.5µM purified AtFDC protein, in either the oxidized (H2O2-
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treated) or reduced Zn2+-coordinated reduced form without PCMB. Linear 

regression analysis was performed on the Zn2+ standard curve. The resulting 

equation was solved using the AtFDC absorbance at 500 nm, to calculate the 

molar ratio of AtFDC and Zn2+
.  

Lipid blots.  PIP strips™ (containing 100 pmol per spot of all eight 

phosphoinositides and other biologically active lipids) were purchased from 

Echelon Biosciences (Salt Lake City, UT). Each strip was incubated with TBS-

Tween + 5% lipid-free BSA (Sigma, St. Louis, MO) and gently agitated for one 

hour at room temperature. Strips were then transferred into the same solution 

supplemented with 1.0 µg/ml AtFDC-HIS protein, PIP2-grip control protein 

(Echelon biosciences, Salt Lake City, UT), or no protein (negative control). The 

membrane was incubated with gentle rocking at room temperature for two hours 

and then washed 3 times (20 min each wash) with TBS-Tween buffer. 

Membranes were probed with anti-pentahis (Qiagen, Valencia, CA) primary 

antibody diluted 1:10,000 in TBS-Tween 20 with 5% lipid free BSA and then with 

a goat-anti-mouse-HRP-conjugated secondary antibody (Pierce, Rockford, IL) 

diluted 1:20,000 in TBS-Tween 20 with 5% lipid-free BSA. Protein was detected 

using chemiluminescent substrate according to the manufacturer’s instructions 

(Millipore, Billerica, MA). 

Plant analysis.  Mutant atfdc-1 (Salk_013246 line; ABRC) plants were 

grown in 16 hours light and 8 hours dark at 22oC. For screening, DNA was 

extracted as previously described [38]. The presence of the T-DNA insert was 

determined by PCR, using the gene-specific primers suggested at 

http://signal.salk.edu/cgi-bin/T-DNAexpress (013246 

LP:5’GCAACCTAGAGATCTGGCTACAA3’, 013246 RP: 

5’ACACGTGGCGGTATAATGAAC3’).  The LBc1 primer was used to detect the 

T-DNA inserts in the SALK lines (LBc1: 5’GCCGATTTCGGAAGGAGGATC3’).  

PCR conditions used were 50-55oC annealing, 25 cycles, 2 min. extension. For 

RT-PCR analysis, total RNA was extracted from leaf tissues of wild-type and 

atfdc-1 plants using the RNeasy Plant Mini kit (Qiagen, Valencia, CA) with on-

column DNase digestion, according to manufacturer’s directions.  RNA was 

http://signal.salk.edu/cgi-bin/T-DNAexpress�
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quantified using a spectrophotometer.  RT-PCR was performed using the Access 

Quick RT-PCR kit (Promega, Madison, WI). PCR portion = 55oC annealing, 23 

cycles, 3 minute extension) with 50-100 ng RNA template and 100 ng AtFDC 

gene-specific primers or 10 ng β-tubulin gene-specific primers.(AtFDC primer1: 

5’TTGAAGATTCCTATGGCGATG3’, AtFDC primer2: 

5’ACAGTGTCCAGAAGGGTGTTG3’, At1g20100 RP: 

5’GCTGCATCGGAAAGAGAAGAAGGA3’, At1g20100 

LP:5’CAATCTCTTGACGTCTGCAAGCTC3’, β-tubulin primer 1:see ref [38],). 

 Expression of AtFDC in yeast.  Yeast vector pYL435 was obtained from 

ABRC and QuikChange ® Mutagenesis (Stratagene, Cedar Creek TX) was used 

to modify the vector as previously described [38]. LR clonase™ recombination 

reactions (Invitrogen, Carlsbad, CA) were performed to transfer AtFDC from 

pENTR into this modified pYL435 vector. BY4742 yeast were transformed and 

grown on –Ura selective media. Protein production was induced by addition of 

galactose to the SC-Ura media (6.7 g/L yeast nitrogen base (YNB) without amino 

acids, 10 g/L ammonium sulfate, 0.67 g/L amino acids–Leu/–Ura, 24 mg/L Leu, 

pH 5.6, 20 g/l galactose).  

For the membrane wash experiments, yeast cells were grown to mid-log 

phase in SC-Ura + 2% galactose, and harvested by centrifugation at 3,200 rpm 

for 5 min at 4oC. Cells were resuspended to 10 OD660/50 µL yeast protein prep 

buffer (0.3 M sorbitol, 0.1 M NaCl, 5 mM MgCl2, 10 mM Tris-HCL pH 7.6) by 

adding acid washed glass beads to just below the meniscus and vortexing for 

three 1 min cycles, with a 2 min ice rest in between each burst. The solution was 

transferred to a new tube and the beads washed once with additional buffer. The 

solution was then centrifuged at 2,500 rpm (4oC) to pellet unbroken cells. The 

initial supernatant fraction (S1) was resuspended using beads and centrifuged at 

14,000 rpm for 30 min at 4oC. The supernatant fraction (S2) was removed and 

stored at -70oC for further analysis. The pellet fraction (P2) was resuspended in 

yeast protein prep buffer using beads and ultracentrifuged at 40,000 rpm for one 

hour at 4 oC yielding the final supernatant (S3) and pellet (P3). This pellet fraction 
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contained the largest fraction of AtFDC protein, when analyzed by western blot 

using a Penta-his antibody (Qiagen, Valencia, CA), as described above. 

Membrane washes were performed by incubating equal volumes of 

resuspended P3 fraction with either 2% SDS, 250 mM NaCl, 500 mM NaCl, 

buffer (negative control) or following pH increase to 11 with NaOH. Samples 

were vortexed and homogenized 10 times with a micropestle before incubating 

on ice for 4 hours. Samples were then centrifuged at 40,000 rpm for 30 min. The 

supernatant (soluble) and pellet (insoluble) fractions were separated and 

resuspended to equal volumes in sample buffer. Samples were then analyzed by 

western blot using a Penta-his antibody (Qiagen, Valencia, CA). 

 BY4742:pYL435-AtFDC yeast were grown overnight in SC-Ura media 

containing 2% galactose to induce protein production. Cells were diluted to 

approximately 2x106cells/ml and grown for an additional 6 hours (two doublings). 

Cells were fixed by addition of 0.1 volume 40% formaldehyde and incubation on 

ice for 2 hours. Cells were washed three times with solution A (100 mM 

potassium phosphate buffer, pH 7.5, 1.2 M sorbitol), resuspended to 1x108 

cells/ml (solution A with 2 µl/ml β-mercaptoethanol) and divided into 250 µl 

aliquots. To prepare spheroplasts, cell aliquots were incubated with 30 µl 

Zymolyase (stock solution – 10 mg/ml in 50 mM Tris HCl, 150 mM NaCl, 5 mM 

EDTA; pH 7.5) at 30°C for 30 minutes. Cell were then pelleted at 2,500 rpm and 

washed twice with solution A. Cells were transferred into 10 well glass slides 

treated with 1% polyethyleneamine solution (Sigma, St. Louis, MO) incubated at 

room temperature for 30 minutes, washed with 2% goat serum (Sigma, St. Louis, 

MO)  in solution A, and allowed to dry. The slides were then placed in a -20°C 

methanol bath for 6 min, transferred to acetone at -20°C for 30 sec and dried at 

room temperature.  

 Slide-mounted yeast samples were incubated overnight in block buffer 

(solution A with 0.2% goat serum) containing anti-FLAG M2 antibody (1:5,000, 

Sigma). Slides were placed in a humidity chamber to prevent them from drying 

out. Slides were then washed three times with block buffer and incubated with 

rabbit anti-mouse-DTAF-conjugated secondary antibody (Jackson 
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Immunoreserach laboratories, West Grove, PA) for two hours at room 

temperature. Finally, slides were washed three times with block buffer, air dried, 

and then coverslips were mounted using Vector-shield (Sigma, St. Louis, MO). 

Samples were imaged using DIC and confocal fluorescence microscopy on a 

Leica TCF SP5 (software version 1.7) with a Leica 40X objective and 1.7 zoom 

factor. Microscope settings were as follows; standard Leica GFP protocol 

modified for excitation at 495 nm and reading of emissions from 498-624 nm. 

 

Results 

Identification of AtFDC, a novel ATG6 interaction partner.  To identify 

proteins that directly interact with AtATG6, a yeast two-hybrid screen was 

performed. Full-length AtATG6 protein was fused to the Gal-4 DNA binding 

domain (pAS1) and screened against the CD4-10 yeast two-hybrid library. This 

library was generated using mRNA isolated from mature Arabidopsis leaves and 

roots, cloned into the pACT vector. From this screen, forty-six colonies showed 

strong β-galactosidase activity (data not shown). Following isolation of the pACT 

plasmids, each unknown gene was PCR amplified, sequenced and the locus was 

identified through BLAST searches against the Arabidopsis mRNA library 

(www.arabidopsis.org). Twenty-six percent of the colonies contained full-length 

cDNA corresponding to the At1g20110 locus. Bioinformatic analysis of the 

predicted full-length protein sequence identified an evolutionarily conserved 

FYVE domain within the protein. We designated this unknown protein as AtFDC, 

for FYVE-Domain-Containing protein. Interestingly, this locus was previously 

annotated as encoding a lipase [33], however the carboxyl terminal region, which 

contained the lipase domain, has been subsequently re-annotated as a separate 

locus, At1g20120.  

Before proceeding with further analysis, it was important to confirm the 

interaction with ATG6, so yeast mating assays were performed. The 

pACT:AtFDC plasmid isolated in the yeast two-hybrid screen was transformed 

into haploid Y190 cells, which were then mated with haploid Y187 cells 

containing pAS1:AtATG6 (Figure 3.1A-1) or a pAS1:EMPTY control (Figure 3.1A-
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2). Only the pACT:AtFDC/pAS1:AtATG6 diploids grew on interaction media 

(compare Figure 3.1A-1 to 3.1A-2 to 5).  These colonies were also positive for β-

galactosidase activity (Figure 3.1A right), confirming the interaction between 

AtFDC and AtATG6. 

To eliminate the possibility that additional proteins may be mediating the 

interaction between AtATG6 and AtFDC in yeast, the interaction was tested in 

vitro using a far-western protein blot overlay assay (Figure 3.1B). Purified, 

membrane-bound his-tagged AtATG6:HIS and AtFDC:HIS proteins were probed 

with in vitro synthesized 35S-labeled AtATG6 and AtFDC proteins. The  

interaction between AtPEX5:HIS, the peroxisome targeting signal 1 (PTS1) 

receptor, and glycolate oxidase, a PTS1-containing protein from spinach, was 

used as a positive control for these experiments (Figure 3.1B, bottom row, left). 

The membranes were then exposed to film (Figure 3.1B, left). A positive 

interaction was seen when bound AtATG6:HIS was probed with radiolabeled 

AtFDC, and vice versa (Figure 3.1B). This confirms that the two proteins were 

able to interact in vitro and that the interaction was direct.  

Having established that AtFDC interacted with AtATG6, bioinformatic 

analyses were performed to further characterize AtFDC and to identify additional 

FYVE-domain-containing proteins in Arabidopsis. Protein sequence analysis 

revealed that AtFDC (Figure 3.2A), like other proteins with a FYVE domain, 

contained the eight conserved cysteines, which coordinate zinc ions, and the 

canonical sequence R+HHC+XCG, which binds the phosphate groups of PI3P 

[30,32].  To identify additional Arabidopsis FYVE domain containing proteins, 

amino acids 455-515 of AtFDC (which correspond to the predicted FYVE 

domain) or the full-length protein sequence were queried against the TAIR 

database. Fifteen separate loci containing both the conserved cysteine residues 

(green and red boxes) and the PI3P-binding motif (blue box) were identified 

(Figure 3.2C). One locus, At1g29800, lacked any EST or microarray data, 

suggesting it may be a pseudogene, so it was omitted from subsequent 

consideration.  
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To further analyze the protein sequence relationships, an un-rooted 

cladogram was generated (Figure 3.2B). The ClustalW alignment of all the 

FYVE-domain-containing proteins from Arabidopsis was analyzed using the 

Protdist and neighbor programs of the Phylip3.67 package (Figure 3.2B). The 

nine proteins that contain PH and RCC1 domains, in addition to a FYVE domain, 

share the highest protein sequence similarity (purple clade). Three of these 

proteins have been previously studied: PARF1 [40], PARF-LP1 [20] (also termed 

PRAF4 [41]), and UVR8 (also termed PRAF9 [41]). In addition, two FAB1-like 

proteins were identified (pink clade). Based on this sequence analysis, the 

protein that is most closely related to AtFDC is encoded by the At3g43230 locus. 

Unlike AtFDC, the FYVE domain from At3g43230 is located in the amino-terminal 

region and this protein also contains a DUF500 domain (Domain of Unknown 

Function). This combination of FYVE and DUF500 domains, which was only 

found in plants, is absent from AtFDC. These differences in protein structure 

suggested that AtFDC may be unique in Arabidopsis. In addition, comparison 

with the rice genome identified two sequence-based homologs for AtFCD1, both 

containing a single FYVE domain near the carboxyl terminus. The presense of 

rice proteins that share higher homology with AtFDC than any Arabidopsis 

proteins reinforces the notion that AtFDC has a functional role that is distinct from 

other Arabidopsis FYVE-domain-containing proteins.  

Functional characterization of AtFDC. To further understand the 

physiological role of AtFDC, it was important to determine whether the FYVE 

domain was functional. All FYVE domains contain four pairs of cysteine residues, 

which each coordinate two Zn2+ ions in a 1C2A, 2C2B, 3C2A, 4C2B manner [30]. 

This means that the first and third pairs coordinate one Zn2+ ion, and the second 

and fourth coordinate the second Zn2+ ion (Figure 3.2C). Therefore, a protein that 

coordinates Zn2+ ions in this manner must contain eight free thiol groups (eight 

coordinating cysteine residues). To determine the number of zinc-coordinating 

thiols present in the purified AtFDC protein, an Ellman’s assay [44] was 

performed using oxidized and reduced forms of AtFDC. In proportion to the 

number of thiol groups, the Ellman’s reagent, DTNB (5,5'-dithiobis(2-nitrobenzoic 
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acid)), produces a colormetric product that can be quantified by reading the 

absorbance of the solution at 412 nm [44]. To calculate the number of free thiol 

groups, Beers law was solved using a molar absorptivity of ε412 nm=13,700 M-1 

cm-1 per free thiol group [44]. It was determined that approximately eight 

(8.13±0.324) free thiols were present in AtFDC, supporting the hypothesis that 

eight of the cysteines in the amino acid sequence may be involved in zinc ion 

coordination (data not shown). 

The next step was to test whether AtFDC bound Zn2+ ions in the expected 

molar ratio. If four cysteines are required for each zinc ion, and AtFDC contains 

eight coordinating cysteines, a molar ratio of 2 M-Zn2+:1 M-AtFDC would be 

expected. To experimentally determine the actual ratio, a PAR/PCMB assay was 

performed [45]. A Zn2+ standard curve was generated by incubating known 

concentrations of Zn2+ with PAR (pyridyl azo resorcinol) and recording the 

absorbance at 500 nm. Next, oxidized (without-zinc) or reduced (zinc-

coordinated) AtFDC was incubated with or without PCMB (p-chloro mercury 

benzoic acid). PCMB releases bound Zn2+ molecules into the solution. As 

expected, there was no change in the absorbance when PCMB was added to 

oxidized AtFDC protein. Conversely, when PCMB was added to reduced (zinc-

coordinated) AtFDC, the absorbance increased from 0.193 to 0.269 (average) 

indicating that Zn2+ ions were released into the solution (there was no change 

when just PCMB was added to the solution). By solving the linear equation from 

the standard curve (Abs at 500 nm = 0.075X + 0.115, where x is the Zn2+ in µM), 

it was determined that 0.5 µM AtFDC protein bound 1.03 ± 0.17 µM Zn2+. This 

experimental ratio of 2.05±0.35 Zn2+ to 1 AtFDC protein is very close to the 2:1 

ratio expected for a protein containing a zinc-binding FYVE domain.  

Before directly testing the PI3P-binding capacities of AtFDC, it was first 

important to determine whether AtFDC was a cytosolic or membrane protein in 

vivo. To do this, a His-tagged form of AtFDC was constitutively expressed in 

Arabidopsis. Although multiple lines with kanamycin resistance were recovered 

and the transgene was detected by PCR, no AtFDC protein was observed by 

western blot (data not shown). Consequently, AtFDC was heterologously 
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expressed in wild-type BY4742 yeast cells, which, like all eukaryotic cells, 

contain PI3P-rich membranes. AtFDC-containing yeast cell lysates were 

subjected to two rounds of centrifugation and then ultracentrifugation, finally 

yielding an enriched membrane fraction (lane P3 in Figure 3.3A and 3.3B). 

During each step AtFDC was present only in the pellet fraction, with no 

detectable protein in the soluble fractions (Fig 3.3A, compare S-soluble and P-

insoluble fractions).  This indicated that AtFDC was associating with the 

membrane fraction.  

To test whether AtFDC was peripherally associated with the yeast 

membranes, the membrane-enriched P3 fraction was used in standard salt-wash 

experiments. Treating the P3 membranes with detergent partially released 

AtFDC into the soluble fraction, as expected (Figure 3.3B). Incubations with high 

salt (500 mM NaCl) or high pH conditions completely released AtFDC into the 

soluble fraction, indicating AtFDC was most likely peripherally associated with 

the membranes (Figure 3.3B). In addition, because treatment with 250 mM NaCl 

was not sufficient to cause release, AtFDC was most likely associated with the 

membranes, rather than simply present in protein aggregates. To confirm that 

AtFDC associates with a membrane rather than simply forming aggregates in 

yeast, AtFDC protein localization was observed using indirect 

immunofluorescence. Analysis revealed that the AtFDC protein was present in 

one to two punctate dots per cell (Figure 3.3C); no signal was seen in control 

cells (Figure 3.3C, left). Thus, AtFDC was not simply aggregating in the cytosol, 

but rather AtFDC peripherally associated with an internal membrane in yeast.    

Having determined that AtFDC peripherally associates with membranes in 

yeast, the functionality of the FYVE domain was tested using lipid blots. Purified 

zinc-coordinated AtFDC protein was incubated with a commercial membrane 

containing 15 different lipids including PI3P. Following binding, the membrane 

was probed with Penta-his antibody to see where the AtFDC protein bound. 

While the positive control bound as expected no lipid binding was observed for 

AtFDC (data not shown).  
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 Analysis of atfdc mutants.  To study the physiological function of AtFDC, 

the only available mutant line, a T-DNA insertional mutant (Salk_013246), was 

obtained from the ABRC stock center (Figure 3.4A). The T-DNA is located in a 

shared promoter region. Plants were grown under 16hr-day, 8hr-night conditions 

and screened by PCR for the presence of the T-DNA allele. The atfdc-1 mutant 

allele segregated at the expected 1:2:1 ratio of wildtype: heterozygotes: 

homozygous mutants (data not shown). atfdc-1 homozygous plants displayed no 

visible phenotype in comparison to wild-type segregants (Figure 3.4B). RT-PCR 

analysis was performed to determine the level of AtFDC transcript in the 

homozygous plants. Due to the location of the T-DNA the expression level of the 

other locus controlled by the promoter region (At1g20100) was also examined. 

The RNA levels of AtFDC and At1g20100 were unaffected by the presence of the 

T-DNA insert in atfdc-1 homozygous plants as compared to wild type (Figure 

3.4C). Thus, this line is not suitable for further atfdc mutant analysis. 

 
Discussion 

In this study we provide evidence that Arabidopsis ATG6 interacts with 

AtFDC, an Arabidopsis FYVE-domain-containing protein. The interaction was 

initially identified in a yeast two-hybrid screen using ATG6 as “bait” (Figure 3.1A) 

and subsequently confirmed by far-western analysis (Figure 3.1B).  AtFDC, 

which was not bound to PI3P, directly interacted with ATG6 in the far-western 

analysis suggesting that the interaction between the two proteins may not require 

PI3P binding. However, zinc ions were present so it is possible that the 

interaction with ATG6 requires zinc association of AtFDC. Further 

characterization of AtFDC indicated it was able to bind zinc ions in the ratio 

previously reported [30] for a FYVE-domain-containing protein. This suggested 

that AtFDC contains a functional FYVE domain (able to bind to PI3P), a 

conclusion supported by the high level of amino acid conservation in the FYVE-

domain region of the protein (Figure 3.2C). In addition, AtFDC was peripherally 

associated with a membrane when heterologously expressed in yeast (Figure 

3.3B), and further subcellular localization indicated association with an internal 
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punctate structure (Figure 3.3C), possibly the nucleus or endosome. These data 

indicate that AtFDC interacts peripherally with an internal membrane component 

in vivo, consistent with the hypothesis that it functions as a PI3P-binding protein. 

However, AtFDC did not display any lipid binding in a lipid blot assay (data not 

shown). This may be due, in part, to the limitation of the lipid blot assay used. 

Alternatively, AtFDC may require additional protein interactions to facilitate its 

membrane and PI3P interaction, perhaps AtATG6. In addition, since purification 

of AtFDC required treatment with solubilizing agents, the altered conformation of 

AtFDC may not allow for PI3P binding, although it could coordinate zinc. In 

summary, it appears that AtFDC interacts with AtATG6, binds zinc ions, and 

associates with an internal cellular structure, strongly suggesting an ability to 

interact with a membrane component, most likely PI3P.  

 To our knowledge, this is the first report of an ATG6 homolog interacting 

with a FYVE-domain-containing protein.  Consequently our understanding of the 

physiological function of ATG, allows us to hypothesize a functional role for 

AtFDC. In mammalian cells, Beclin 1 (the ATG6 homolog) is reported to be both 

membrane associated and cytosolic [46]. Since no cytosolic localization of 

AtFDC was observed, either by fractionation (Figure 3.3A, B) or indirect 

immunofluorescence (Figure 3.3C), AtFDC is most likely associated with the 

membrane pool of ATG6 (unpublished data).  In yeast, the PI3K complex is 

composed of the three common  subunits Vps34, Vps15 and Atg6, and it is 

localized to membranes, including the Golgi, via the myristolation of VPS15 

[47,48].  In addition Atg14, a protein that “links” Vps34 and Atg6 in yeast, is 

required for the kinase to be active in the autophagy pathway [21]. An alternative 

subunit (Vps38) functions in place of Atg14 in the vacuolar protein sorting 

pathway, which also delivers cargo to the yeast vacuole [21].  Bioinformatic 

analyses show that AtFDC has no significant homology with yeast ATG14 (data 

not shown), which is to be expected as Atg14 has no identifiable lipid-binding 

domains [48]. Also, since mammalian Beclin 1 is able to directly interact with the 

Vps34 catalytic subunit, it is entirely possible that Arabidopsis lacks an ATG14 
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homolog [46]. Thus, it is most likely that AtFDC is not serving the same role as 

yeast Atg14.   

Arabidopsis ATG6 contains an evolutionarily conserved nuclear export 

signal, and although the functionality of this signal has not been tested in plants, 

the mammalian homolog Beclin 1 requires the signal for its function as a tumor 

suppressor [49]. A truncated form of Beclin 1 that lacked this signal accumulated 

in the nucleus [49]. Recently, a number of reports have shown that the nuclei of 

yeast and mammalian cells contain PI3P [2,20,50]. While nuclear pools of PI3P 

could be the product of a class I or class II kinase complex in mammalian 

systems, immunolocalization of the soybean VPS34 (class III) homolog in root 

tissue revealed a strong signal in the nucleus with a predominant signal seen in 

the nucleolus [19,20,51].  The PI3K complex also co-localizes with transcription 

sites and is thought to be present in fibrillar structures [19,50].There are other 

reports of nuclear-localized FYVE-domain-containing proteins including ALFY, a 

FYVE-domain-containing protein that localizes to the nuclear envelope [52]. 

Therefore, it is possible that AtATG6 functions in a class III PI3K in the nucleus, 

as it does on the trans-Golgi network and endosome [46,53], and that AtFDC 

associates with the nuclear pool of ATG6 and PI3P. Thus, AtFDC may be 

involved in ATG6-mediated PI3P signaling in the nucleus.  

It’s also possible that AtFDC is directly involved in vacuolar protein 

trafficking as an effecter protein for the class III PI3K complex. This is supported 

by the localization of AtFDC to punctuate internal structures (Figure 3.3). These 

internal structures could represent endosomes or the trans-Golgi network, both of 

which have PI3P-rich membranes [50,54]. AtFDC could associate with the 

membrane, perhaps aided by a protein-protein interaction with ATG6 and then, 

like other FYVE-domain-containing proteins, recruit additional components to the 

membrane [9,11]. This hypothetical function could be stress-related via the 

autophagy pathway, or non-stress related, such as during endosomal protein 

trafficking in a manner similar to ScVps27 [9,26].  These suggestions are not 

mutually exclusive, as yeast Atg6 is present in both autophagic and non-

autophagic PI3K complexes [21]. Unfortunately, no additional information 
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regarding a stress or non-stress related function, can be gained from existing 

microarray data because mRNA transcript levels for AtFDC do not change under 

the tested stress conditions, including carbon deprivation and osmotic stress. It is 

possible that AtFDC is post-translationally regulated by the activity of the PI3K 

signaling and the presence of PI3P similar to other FYVE domain proteins.  

 Since AtFDC is the first reported FYVE-domain-containing protein to 

interact with any PI3K component, it could have a completely novel, potentially 

plant-specific, role.  For example, several recent studies have shown that 

AtATG6 is essential for pollen germination in Arabidopsis [37-39].  The process 

of pollen germination is unique to plants, while later stages, including pollen tube 

growth, are similar to other polarized cell growth, such as axon growth and 

guidance.  The overall process of pollen germination through pollen tube growth 

requires phosphatidylinositol-lipid-based signaling for regulation of extensive 

membrane trafficking to the growing tip and for endocytosis events [4]. Perhaps 

the interaction between AtATG6 and AtFDC is important during pollen 

germination, explaining why such an interaction has not previously been reported 

in other systems. Transcript for AtFDC is enriched in pollen, as is transcript for 

AtATG6, supporting the notion that the two proteins could both be present and 

interacting in pollen [55].  However, since the precise cellular role of ATG6 in 

pollen germination has not been established, it remains unclear whether AtATG6 

functions in an autophagic or non-autophagic manner during this process. 

Therefore, the role of AtFDC is likewise unclear, though it raises some interesting 

questions regarding both the exact role of AtATG6 in the PI3K complex and the 

potential protein effectors required for its function during pollen germination.   

In conclusion, AtATG6 interacts with AtFDC, a novel FYVE-domain-

containing protein. AtFDC is the first of the non-PRAF-domain-containing 

proteins characterized in Arabidopsis and one of 15 FYVE-domain-containing 

proteins in the proteome. While PRAF proteins appear to have functional roles in 

DNA binding and chromatin condensation, it is likely that AtFDC is involved in 

PI3K-mediated protein trafficking pathways, such as the autophagy pathway, and 

that the function of AtFDC is mediated through its interaction with AtATG6. It 
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remains to be seen whether AtFDC, like ATG6, is also involved in pollen 

germination. 
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Table 3.1. Potential AtATG6 interaction partners identified by Yeast two 
hybrid. # = number of clones, % = percent of all clones with this gene 

Protein Description Locus #  %  Functional class Pred Loc  Note 
zinc finger (FYVE type) AT1G20110.1  12 13.8 DNA/RNA/LIPID/ZINC 

binding 
unknown  

PP2A 4 serine/threonine 
protein phosphatase 

AT2G42500.2  5 5.7 catalytic subunit of 
phosphatase 2A. 

cytoplasm or 
nucleus 

 

zinc finger (B-box type) family 
protein 

AT1G06040.1  4 4.6 DNA/RNA/LIPID/ZINC 
binding 

cytoplasm or 
nucleus 

*partial 

avirulence-responsive protein AT3G28940.1  3 3.4 Response to bacterium unknown  

bZIP transcription factor AT1G42990.1 3 3.4 DNA/RNA/LIPID/ZINC 
binding 

unknown  

expressed protein AT5G26740.2  3 3.4 unknown endomembrane  

protease inhibitor/seed 
storage/lipid  

AT4G12545.1  3 3.4 similar to AIR1 endomembrane  

thioredoxin family AT1G08570.1 3 3.4 cell redox homeostasis unknown  

expressed protein AT1G08380.1 2 2.3 unknown unknown  

fasciclin-like arabinogalactan-
protein 

AT1G03870.1 2 2.3 cell adhesion membrane  

lactoylglutathione lyase AT1G80160.1 2 2.3 Carbohydrate 
metabolism 

endomembrane  

 (UBA)/TS-N domain-containing 
protein 

AT1G04850.1 2 2.3 unknown cytoplasm *partial 

zinc finger (B-box type) family AT4G27310.1  2 2.3 DNA/RNA/LIPID/ZINC 
binding 

cytoplasm  

lipase family protein AT5G14180.1  2 2.3 Triacylglycerol lipase 2 endomembrane  

SEUSS transcriptional co-
regulator 

AT1G43850.1 2 2.3 organ/flower 
development 

nucleus *partial 

expressed protein AT4G38750.1  2 2.3 unknown endomembrane  

glutathione S-transferase AT2G30870.1 2 2.3 glutathione trasnfer 
activity 

cytoplasm  

SIT4 phosphatase AT1G07990.1 2 2.3 phosphatase (putative) endomembrane  

scarecrow-like transcription 
factor 1 

AT1G21450.1  2 2.3 Transcriptional 
regulation 

nucleus  

nodulin MtN21 family protein AT3G28050.1  1 1.1 unknown membrane  

nitrogen regulation family 
protein 

AT5G67220.1  1 1.1 Nitrogen regulation mitochondria  

acyl carrier family protein AT4G25050.1 1 1.1 Fatty acid biosynthesis chloroplast  

annexin 3 AT2G38760.1 1 1.1 annexin - Calcium ion 
binding 

cytosol and cell 
surface 

 

caldesmon-related / Poly-
adenylate binding protein 

AT1G52410.2 1 1.1 Calcium ion binding chloroplast  

expressed protein AT5G12230.1  1 1.1 unknown unknown *partial 

formate--tetrahydrofolate ligase AT1G50480.1  1 1.1 Folic acid biosynthesis unknown  

hypothetical protein AT3G45820.1 1 1.1 unknown unknown  

malate dehydrogenase related AT1G04410.1  1 1.1 Malate dehydrogenase unknown  

metallothionein-like protein  AT1G07610.1  1 1.1 copper response cytoplasm  

oxygen-evolving protein 3 AT4G05180.1  1 1.1 Photosynthesis thylakoid 
membrane 

*partial 

phytochrome A AT2G37680.1 1 1.1 Photomorphopgenesis cytoplasm or 
nucleus 

 

proton-dependent oligopeptide 
transport 

AT1G72140.1  1 1.1 oligopeptide transport membrane  

Trypsin protease inhibitor  AT1G73260.1 1 1.1 unknown mitochondrian  
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Figure 3.1. AtATG6 interacts with a novel FYVE-domain-containing protein.   

A) Haploid Y187 cells expressing an AtATG6-Gal-4 binding domain fusion (3) 
were mated with haploid Y190 cells expressing either a AtFDC-Gal-4 activation 
domain fusion (4) or an empty vector control (5). When haploid and mated cell 
lines were streaked onto interaction media, only the diploids containing both 
AtATG6 and AtFDC (1) grew, unlike the control AtATG6 and empty pACT vector 
diploids (B). Yeast growth was also assayed for β-galactosidase activity; only the 
diploids in 1 were positive (right). 1:AtFDC/AtATG6 diploid, 2:AtATG6/Empty 
vector diploid, 3:AtATG6 haploid, 4:AtFDC haploid and 5:Empty vector haploid.  
B) Polyvinylidene fluoride (PVDF) membrane-bound AtPEX5, AtFDC, and 
AtATG6 (columns) were probed with 35S-methionine-labeled AtATG6, AtFDC or 
SoGLO (rows).  Binding was seen between AtFDC and AtATG6. The known 
interaction between AtPex5 and SoGLO was used as a positive control. As 
expected there was no binding between SoGLO or PEX5 and either AtFDC or 
AtATG6. The data are summarized in the table (right). 
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Figure 3.2. AtFDC is one of fifteen Arabidopsis FYVE-domain-containing 
proteins, all of which have a conserved FYVE domain.   

A) AtFDC is a 601-amino acid protein that contains a FYVE domain (amino acids 
455-515) in the carboxyl terminus (inset in A). The canonical sequence RR/KHH-
CXXC-G is underlined and the four pairs of Zn2+-coordinating cysteine residues 
are shown in red.  B) Position-specific iterative BLAST using amino acids 455-
515 of AtFDC (FYVE domain) identified fourteen additional FYVE-domain-
containing proteins. This unrooted cladogram was generated using the full-length 
protein sequence from all FYVE-domain proteins aligned by Clustal W and then 
further analyzed using the Phylip 3.67 package (Protdist and Neighbor 
programs). Nine PRAF proteins, which all contain PH, RCC1 and FYVE domains, 
can be seen in the left-most clade (purple). The upper clade (pink) includes 
At4g14270 and At4g33240, the two FAB1 homologues that contain putative 
phosphatidylinositol-4-phosphate 5-kinase domains.  C) All proteins contain the 
expected four pairs of cysteine residues (shown in green and red boxes), and 
conserved RR/KHH-CXXC-G motif.   
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Figure 3.3. AtFDC is a peripheral membrane protein.   

A) Step-wise soluble and insoluble (pellet) fractions were prepared from yeast 
cells expressing AtFDC-FLAG (BY4742:pYL435-AtFDC) and analyzed by 
western blot using an anti-Flag antibody. AtFDC was only detectable in the 
insoluble (P2 and P3) fractions and not the soluble fractions (S2 and S3). Whole 
cell extract is shown in the first lane (WC).   B) Enriched membranes (P3) were 
incubated with 2% SDS, 250 mM NaCl, 500 mM NaCl, high pH conditions (pH 
11) or in buffer (control). Soluble (S) and insoluble (P) fractions were prepared by 
ultracentrifugation and analyzed by western blot using an anti-FLAG antibody. 
AtFDC was detected in the soluble fractions under high salt and at high pH.  C) 
Yeast cells expressing AtFDC (BY4742:pYL435-AtFDC) were processed for 
indirect immuno-fluorescence and probed using anti-FLAG M2 primary and 
DTAF-conjugated secondary antibodies. Samples were imaged using DIC (top) 
and confocal laser microscopy (bottom). Two representative images are shown 
(middle and right). Signal was detected in one to two small punctate dots per cell,  
indicating that AtFDC associates with an intracellular structure. No signal was 
detected from control cells (left). 
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Figure 3.4. atfdc-1 plants have no visible phenotypes and mRNA level was 
unaffected.  

A) One T-DNA insertional mutant line for AtFDC (Salk_013246) was available. In 
this line the T-DNA (triangle with arrow) is located 390 bp upstream of the 
translation initiation site for AtFDC (lower line) and 139 bp upstream of the 
coding region of At1g20100 (top line), indicating potential disruption of both 
genes. At1g20120 is downstream of AtFDC and contains a lipase domain; the 
two were once annotated as a single gene. Exons are shown in red, terminating 
exons are shown in yellow, introns are grey hashed lines, arrows indicate the 
direction of each gene/T-DNA.  B) Wild-type (left) and homozygous atfdc-1 
(right) plants were grown under normal conditions and examined for any 
phenotypic differences. None were observed.  C) RT-PCR was performed on 
mRNA samples from Wt and AtFDC-1 using primers specific for AtFDC (top), 
At1g20100 (middle) and β-tubulin (bottom – served as control). No differences 
were seen in the transcript levels of either AtFDC or At1g20100 indicating the T-
DNA insert does not disrupt production of full-length transcript.    
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Chapter 4 
 

NHL57 is a Senescence-Associated Peroxisomal Protein                             
with a Novel SFL PTS1 Tripeptide 

 
Abstract 

Peroxisomes are dynamic organelles with biochemical functions that are 

tightly attenuated to developmental cues including the process of senescence.  

To understand the physiological changes during plant senescence, proteomic 

analysis was conducted on peroxisomes isolated from dark-induced senescent 

Arabidopsis leaves. Here we report on NHL57, a protein with a novel SFL 

Peroxisomal Targeting Signal 1 (PTS1) tripeptide, which was enriched in the 

senescent peroxisome. NHL57 transcript levels increase during dark-induced 

and natural senescence. Furthermore, nhl57 homozygous mutant plants lacked 

full-length transcript and exhibited retarded degradation of chlorophyll during 

dark-induced senescence. When transiently expressed in tobacco leaves, YFP-

NHL57 co-localized with a CFP-SKL peroxisomal marker as expected and in vitro 

import experiments determined that the SFL tripeptide was necessary, but not 

sufficient for targeting. In addition, deletion of the SFL tripeptide severely 

disrupted the ability of NHL57 to bind to the PTS1 receptor, PEX5. We also 

present data on NHL60, a putative NHL57 homolog, which lacks the SFL 

tripeptide. This work expands our current knowledge of the amino acid variants 

allowable in a functional PTS1 signal and suggests an exciting link between 

chlorophyll degradation and peroxisome physiology during senescence. 
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Introduction 
Peroxisomes are biochemically diverse organelles that are present in 

almost all eukaryotes. Initially named for their role in hydrogen peroxide 

metabolism, peroxisomes are also responsible for the β-oxidation of fatty acids 

[1], synthesis of bile and plasmalogen in mammals [2], production of jasmonic 

acid in plants [3] and the breakdown of methanol in the methylotrophic yeast 

Pichia pastoris [4].  Within plants multiple classes of peroxisomes have been 

described, differentiated by their specialized metabolic functions and 

corresponding enzyme complement [5]. In leguminous species, which form 

Rhizobium-containing root nodules, peroxisomes are essential for nitrogen 

assimilation [6]. In photosynthetic tissues, metabolites from the carbon salvage 

pathway, photorespiration, are actively shuttled between peroxisomes, 

chloroplasts and mitochondria. In the cotyledons of oil-rich species, such as 

pumpkins or Arabidopsis thaliana, fats are broken down for use in carbohydrate 

synthesis via the glyoxylate cycle in glyoxysomes [5]. During plant senescence in 

sweet potato, key glyoxylate cycle enzymes are up-regulated presumably to 

facilitate energy production during the cessation of photosynthetic activity and 

chlorophyll degradation, through the breakdown of membrane lipids [7]. 

Despite these different classifications and diverse functions, it is important 

to remember that peroxisomes are not static organelles. Due to the unifying 

mechanisms that control biogenesis and protein import, they have the essential 

ability to alter their biochemical functions in response to abiotic and biotic cues 

[5,8]. One cue of particular interest is the onset of programmed cell death during 

plant senescence [9,10]. Characterized by the degradation of chlorophyll [11], 

plant senescence is a complex process controlled by key plant hormones [12,13], 

their respective signaling components, and transcription factors such as 

WRKY53 [14]. Multiple transcriptome profiling experiments have revealed the 

complexity of the process. The expression of hundreds of genes encoding 

protein degradation machinery and transporters for ions are altered during 

senescence [15-17]. Chloroplasts are the first organelles to undergo structural 

changes, while mitochondria and nuclei remain largely intact until the later stages 
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of senescence, just prior to tonoplast rupture and cell death [9,11]. However, 

despite research using various plant species showing the up-regulation of 

glyoxylate cycle enzymes [7,18], increases in catalase activity [19], and 

identification of senescence-induced peroxidases [20], little is known about the 

changes that occur in the non-enzymatic protein complement in peroxisomes 

during senescence. 

Unlike chloroplasts and mitochondria, peroxisomes do not contain DNA, 

so all peroxisomal proteins are nuclear encoded and post-translationally targeted 

to the peroxisome [8,21]. As shown in Figure 4.1, proteins destined for the 

peroxisomal matrix primarily contain one of two recognized targeting signals; an 

extreme carboxyl terminal tripeptide, Peroxisomal Targeting Signal 1 (PTS1), or 

an amino terminal nonapeptide, Peroxisomal Targeting Signal 2 (PTS2) [22]. 

Cargo proteins containing a PTS1 or PTS2 are bound by their corresponding 

cytosolic receptor, PEX5 or PEX7, respectively [23]. While some essential 

peroxisomal enzymes such as thiolase contain a PTS2 signal [24], the vast 

majority of peroxisomal proteins are targeted via a PTS1 [25].  

The canonical PTS1, Serine-Lysine-Leucine (SKL) was initially identified 

in firefly luciferase [26-28]. Provided the residues are accessible for binding to 

the Trico peptide repeat of PEX5, this SKL tripeptide is sufficient for peroxisomal 

targeting of reporter proteins [28,29]. Work in yeast, plant, and mammalian 

systems has identified many functional amino acid variants refining the definition 

to a more inclusive (S/A/C/P), (K/R/H/N/S), (L/M/I/V) motif  [25,29-31]. Unlike 

SKL, multiple PTS1 tripeptide variants are necessary for import of their native 

proteins but lack sufficiency when fused to reporters [32]. In such cases, the 

poorly conserved amino acid residues directly upstream of the tripeptide, often 

referred to as auxiliary moieties, have been found to be essential for the 

functionality of the PTS1 signal [29,31,33].  In addition, several  PTS1 tripeptides 

exhibit species-specific functionality, including GKI, which is a PTS1 in Candida 

albicans, but not in Saccharomyces cerevisiae [34]. 

Recently our ability to both identify novel proteins and correlate their 

expression with changes in peroxisomal function has been aided by the use of 



124 
 

proteomics [35]. While it was previously possible to predict peroxisomal targeting 

for novel proteins with experimentally tested tripeptide variants, prediction of 

additional novel signals was complicated by many factors, including species 

specificity and the lack of consensus among accessory residues. In addition, 

without a physiological context, such as senescence association, prediction of 

protein function is hampered, especially for the large number of proteins 

annotated simply as “expressed” or “of unknown function” in the Arabidopsis 

genome. Now, by analyzing the protein complement of the peroxisome during 

different developmental stages, the physiological significance of novel proteins 

can be better understood.  Here we report on the novel protein NHL57 that was 

identified in a proteomic analysis of peroxisomes isolated from senescent 

Arabidopsis leaves. We show that NHL57, a previously uncharacterized protein, 

is enriched during plant senescence. In addition, NHL57 contains a novel PTS1 

tripeptide, SFL that is necessary but not sufficient for peroxisomal targeting. This 

is the first time that phenylalanine has been reported in a functional PTS1 

tripeptide. In addition, we present data on NHL60, a putative NHL57 homolog, 

which may be useful in understanding the use of NHL57’s accessory residues for 

prediction of PTS1 functionality. 

 

Materials and Methods 

Peroxisome proteomics. For isolation of dark-induced senescent 

peroxisomes, 4-week-old wild-type Arabidopsis plants were detached below the 

rosette and transferred to a dark growth chamber for 2 to 4 days. Peroxisomes 

were isolated as previously described [35]. Protein concentration was quantified 

using the sensitive Lowry method [36]. For purity analysis, peroxisomal proteins 

(10 µg) were precipitated using the chloroform methanol method [37].  Organelle 

purity was determined both by western blot using an α-V-DAC antibody 

(generous gift from Thomas Elthon, University of Nebraska) and by silver staining 

[38] for observation of the P-subunit of glycine decarboxylase. High- and low-

purity standards were defined and used as internal controls for the analyses. 

High-purity samples were submitted to the Michigan State University Proteomics 
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Facility. For detailed information regarding the proteomic methods and algorithms 

used for analysis of MS/MS results see [39]. Following protein identification using 

the TAIR6 Arabidopsis database, all peptides present in the senescent 

peroxisome protein samples, with an ID probability of at least 90%, were 

examined using the Scaffold software program (Proteome Software Inc, Portland 

Oregon). Peptides with increased frequency in the senescent samples compared 

to non-senescent wild-type peroxisomes were selected for further examination. 

The criteria for selection of a candidate protein were as follows; either 

senescence-specific or senescence-enriched (>2 fold), previously unreported as 

a peroxisomal protein (designation based upon data available at the Araperox 

database ref [25]), reproducible identification between trial and full-scale MS 

analysis runs and a novel targeting signal; either a new variant of a PTS1 or a 

PTS2 signal, or no identifiable signal.  
RT-PCR. Dark-induced senescence leaves were harvested as above and 

frozen in liquid nitrogen. For heat shock experiments, whole plants were 

transferred to a 42°C growth chamber for 2 hours and then returned to room 

temperature. Leaves were harvested before, immediately after and at 2, 4, 6, 8 

and 24hrs post heat shock. For spatial profiling, leaves were harvested from 

three, five or seven week old wild-type plants corresponding to pre-bolt, early 

flowering and late flowering stages of development respectively. RNA was 

extracted using Trizol reagent (Invitrogen, Carlsbad, CA) In brief, samples were 

weighed, ground in liquid nitrogen, and 10 vol of Trizol reagent added. Tissue 

was pelleted, and 0.2 vol of chloroform was added to the cleared supernatant 

fraction. Samples were vortexed, centrifuged, and the upper aqueous phase 

transferred to a new tube. RNA was precipitated by addition of 0.25 ml 

isopropanol and 0.25 ml of 0.8 M sodium citrate/1.2 M NaCl solution. Following 

centrifugation, RNA pellets were dried, resuspended in water, and RNA was 

DNAse-treated using RQ1 Rnasefree-Dnase (Promega, Madison WI), per 

manufacturer’s directions. RT-PCR was performed using the Access Quick 

(Promega, Madison, WI) RT-PCR kit (RT=52°C for 45 min, then PCR portion = 

52°C annealing, 22 cycles, 2 minute extension) with 100 ng RNA template and 
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100 ng gene-specific primers or 25 ng β-tubulin gene-specific primers. (NHL57 

primer A: 5’ATGAAAGCCGCCGTTTTCCGT 3’, NHL57 primer B: 

5’ACGGCGCGTGAGACGCGTGACTTC3’ NHL57 primer C: 

5’GCCTAAGTATCTTCAATGGCCAGA3’,  NHL57 primer D: 

5’TTATAGGAAAGAAGTACCCGCGAG3’, β-tubulin primer 1: 

5’ATACAGAACAAGAACTCGTCTTAC3’, β-tubulin primer 2: 

5’CTCTTCTTCTTCAACATCATACTC3’) 
Genotyping and chlorophyll assays. Seeds from SALK Lines 024636 

and 088755 were obtained from ABRC (Arabidopsis Biological Resource Center) 

and grown under 16 hr light and 8 hr dark conditions. Plant DNA extractions and 

screening PCR were performed as previously reported [40] using the following 

primers (NHL57 primer S FOR: 5’GAAGTCACGCGTCTCACGCGCCGT3’, 

NHL57 primer S REV: 5’TCCCTGCACTTCGCTCATCTTCTC3’, NHL60 primer S 

FOR: 5’GAAGTTCTAGGAGCTGTTAATGGT3’, NHL60 primer S REV: 

5’CTTGTCCCGGCAAGTCCACGATGC3’). Chlorophyll assays were performed 

as follows: for dark-induced senescence experiments, 4-6 week-old wild-type or 

nhl57 mutant Arabidopsis plants were harvested and transferred to a dark growth 

chamber. Leaves were harvested at one-day intervals for four days, weighed, 

and ground in two volumes of water until uniform consistency. Dilutions of each 

sample were prepared (1:6, 1:10, and 1:30) in water to a total volume of 150 µL. 

Next, 600 µL of acetone were added, samples were centrifuged at full speed in a 

microcentrifuge for two min, to pellet any white tissue and the OD of the 

supernatant was measured at 652 nm (80% acetone served as blank). The 

chlorophyll concentration (mg/gfw) was calculated using an extinction coefficient 

of 34.5 [41]. Leaves were imaged prior to extraction. 

Plasmid construction. Full-length NHL57 and NHL60 were amplified 

using Vent polymerase (New England Biolabs, Ipswich, MA) from full-length 

cDNA clones (U14219, U20102) obtained from ABRC, (NHL57 Primer 1: 

5’GCTAATTTAGTCGACATGAAAGCCGCCGTTTTC3’, NHL57 Primer 2: 

5’GCCAGAACGTCTAGATTATAGGAAAGAAGTACCCGC3’, NHL60Primer 1: 

5’GCGTCTGCAGTCGACATGGAAATCTCTTCTTTCCCA3’, NHL57 Primer 2: 
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5’GCCAGAACGTCTAGACTATAGAGTTCTTGTCCCGGC3’), PCR products 

were incubated with 1 unit Taq polymerase at 72°C for 15 min (Promega, 

Madison, WI) and then ligated into TOPOPCRII (Invitrogen, Carlsbad, CA) 

following the manufacturer’s instructions. Quik-Change® site-directed 

mutagenesis (Stratagene, Cedar creek, TX) was used to introduce a stop codon 

upstream of the SFL to generate the TOPOPCRII-NHL57∆SFL constructs using 

the following primers (NHL57-FOR-Minus SFL: 

5'GGCCTCGCGGGTACTTGACTTTCCTATAATCTAG3’, NHL57-REV-Minus 

SFL: 5'CTAGATTATAGGAAAGTCAAGTACCCGCGAGGCC3'). YFP was 

amplified using mutagenic primers which added the SFL, SKL or a stop, from the 

peYFP-C1 vector (BD Biosciences Clontech, Mountain view, CA) using Go Taq 

(Promega, Madison, WI) and then ligated into TOPOPCRII (Invitrogen, Carlsbad, 

CA) following the manufacturer’s instructions (YFP-FOR: 

5’GTCGACACCATGGTGAGCAAGGGCGAG3’, YFP-REV-No signal: 

5’CTGGCATGGACGAGCTGTACAAGTGATCAGA3’, YFP-REV-SFL: 

5’CATGGACGAGCTTACAAGTCCTTCCTGTGATCTAGA3’, YFP-REV-SKL: 

5’CATGGACGAGCTGTACAAGTCCAAGCTGTGATCTAGA3’).  
For expression in tobacco, NHL57 and NHL60 were sub cloned into 

pCAM-YFP-C1 (gift from Nielson lab, University of Michigan, Ann Arbor, MI), 

TOPOPCRII clones were digested with SalI and XbaI, gel purified using a 

QIAEXII kit (Qiagen, Valencia, CA) and ligated using T4 DNA ligase (Promega, 

Madison, WI) per manufacturer’s directions.  

In vitro import experiments and far-westerns. The following constructs: 

TOPOPCRII-NHL57, TOPOPCRII-NHL60, TOPOPCRII-YFP-NS, TOPOPCRII-

YFP-SFL, TOPOPCRII-YFP-SKL, and pGEM7Zf:SoGLO, were linearized with an 

appropriate restriction enzyme prior to in vitro transcription with SP6 RNA 

polymerase (Promega, Madison, WI). For TOPOPCRII-NHL57∆Ct, an internal 

NdeI recognition-site was used so that the translation product lacked the final 

53aa compared to the full-length protein. Radiolabeled protein probes were 

produced by addition of in vitro synthesized mRNA to a cell-free rabbit 

reticulocyte lysate (Promega, Madison, WI) translation system containing 
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[35S]methionine. Incorporation of the radiolabel was quantified via trichloroacetic 

acid precipitations as previously described [42]. Glyoxysomes were prepared as 

previously reported [43]. For import experiments, 5x105 TCA precipitable counts 

were incubated with 250 µg fresh glyoxysomes under import conditions (25°C, + 

5 mM ATP), control samples were incubated on ice. Samples were digested with 

proteinase K (10-20 µg/ml) and processed as previously reported [42].  
The level of import was quantified using a BioRad phosphoimager and 

BioRad Quantity One 1-D Analysis Software volume analysis tools. Import was 

normalized to the no-protease control lane (indicates total protein added to the 

import reaction). Each experiment was repeated a minimum of four times and the 

average level of import (± S.D.) was calculated. For experiments shown in Figure 

4.6, the amount of protein in the negative control was subtracted from each 

individual reaction; the average of these adjusted values (± S.D.) is shown. 

Duplicate aliquots of purified His-tagged AtATG6 and AtPEX5 proteins (10 μg 

each) were applied to methanol-activated PVDF membrane. The membranes 

were allowed to air dry before being probed for two hours at room temperature 

with 5x105 TCA-precipitable counts of in vitro transcribed and translated NHL57, 

NHL57∆SFL or SoGLO (positive control) in TBS-TWEEN with 3% BSA. The blots 

were then washed 3 times for 20 min in TBS-TWEEN, allowed to air dry, and 

then exposed overnight to light-sensitive film. 

Subcellular localization. Tobacco (Nicotiana benthamiana) plants were 

grown in 12 hours light/12 hours dark for 5-6 weeks. Agrobacterium containing 

pCAM-YFP-NHL57, pCAM-YFP-NHL60, pCAM-YFP-empty, pCHF1-CFP-SKL, a 

PTS1 positive control kindly provided by Dr. Jianping Hu (Michigan State 

University, Lansing, MI), or the p19 plasmid were grown overnight at 30°C. 

Cultures were then diluted 1:10 with fresh media and grown to 0.6-0.8 OD600nm. 

Cells were pelleted at 5,000 rpm and then gently resuspended to 0.1 OD600nm in 

water. Cells were combined (p19, PTS1 control and one of the three pCAM 

vectors) and co-infiltrated using a 1 ml syringe (no needle). Leaves were imaged 

after 48 hours using brightfield and confocal fluorescence microscopy on a Leica 

TCF SP5 (software version 1.7) with a Leica 40X objective. Microscope settings 
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were as follows: eYFP - excitation at 514 nm, emission from 525-566 nm, CFP-

excitation at 458 nm, emission from 470-498 nm.  To observe nuclei, small 

pieces of tobacco leaves were transferred into a petri dish and 4', 6-diamidino-2-

phenylindole (1 µg/ml, DAPI) solution was applied. Samples were incubated 

either at 4°C overnight or at room temperature for 1 hr and then imaged on a 

Leica TCF SP5 with excitation at 405 nm, emission from 431-456 nm. 

 

Results 

Proteomic identification. To identify proteins present in senescent 

peroxisomes, high purity organelles were isolated from Arabidopsis leaves 

undergoing dark-induced senescence. To validate that the experimental 

conditions did induce senescence, the expression level of a known senescence 

responsive-gene, YSL4, was measured using RT-PCR [44]. We selected YSL4 

because it is the peroxisomal isoform of aspartate amino transferase (ASP3) and 

should show induction at the protein level during our proteomic analysis. As 

shown in Figure 4.2A, YSL4 expression increased during the 4 days of dark 

treatment, indicating senescence was induced in the leaf tissue. Representative 

images of the leaves at each stage during senescence are shown in Figure 4.2B. 

As expected, progressive yellowing of the leaves indicated the characteristic 

senescence-associated degradation of chlorophyll [45]. In addition, the total 

chlorophyll concentration was determined. As can be seen in Figure 4.2B, the 

chlorophyll levels decreased steadily during the 4 days of dark treatment, 

indicating that senescence was induced.  
Having established experimental conditions that induced senescence, 

peroxisomes were isolated and subjected to peptide sequencing using Mud-PIT 

mass spectrometry (for complete description of the proteomic methods see [35]). 

The Scaffold program (Proteome Software Inc. Portland, Oregon) was used to 

determine the total spectral counts for each peptide present in the senescent-

peroxisome protein samples. Proteins whose corresponding peptides showed 

increased frequency in the senescent samples as compared to wild-type 

peroxisomes [35] were selected for further examination. The full-length amino 
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acid sequences were then examined for the presence of a predicted PTS1 or 

PTS2 signal and further analyzed for the presence of conserved functional 

domains. In addition, the expression profile for each associated gene was 

analyzed using Genevestigator (https://www.genevestigator.ethz.ch/gv/index.jsp) 

to identify those with specific senescence association rather than those with 

more pleiotropic function. Additional information regarding the proteins identified 

in the senescent peroxisomal proteomics will be made available as part of the 

Arabidopsis 2010: Understanding Peroxisomal Protein Networks project (see the 

project website - URL: http://www.peroxisome.msu.edu/) and related 

publications. 

NHL57, a novel 57 kDa protein of unknown function, was selected for 

further study. NHL57 was predicted to be cytosolic despite having a low pI of 5.7. 

NHL57 showed a two-fold enrichment in senescent peroxisomes and appeared 

to be senescence-regulated at the transcript level, based on microarray data. In 

addition, sequence analysis revealed a novel extreme carboxyl terminal SFL 

tripeptide, a potential variant of the canonical PTS1 tripeptide, SKL (Figure 4.2C).  

For these reasons, we selected NHL57 for further investigation.  

Senescence association. First, it was important to determine whether 

NHL57 was induced by senescence as the proteomic data suggested. To do this 

RT-PCR was performed to measure NHL57 expression during dark-induced 

senescence. As can be seen in Figure 4.3A, the NHL57 expression pattern was 

comparable to that seen for YSL4, with a steady increase in mRNA transcript 

levels over the 4-day treatment. This indicated that NHL57 expression was 

induced during senescence and that NHL57 was regulated at the transcriptional 

level. Because we had been prematurely inducing senescence in detached 

leaves, we next tested whether NHL57 expression showed a similar response 

profile during the natural age-induced process of senescence. To do this, leaves 

were harvested from alternating positions (youngest to oldest) from healthy 24-

day-old plants and RT-PCR was performed. At this age, while the large young 

leaves are photosynthetic and pre-senescent, the smaller old leaves, which are 

shaded by the new rosette growth, are visibly senescing (Figure 4.3B top). As 

http://www.peroxisome.msu.edu/�
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shown in Figure 4.3B, as the age of the leaf tissue increased there was a 

corresponding increase in the NHL57 transcript level. At 24 days, NHL57 

expression was highest in the oldest leaves that are actively undergoing 

senescence, as indicated by the YSL4 expression level. Therefore the 

expression level of NHL57 was up-regulated during senescence, regardless of 

whether the process is abiotically, or developmentally induced.  
To further investigate the role of NHL57, a spatial expression profile was 

generated. Leaves, roots, cauline leaves and flowers were harvested from plants 

at three developmental time points (pre-bolt, early bolting and late flowering). RT-

PCR revealed that NHL57 expression levels in green leaves of pre-bolt, early 

flowering, and late flowering plants was very low compared to the levels seen in 

yellow leaves during the advanced stages of flowering (Figure 4.3C). This further 

supports our data that indicate NHL57 expression levels respond to natural 

senescence cues in leaves (Figure 4.3A). A notable increase in the expression 

level of NHL57 was observed in roots from early and late flowering plants 

compared to roots of pre-bolt plants. This may indicate a role for NHL57 in 

senescent roots. In addition to expression in senescing leaf tissues, high levels of 

NHL57 mRNA transcript were present in flowers, which may suggest a role in 

stress response during the transition to flowering.   

Protein targeting. Having established that NHL57 is senescence 

associated, we next wanted to determine whether NHL57 is a peroxisomal 

protein. To do this, amino-terminal eYFP-NHL57 fusion constructs were 

generated and transiently co-expressed with a CFP-SKL peroxisomal marker in 

tobacco leaves (Figure 4.4). As expected, the free eYFP control showed a diffuse 

pattern indicating it was cytosolic. There was no co-localization with the punctate 

CFP-SKL peroxisomal marker when the channels were overlaid. In contrast, 

many punctate structures were observed in the eYFP-NHL57 expressing cells. 

Overlaying the channels showed clear co-localization of the eYFP-NHL57 with 

the peroxisomal CFP-SKL marker, confirming that NHL57 was localized to the 

peroxisome. Additionally, since the eYFP construct is an amino-terminal fusion, 
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this suggests that the carboxyl terminus, which ends with the SFL tripeptide, 

contains the targeting signal.   
To determine whether the SFL tripeptide present at the extreme carboxyl 

terminus of NHL57 is responsible for its peroxisomal localization, in vitro import 

experiments were performed. Briefly, radiolabeled proteins were incubated with 

isolated peroxisomes under standard import conditions [42]. Following import, 

protease and non-protease treated samples were visualized using 

autoradiography (Figure 4.5). While the no-protease control indicates the total 

protein added to the import (Lane 1), the presence of radiolabeled proteins 

following protease treatment is indicative of protease protection due to import into 

peroxisomes (Lane 2). A control import reaction conducted at the non-permissive 

temperature of 4°C confirmed that sufficient protease was present to degrade all 

of the protein in the reaction (Lane 3). Full-length radiolabeled NHL57 (Figure 

4.5A) and GLO (glycolate oxidase) a known PTS1 containing protein, were 

imported. Full-length NHL57 and GLO were both protease-protected, indicating 

they successfully imported into peroxisomes (Figure 4.5B, Lane 2, rows 1 and 4 

respectively). As expected, import did not occur at the non-permissive 

temperature of 4°C (Figure 4.5B, Lane 3, rows 1 and 4 respectively). For all 

experiments, the level of import was quantified using a phosphorimager. The 

ratio between the total protein (lane 1) and the imported or negative control 

(lanes 2 and 3, respectively) was defined as the relative import level. The relative 

import level for each protein, and the associated standard deviation, is shown on 

the right. Approximately 12% of the total NHL57 protein was imported, which is 

comparable to the 13% observed for GLO. 

To address whether the carboxyl terminal region of NHL57 is required for 

import, amino acids 449-501 were deleted (Figure 4.5A). This removed the SFL 

tripeptide and 50 upstream residues, including those that may serve as 

accessory residues. The resultant protein, termed NHL57∆Ct, ended with an HNI 

tripeptide. As shown in figure 4.5B, NHL57∆Ct was not imported into 

peroxisomes, indicated by the lack of protease-protected protein in Lane 2. When 

quantified, the relative import seen at the permissive and non-permissive 
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temperatures was equivalent (2.9±1.9 vs. 1.9±1.5), indicating complete protease 

accessibility due to loss of peroxisomal targeting. To determine whether the SFL 

tripeptide alone was necessary for import, a premature stop codon was 

introduced. This resulted in the deletion of the final three amino acids of NHL57 

and an AGT tripeptide at the extreme carboxyl terminus (Figure 4.5A). This 

truncated protein, termed NHL∆SFL, was not imported into peroxisomes (Figure 

4.5B, Lane 2, row 3).  There is no statistically significant difference between the 

relative import ratios at the permissive and non-permissive temperatures (4.3±1.5 

vs. 3.3±1.1).  These data indicate that the SFL tripeptide is necessary for 

peroxisomal targeting of NHL57. Due to its location at the carboxyl terminus it is 

most likely a new variant of a PTS1.  

Despite its similarity to the SKL signal, it is important to confirm the 

designation of the SFL tripeptide as a PTS1 variant. If the tripeptide serves as a 

PTS1, then NHL57 should directly interact with the PTS1 receptor PEX5. To 

address this question His-tagged purified Pex5 and ATG6 (negative control) were 

bound to PVDF membrane, and then the membrane was probed with 

radiolabeled GLO (positive control), or full-length NHL57. As can be seen in 

Figure 4.5C, full-length NHL57 bound to PEX5 indicating it directly interacts with 

the PTS1 receptor. Since we previously showed that removal of the SFL 

prevents import, it was important to determine whether this was due to loss of 

PEX5 binding. When tested, NHL57∆SFL showed either no binding or greatly 

reduced binding to PEX5 (Figure 4.5C). None of the proteins interacted with 

ATG6, which was used as a negative control because it is not a peroxisomal 

protein and should have no association with PEX5 [46]. Thus, NHL57 imported 

via the PTS1 pathway, as predicted, and removal of the SFL tripeptide prevented 

its interaction with PEX5. 

Having established that the SFL tripeptide was a functional PTS1 signal 

that was necessary for import of NHL57, we next wanted to establish whether it 

was also sufficient for peroxisomal targeting. To do this, in vitro imports were 

performed using eYFP as a reporter protein. Either an SKL (eYFP-SKL, positive 

control) or SFL (eYFP-SFL) tripeptide was fused to the carboxyl terminus of the 
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eYFP protein (Figure 4.6A). In addition, unaltered eYFP, lacking a PTS1 signal, 

(eYFP) was used as a control.  As expected, the eYFP-SKL protein successfully 

imported into peroxisomes (Figure 4.6B) and the eYFP protein remained 

protease accessible. However, eYFP-SFL also remained protease accessible, 

indicating it was not imported into peroxisomes (lack of a band in Lane 2 Row 2). 

This suggests that the SFL tripeptide, while necessary, was not sufficient for 

peroxisomal import. GLO and the eYFP-SKL controls imported at comparable 

levels (Figure 4.6C). In addition, there was no statistically significant difference 

between the YFP-SFL and the negative control eYFP, further indicating that the 

SFL tripeptide was not sufficient for targeting (Figure 4.6C).  

Signal conservation. Since the SFL tripeptide was necessary, but not 

sufficient to direct import, it is possible that additional residues are required to 

assist the targeting of SFL-containing proteins. Accessory residues have 

previously been suggested to play a role in targeting of some peroxisomal 

proteins [29]. To search for potential accessory residues in NHL57, bioinformatic 

techniques were used to identify nineteen proteins from both Arabidopsis and 

other photosynthetic species with significant homology to NHL57 in the last 50 

amino acids (Figure 4.7B). Of the nineteen selected, two proteins from Brassica 

rapa showed the highest level of sequence conservation with retention of the 

SFL and only three total amino acid substitutions in the 17 preceding residues. 

All of the proteins share significant identity over the final 30-33 amino acids 

indicating high conservation of the signal region. Next, the full-length protein 

sequences were compared. Due to the availability of only partial EST sequence 

data for some of the proteins, it was impossible to determine whether they share 

significant homology outside of the 150-200 amino acids translated from the 

annotated mRNA sequences. For those proteins whose full length mRNA 

sequences are available, three proteins, two from Brassica rapa and two from 

Vitis vinifera, share at least 70% overall identity, indicating they may be protein 

homologs of NHL57. While the two potential homologues from Brassica rapa 

proteins show conservation of the SFL, the Vitis vinifera proteins contain an AFL. 

Due to the high overall sequence homology with NHL57, the AFL variant seen in 
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the Vitis vinifera protein may be a functional signal. Interestingly, one protein 

from Curcuma longa appears to be only 138 amino acids long, perhaps 

suggesting a modified function.  
All nineteen protein sequences were compared to identify a potential 

consensus sequence in the 20 terminal amino acids (Figure 4.7A). These 

residues may be required for SFL function and therefore predictive of successful 

peroxisomal targeting for other novel PTS1 variants. To determine whether these 

residues are indicative of novel PTS1 function, we selected an Arabidopsis 

protein with high homology to NHL57 for further study. Unlike NHL57, this protein 

(NHL60), has an RTL tripeptide at its extreme carboxyl terminus (Figure 4.7B). In 

addition, unlike the Brassica rapa and Vitis vinifera proteins, NHL60 does not 

appear to be a functional protein homolog; the overall percent sequence identity 

is only 55% due to significant sequence divergence in the amino-terminal region 

of the proteins. The two proteins share 60% identity in the last 50 amino acids 

and 75% identity in the last 20 amino acids, indicating possible retention of 

accessory residues alongside a novel targeting signal. In fact, there are just three 

amino acid substitutions in the putative accessory residue region. To test 

whether NHL60 is peroxisomally targeted, an in vitro import assay was 

performed. Full-length NHL60 was incubated with peroxisomes under import 

conditions. While GLO successfully imported into peroxisomes, full-length NHL60 

did not, as seen by the lack of protease protected protein (Figure 4.8B). Thus, 

the RTL tripeptide was not a functional PTS1 despite retention of the same 

accessory residues present in NHL57. This also implies that the upstream 

consensus sequence was not a good indicator of peroxisomal targeting. 

However, accessory residues may function with more conserved signals, such as 

the AFL present in the Vitis vinifera NHL57 homolog. 

Since NHL60 was not a peroxisomal protein, we wanted to determine its 

subcellular localization. Amino-terminal eYFP-fusion constructs were generated 

and transiently co-expressed in tobacco leaves with a CFP-SKL peroxisomal 

marker protein. Once again, the free eYFP was seen diffuse throughout the cell, 

while the CFP-SKL peroxisomal marker displayed a characteristic punctate 
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(peroxisomal) localization pattern (Figure 4.8C). The eYFP-NHL60 fluorescent 

signal was observed in one large punctate structure per cell, suggesting a 

possible nuclear localization for NHL60. As expected, there was no co-

localization with a CFP-SKL peroxisomal marker. Co-localization of the eYFP-

NHL60 signal with DAPI-stained nuclei supported this suggestion (Figure 4.8C). 

Further examination of the  NHL60 amino acid sequence revealed a potential 

monopartite nuclear localization signal [47], consisting of KKRPRK, between 

amino acids 48-54 (Figure 4.8A). This signal is present in the divergent amino 

terminal region where NHL60 and NHL57 have the lowest sequence identity. We 

predict  that this signal is responsible for the nuclear targeting of NHL60. As 

expected this signal is completely absent from NHL57  

Mutant analysis. To assess the physiological role of NHL57, seeds from 

a mutant line (SALK_024636), which contains a T-DNA insertion at base 687 in 

the NHL57 coding region, were obtained and plants were screened for 

homozygous progeny (Figure 4.9A). Despite annotation as a homozygous line, 

wild-type, heterozygous and homozygous progeny were recovered (data not 

shown). Both Col-0 and the SALK line wild-type siblings were used for 

phenotypic comparisons. To determine whether this line represented a loss-of-

function allele, RT-PCR was performed on nhl57 homozygous plants to test for 

the presence of both full-length and truncated NHL57 mRNA transcripts. RNA 

was extracted from 4-week-old plants and probed either with primer pair A-B to 

detect a truncated transcript, or primers A-C to detect the full-length transcript. As 

shown in Figure 4.9B, while some truncated transcript was present, no full-length 

transcript was detected in the nhl57 homozygous plants. This strongly suggests 

that mutant plants do not produce full-length protein.   
Prior to bolting, nhl57 homozygous plants did not display any obvious 

phenotypes. Unlike other peroxisomal mutants [48,49] nhl57 homozygous plants 

did not exhibit sucrose-dependant germination phenotypes and successfully set 

seed. However, during natural senescence, the plants appeared slightly greener 

than their wild-type siblings. To explore this phenotypic observation, whole plants 

were detached and placed in the dark for four days under high humidity. 
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Individual leaves were removed in a position-specific manner, photographed, and 

the total chlorophyll was extracted. As seen in Figure 4.9C, leaves from nhl57 or 

wild-type plants showed similar levels of chlorophyll through to the second day of 

dark treatment. During days 3 and 4, leaves from nhl57 homozygous plants 

contained significantly more chlorophyll than wild-type leaves. While wild-type 

plants retain just 24% of their chlorophyll content by day 3, nhl57 homozygous 

plants retain 36%. This indicates that nhl57 homozygotes maintained significantly 

more chlorophyll during dark-induced senescence, compared to wild type.  

 
Discussion 

In this study, we present data on the identification and characterization of a novel 

peroxisomal protein, NHL57. Initially identified through proteomic techniques, 

examination of the amino acid sequence revealed a novel PTS1 tripeptide, SFL, 

at the carboxyl terminus (Figure 4.2).  In vivo analysis revealed co-localization of 

eYFP-NHL57 with a CFP-SKL peroxisomal marker confirming peroxisomal 

localization (Figure 4.4). This was further supported by in vitro protein import 

assays (Figure 4.5). Loss of peroxisomal targeting upon deletion of the carboxyl-

terminal region (SFL and 50 aa) or the SFL alone indicated that the SFL was 

necessary for peroxisomal targeting (Figure 4.5B).  PEX5-binding assays 

showed that NHL57 directly interacted with the PTS1 cytosolic receptor, PEX5 

(Figure 4.5C). Furthermore, removal of the SFL tripeptide prevented this binding 

(Figure 4.5), consistent with the observed loss of peroxisomal targeting when the 

SFL was absent during in vitro protein import assays. In addition, tagging of the 

non-peroxisomal protein eYFP with an SFL tripeptide indicated that, unlike the 

major PTS1, SKL, SFL was not sufficient for peroxisomal targeting (Figure 4.6).  

Taken together, these data suggest that the SFL tripeptide should be considered 

a new, minor PTS1.   

This is the first time it has been demonstrated that the SFL tripeptide is a 

functional PTS1, so it is important to consider what this new information can tell 

us about PTS1 signals. The SFL tripeptide varies from the major PTS1 

tripeptides, SRL and SKL by a single amino acid substitution [50,51]. Unlike the 
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previously characterized PTS1 variants, which have a basic residue in the 

second position, phenylalanine is a non-polar hydrophobic amino acid. In 

addition, this is first time that an aromatic amino acid has been seen in a 

targeting tripeptide [50] and is contrary to data suggesting that the second 

residue must be capable of hydrogen bonding [30]. We believe these data allow 

us to expand plant peroxisomal targeting signal predictions to include new 

variants with a phenylalanine in the second position. It is also possible that 

larger, polar hydrophobic aromatic residues, such as tryptophan, can replace the 

phenylalanine and serve as functional PTS1 signals.  

In our we study we identified proteins from 16 different photosynthetic 

organisms that share high amino acid sequence identity with NHL57 within the 

final 30 amino acids (Figure 4.7). While many of these proteins show 

conservation of the SFL signal, several contain other degenerate tripeptides that, 

like SFL, are similar to other major PTS1 signals. For example, the ARL 

tripeptide can target the GUS reporter protein to peroxisomes in plants [32]. In 

addition both ARL and a second tripeptide AKL bind to PEX5 in the yeast two-

hybrid system [52]. In fact, AKL is the tripeptide found in glycolate oxidase, which 

was used as a control in the in vitro import assays (Figure 4.5 and 4.6). Two of 

the proteins identified in Vitis vinifera contain an AFL tripeptide at the extreme 

carboxyl terminus. Since this a single amino acid variant from the established 

ARL and AKL major PTS1 signals, there is a strong possibility that these two 

proteins are also peroxisomally targeted. Full sequence alignment with NHL57 

suggests that the proteins from Vitis vinifera may be functional homologues of 

NHL57 lending further support to the hypothesis that they are also peroxisomally 

targeted.  

The SFL was not sufficient (Figure 4.6C) for targeting, suggesting 

additional amino acid residues were required to facilitate PEX5 binding. Recent 

attention has been focused on the importance of the upstream residues in PTS1 

function. Consequently, we examined the upstream residues of NHL57 and 

identified proteins with significant homology in this region. Following identification 

of homologs, we chose to test whether the upstream residues could predict 
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peroxisomal targeting of proteins with tripeptides that have more than one amino 

acid substitution from a known major PTS1. NHL60, an Arabidopsis protein, has 

an RTL tripeptide. To our knowledge, neither arginine nor threonine has been 

reported in functional plant PTS1 proteins. These changes reverse the usual 

amino acid characteristics of an uncharged residue followed by a basic amino 

acid.  In addition, NHL60 shares high overall similarity with NHL57 suggesting 

the two could function redundantly if both were targeted to peroxisomes. 

However, as can be seen in Figure 4.8, unlike YFP-NHL57, YFP-NHL60 did not 

target to peroxisomes, but rather co-localized with DAPI-stained nuclei. While it is 

possible that a weak peroxisomal PTS1 will be masked by a nuclear localization 

signal in vivo, it is unlikely that even low efficiency peroxisomal import would not 

be observed in vitro. In addition, since both microarray and RT-PCR data (data 

not shown) indicate that NHL60 is not induced during senescence, it is possible 

that the two proteins have very different biological functions. These data suggest 

that the upstream residues seen in NHL57, while necessary for import, may only 

be useful in predicting peroxisomal targeting when the final tripeptide is only one 

amino acid substitution away from a major PTS1. In fact, these accessory 

residues can be found in non-peroxisomal proteins, like NHL60, when additional 

tripeptide substitutions are seen.  

NHL57 was initially identified as a senescence-enriched protein in 

proteomics analyses performed using organelles isolated from dark-induced 

senescent tissue (Figure 4.2).  We showed that NHL57 gene expression was 

induced during both dark-induced and natural senescence (Figure 4.3A and B). 

This suggested that NHL57 is senescence-associated and that it responds to 

both the developmentally programmed switch to catabolism and the 

environmentally stimulated programmed cell death.  In addition to the observed 

senescence response, NHL57 mRNA transcript levels were also spatially 

regulated, as evidenced by the high transcript levels in floral organs (Figure 

4.3C). Microarray data suggest that NHL57 expression levels are induced three-

fold during senescence (Genevestigator) supporting the RT-PCR data. Additional 

stress conditions including both osmotic and hydrogen peroxide stress show two-
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fold up-regulation of NHL57. Therefore, NHL57 may respond to a broad range of 

stress conditions.  

Despite its senescence association, it is difficult to determine the biological 

role of NHL57 due to its lack of any identifiable functional domains. To 

understand the physiological significance of NHL57, homozygous mutant plants 

were studied during dark-induced senescence. The loss of NHL57 resulted in 

retarded degradation of chlorophyll during the later stages of dark-induced 

senescence (Figure 4.9C/D) compared to wild-type. This was not observed with 

NHL60 homozygous mutant plants (data not shown). Why the loss of a 

peroxisomally localized protein leads to slowed degradation of a cellular 

component in chloroplasts is unclear. It is possible that NHL57 has a direct role 

in the modulation of chlorophyll degradation. In humans, phytanic acid, a 

derivative of the phytol side-chain of chlorophyll, is degraded in the peroxisome 

through α-oxidation [53]. While experimental data currently limits oxylipin 

producing enzymes to plant defense and oxidative stress prevention [54], plant 

oxygenase enzymes may also degrade chlorophyll derivatives [11,55]. NHL57 

may play a role in the shuttling of metabolic intermediates between the 

chloroplasts and peroxisomes [56] perhaps for the targeted degradation of 

membrane lipids via the β-oxidation pathway [1,9]. Unlike other species, 

Arabidopsis peroxisomes do not revert to glyoxysomes during senescence [57]. 

Therefore, NHL57 is not likely to be involved in the switch to gluconeogenesis. 

There are established links between several key plant hormones and their 

ability to regulate the longevity of photosynthetic potential during senescence 

[58].  While cytokinins increase longevity of leaf tissue during senescence [9,59], 

exogenous application of jasmonic acid promotes premature degradation of 

chlorophyll and rapid loss of photosynthetic potential in leaf tissue [60]. The first 

three steps of jasmonic acid biosynthesis have been localized to the chloroplast, 

but the final steps involved in the conversion of 12-oxo-phytodienoic acid into 

jasmonic acid occur in peroxisomes [61,62]. Perhaps the enzymatic potential of 

peroxisomes is impaired during senescence in NHL57 homozygotes, leading to 

reduced jasmonic acid production and, in turn, retarded chlorophyll degradation.  
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A similar phenotype was observed in rice plants when over-expression of 

OsDOS (a Jasmonic acid-repressed nuclear protein) resulted in delayed 

senescence that was characterized by retarded degradation of chlorophyll 

[13,63].  

In conclusion, NHL57 contains a novel minor PTS1 tripeptide, SFL, that is 

necessary, but not sufficient for peroxisomal targeting. These data expand our 

current knowledge about the amino acid variants allowable in a functional PTS1 

in plants. They also demonstrate the importance of the PTS1 tripeptide in PEX5 

receptor binding. In addition, NHL57 is a novel senescence-associated protein. 

Understanding the link between NHL57 and delayed chlorophyll degradation may 

provide important insights into the role of peroxisome physiology during plant 

senescence. 
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Figure 4.1. Model of peroxisome protein import pathways: Arabidopsis 
receptor recycling 
 
1) Proteins targeted to the peroxisomal matrix containing a PTS1 or PTS2 signal 
bind to PEX5 or PEX7, respectively. 2) A receptor-cargo-protein complex is 
formed between cargo-bound PEX5 and PEX7. 3) The complex docks at the 
peroxisomal membrane. Yellow hexagons represent an extensive membrane-
associated complex composed of PEX2-4, PEX8, PEX10, PEX12 to 14 and 
PEX22; in addition, PEX1, PEX6 and PEX15 are thought to be involved in 
receptor recycling. 4) The receptor-cargo-protein complex is translocated into the 
peroxisomal lumen. 5) Receptor and cargo proteins dissociate, and PTS2 
proteins are proteolytically processed to their mature form. 6) Receptors are 
exported to the cytosol for further rounds of import. 
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Figure 4.2. NHL57 was identified in senescent peroxisomes and contains a 
novel putative PTS1 tripeptide  
 
A) Wild-type plants were detached at the base and dark-treated for four days.  
RT-PCR was performed to assess the expression of YSL4, a known senescence 
responsive gene. As expected YLS4 was induced over the course of treatment. 
No change was seen in the β-tubulin mRNA level control. B) Quantification of the 
total chlorophyll (mg/g fresh weight) in leaves from detached wild-type plants 
subjected to 4 days dark-treatment. The characteristic degradation of chlorophyll 
can be seen in the representative leaf images.  C) The NHL57 peptide fragment 
identified in the proteomics study is indicated in red. Below is the carboxyl 
terminal region of NHL57 containing the novel SFL tripeptide (blue square). 
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Figure 4.3. NHL57 is a senescence-associated gene.  

A) Wild-type plants were detached at the base and dark-treated for four days. 
RNA was extracted and RT-PCR performed.  NHL57 expression levels steadily 
increased similar to YSL4. No change was seen in the β-tubulin mRNA level 
control. B) Leaves from 28-day-old plants were harvested from youngest (green) 
to oldest (yellow) and RNA was extracted. Shown are five representative leaves.  
As can be seen, while β-tubulin expression is unchanged, NHL57 expression is 
up regulated as the leaves underwent natural senescence. C) RNA was 
extracted from different tissues at three developmental stages. Increased 
expression of NHL57 was seen in flowers (early and late), in addition to yellow 
leaves (Lf, green leaf, Rt, root, Cl, cauline leaf, Flr, flower, Ylf, yellow leaf). D) 
eYFP-NHL57 was co-infiltrated into tobacco leaves with the peroxisomal marker 
eCFP-SKL. Free-eYFP has a cytosolic localization, while eYFP-NHL co-localizes 
with eCFP-SKL. This indicates that NHL57 is a peroxisomal protein. 
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Figure 4.4. NHL57 is a peroxisomal protein  

eYFP-NHL57 was co-infiltrated into young tobacco leaves with the peroxisomal 
marker eCFP-SKL and the helper gene p19. Free-eYFP has a cytosolic 
localization. eYFP-NHL co-localizes with eCFP-SKL, indicating that NHL57 is a 
peroxisomal protein. Representative images of tobacco epidermal cells are 
shown. The same localization was seen in mesophyll cells. Scale bar represents 
25 µM.
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Figure 4.5. The carboxyl-terminal region and tripeptide SFL of NHL57 are 
necessary for import into peroxisomes and for PEX5 binding  

A) Diagram indicating the carboxyl-terminal sequences and total amino acid 
lengths of the NHL57 variants tested. NHL57∆Ct lacks the final 53 aa, while 
NHL57∆SFL lacks only the final three amino acids. B) Radiolabeled full-length 
NHL57, NHL57∆Ct, NHL57∆SFL, and GLO proteins were incubated with 
peroxisomes under import conditions. The left lane (no protease, 25°C) shows 
the total protein added to each import reaction, center lane the protein that was 
protease protected due to import (protease, 25°C), and the right lane a protease-
treated negative control (protease, 4°C).  Both GLO (positive control) and NHL57 
were protease-protected, indicating they were peroxisomal. Neither NHL57∆Ct 
nor NHL57∆SFL were protease-protected, indicating these truncations impeded 
transport into peroxisomes. The average import over a minimum of five 
experiments and the associated standard deviation are shown on the right 
(imported protein/total protein). C) The SFL tripeptide is required for NHL57 
binding of the PTS1 receptor PEX5 through a direct protein-protein interaction. 
Radiolabeled NHL57, NHL57∆SFL and GLO proteins were incubated with PVDF 
membranes on which purified HIS:PEX5 and HIS:ATG6 (negative protein control) 
were bound. An interaction was observed between PEX5 and NHL57 (top). 
Removal of the SFL prevented this interaction (middle). The interaction between 
GLO and PEX5 was used as a positive control (bottom); no proteins interacted 
with FDC (negative control).  



148 
 

 

 

 



149 
 

 

 

 

 

 

 

 

Figure 4.6. Carboxyl terminal SFL tripeptide was not sufficient for 
peroxisomal targeting  

A) Three eYFP proteins were tested for their ability to import into peroxisomes: 
eYFP fused to either an SKL or SFL tripeptide, and free eYFP, which lacked a 
targeting signal. The total amino acids and the carboxyl-terminal sequences of 
the variants are indicated. B) eYFP, eYFP-SKL, eYFP-SFL and GLO were 
incubated with peroxisomes under import conditions. Both GLO (positive control) 
and the eYFP-SKL were protease-protected, indicating they are peroxisomal. 
Neither the free eYFP control nor the eYFP-SFL fusion protein were protease-
protected, indicting they were not peroxisomal. Therefore, the SFL tripeptide was 
not sufficient for targeting. C) The average import over a minimum of five 
experiments (protease protected protein/total protein) and associated standard 
deviation for each eYFP protein fusion and GLO are shown. The difference 
between the average import ratio for the free eYFP control and the eYFP-SFL 
fusion protein is not statistically significant.  
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Figure 4.7. Conserved carboxyl terminal motif is present in putative SFL-
variant PTS1-containing homologues  

A) The final 20 amino acids (left to right) at the carboxyl termini of 19 different 
sequences with significant homology to NHL57 were aligned and the frequency 
of each amino acid determined. Blue boxes indicate the amino acids that showed 
no substitutions, these are shown as the consensus sequence. Below is a 
second consensus showing those amino acids that are present in at least 14 of 
the sequences at that position. NHL57 is shown for comparison. Amino acid 
substitutions at each of the 20 positions are shown from left to right.  The 
frequency of each substitution (percentage and number of sequences) is 
indicated vertically. Variants in the tripeptide are indicated in the right three 
columns. B) Alignment of the final 30-33 amino acids of the sequences analyzed 
in A. Each grouping represents progressively more divergent amino acid 
sequences. Each consensus sequence shown summarizes all the sequences 
above it.
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Figure 4.8. NHL60 is a non-peroxisomal sequence-based homologue of 
NHL57  

A) Amino acid sequence alignment of NHL57 and NHL60 indicate the location of 
the putative PTS1 and nuclear localization signal. NHL60 has an RTL tripeptide 
while NHL57 has an SFL (top underlined). There is significant amino acid 
conservation in the upstream residues. The putative NLS in NHL60  is not 
conserved in the NHL57 amino acid sequence. B) NHL60 and GLO were 
incubated with peroxisomes under standard import conditions. NHL60 was not 
protease-protected, indicating it is not peroxisomal. As expected, GLO was 
protease protected. The corresponding quantitation is shown on the right.  C) 
eYFP-NHL60 was co-infiltrated into tobacco leaves with the peroxisomal marker 
eCFP-SKL. One punctate structure per cell was observed (eYFP-NHL), which 
co-localized with the DAPI-stained nuclei, indicating NHL60 is a nuclear protein. 
No co-localization was observed with the eCFP-SKL peroxisomal marker. Free 
eYFP was cytosolic. Scale bar presents 60 µM.
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Figure 4.9. NHL57 homozygotes have a senescence-associated phenotype  

A) Diagram indicating the T-DNA insertion site in atnhl57-1 (SALK_024636) at bp 
687, and the locations of RT-PCR (A, B, C) and screening (s) primers. The black 
line represents a single exon; NHL57 has no introns. B) RT-PCR was performed 
on RNA extracted from wild-type or nhl57 homozygous plants using two primer 
sets; one to detect truncated transcript upstream of the T-DNA insertion site (A-
B) and a second set that span the T-DNA insertion site to detect full-length 
transcript (A-C). While truncated transcript was detected in homozygotes, no full-
length transcript was detected, indicating this is most likely a loss-of-function 
allele. Representative images of atnhl57-1 plants at 7, 21 and 42 days post-
germination are shown. C) Wild-type and nhl57 homozygous plants were 
detached at the base and dark-treated for four days.  Leaves were removed at 
each time point. Leaves from nhl57 homozygous plants retained higher 
chlorophyll content at days 3 and 4 as compared to wild-type plants. D) 
Quantification of the chlorophyll in mutant (dark grey), and wild-type (light grey) 
leaves. A statistically significant difference between mutant and wild-type plants 
can be seen in the chlorophyll levels at 3 and 4 days (asterisk, p=0.034). Bars 
indicate standard deviation over four experiments. 
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Chapter 5 
Conclusions and Future Directions 

 

When I began my thesis, I was interested in furthering my understanding of how 

plants respond to abiotic and biotic stress. During my research I investigated two 

stress-related processes, autophagy and senescence, through the study of three 

very different proteins, ATG6, FDC and NHL57. Five years ago, little was known 

about the function of ATG6 in plants and neither FDC nor NHL57 had been 

experimentally investigated. Because of my work, we have a greater 

understanding of the complex interactions between stress biology, reproductive 

physiology and peroxisome metabolism.  

Each of the three data chapters presented in this thesis contributes to our 

knowledge of plant stress biology in a different way. The research presented in 

Chapter 2 provides a link between the autophagy pathway and pollen 

development through the examination of ATG6 function in Arabidopsis thaliana. 

Chapter 3 describes the identification of a plant FYVE-domain-containing protein 

(FDC) as an ATG6 interacting partner, suggesting such proteins may serve as 

effectors in ATG6-PI3K-mediated signaling in Arabidopsis. Finally, Chapter 4 

shows how proteomics techniques were used to investigate the role of 

peroxisomes during senescence.  This led to the identification of NHL57, a 

senescence-associated protein, which furthered our understanding of PTS1 

proteins and suggested a connection between peroxisomes and chlorophyll 

degradation 
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Autophagy-related Protein 6 (ATG6) 
When I entered graduate school, research into the autophagy pathway was just 

beginning in plant model systems. This provided the opportunity to investigate 

the physiological roles this pathway serves in a very different eukaryotic system.  

My work began with an investigation into the role of ATG6 during plant growth 

and development. As expected, heterozygous atg6 mutant plants displayed 

developmental phenotypes consistent with those reported in mammalian 

systems. However, my initial intention of isolating atg6 homozygous plants and 

examining them for stress-related phenotypes led me in an unexpected direction. 

As presented in Chapter 2, no homozygous atg6 plants were ever recovered. 

Initially I spent time clearing the coats of atg6-2 seeds, which had failed to 

germinate and examining embryos, looking for developmental phenotypes. 

Further investigation, and a several-year period spent working as a microscopist, 

geneticist, and pollen biologist, revealed that ATG6 was in fact required for pollen 

germination. While researchers have always presumed that the process of 

reproductive development is inherently stressful, due to the increased levels of 

protein synthesis, trafficking, intracellular signaling and rapid metabolite 

consumption, a link between the autophagy pathway and pollen development 

had never been proposed.  

To date, there have several publications on the role of ATG6 during pollen 

development, but it is still unclear whether ATG6 is functioning in an autophagy-

dependent or -independent manner. As in other eukaryotic systems, Arabidopsis 

ATG6 is presumed to function as a subunit in the class-III PI3K complex. This 

PI3K complex is expected to have both constitutive and inducible intracellular 

trafficking functions in all cell types including pollen grains. However, almost 

nothing is known about the specific role of the PI3K complex, or its product lipid 

PI3P, during pollen germination. It is known that high levels of intracellular 

trafficking are required for pollen tube growth and development. Perhaps loss of 

ATG6 causes perturbation of the PI3K signaling pathway, preventing delivery of 

the membrane and protein components necessary for initiation of pollen tube 

growth. It is unlikely that polarization is affected as qrt1(-/-)/atg6(+/-) tetrads show 
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correct polarization of the generative nuclei. Since almost five percent of the atg6 

pollen grains displayed initiation of pollen tube growth, there may be unidentified 

environmental factors that can mitigate the loss of ATG6 function. To date, 

researchers have yet to determine the precise cause of the atg6 pollen 

germination phenotype. Having spent several years focused on an area outside 

of the expertise of my lab and distant from general plant stress biology, I chose to 

defer this question to the pollen biologists.  

However, before I leave Chapter 2, I must admit that there is one 

outstanding question that still intrigues me - the question I had when I began the 

project; Is ATG6 required for development post-fertilization? I attempted to 

answer this question by taking advantage of our ability to generate whole plants 

from single cells. I attempted to regenerate diploid homozygous plants from 

isolated atg6-2 haploid microspores. This method should have bypassed the 

pollen germination phenotype and allowed me to examine atg6-2 embryos and 

plants. However, despite the recovery of multiple microspore embryos, none 

could be coaxed into adulthood. While this leaves the question unanswered, it in 

part suggests that an atg6 homozygous plant is not viable. Future researchers 

could address this question by using a pollen-specific promoter to complement 

just the atg6 pollen germination phenotype, and then observing any subsequent 

growth and development phenotypes. Current research is focused on 

understanding the role of ATG6 and the PI3K complex in the regulation of 

programmed cell death during the hypersensitive response. Due to the 

heterozygote phenotype and my brief experiment with microspore culture, I 

predict that ATG6 is also required for normal growth and development. 
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FYVE-Domain Containing protein (FDC) 
To understand the role of ATG6 in plant growth and development, I completed a 

yeast two-hybrid screen. Initially I thought this would aid in the identification of an 

ATG14 functional homologue, since none was evident from bioinformatic 

analysis. However, when analyzing the data from two separate screens, using 

the double transformation and mating methods, I was intrigued by the number of 

zinc finger proteins, including those predicted to bind phosphatidylinositol-3-

phosphate (PI3P). At the time, there was no direct evidence that ATG6 was part 

of a PI3K complex in plants, but the identification of a PI3P-binding protein (FDC) 

as an ATG6 interaction partner suggested that this function was conserved. 

Ultimately, I selected FDC for further study.  While FDC’s function had not been 

experimentally investigated, it was one of fourteen Arabidopsis FYVE-domain-

containing proteins and was the first non-PRAF type characterized. Had I known 

then that FDC would be biochemically challenging to work with I may have 

selected an alternate protein despite the interesting biological question. While I 

was unable to reconstitute PI3P binding in vitro, I was able, through a variety of 

experiments, to support the hypothesis that FDC has all the expected 

characteristics of a functional PI3P-binding protein, including zinc binding and 

membrane association.  

This is the first time that a PI3K-complex subunit has been shown to 

directly interact with a PI3P-binding protein. Potential implications for this 

interaction are discussed in Chapter 3. Unfortunately, the lack of a suitable FDC 

mutant line made loss-of-function analysis problematic and genetic analysis of 

the ATG6-FDC interaction essentially impossible. In addition, since FDC is a 

member of a gene family, RNAi techniques would require monitoring of the 

transcript levels of multiple family members, some of which may function 

redundantly with FDC. However, mutant analysis could yield important insights 

into the purpose of the ATG6-FDC interaction. For example, FDC may also 

function during pollen development, or serve as an effecter protein in response to 

specific plant stresses.  
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Several attempts were made to determine FDC function in planta, 

including analysis of the available mutant line and the construction of stable 

eYFP over-expression lines and GUS reporter fusions. However, all yielded 

negative results so these experiments were not included in Chapter 3.  I will note 

one potential exception, a yeast complementation was performed with a 

ScVPS27 deletion strain to test whether FDC could function in place of Vps27 

during endosomal trafficking. While FDC did not completely complement the 

Vps27 phenotype, a slight effect was observed when an untagged form of FDC 

was highly over-expressed. What this means may become apparent as more 

members of the family are investigated and additional ATG6 interacting partners 

are identified and studied.  Examination of additional novel partners identified in 

the yeast two-hybrid screens may reveal additional roles for ATG6 and the PI3K 

complex in plant stress biology. 

 
Chapter 4 
Having spent the majority of my graduate research either working with haploid 

pollen or doing in vitro biochemistry with PI3P binding proteins, my final project 

pulled me closer to my initial goals of adding to our understanding of plant stress 

responses. I had the opportunity to participate in a collaborative project focused 

on the proteomic identification of peroxisomal proteins during the process of 

senescence. As mentioned in Chapter 1, and detailed in Figure 1.7, peroxisomes 

are responsible for a variety of essential functions during plant senescence. This 

requires an alteration of the protein complement. This final project initially 

allowed me to gain first-hand experience with the preparation of high-purity 

organelles, and later with the analysis and interpretation of the proteomics data. 

As detailed in Chapter 4, this analysis led to the identification and 

characterization of a novel peroxisomal protein, NHL57. By analyzing the 

targeting signal present in NHL57, I was able to extend our current definition of 

acceptable PTS1 amino acid substitutions to include phenylalanine. This allows 

for further in silco predictions of functional targeting signals. In addition, the 

necessity of the SFL PTS1 for protein import and PEX5 binding was 
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demonstrated. This clearly supports the hypothesis that removal of the PTS1 

tripeptide prevents protein import due to loss of interaction with the receptor.  In 

addition, by also examining the targeting of NHL60, I was also able to 

demonstrate that conservation of the upstream residues is not enough to ensure 

functionality of novel PTS1 signals. I suggest a “rule of thumb” that proteins with 

these conserved upstream residues, containing a phenylalanine in the second 

position, and confirmed acceptable amino acids in the first and third positions, 

may contain functional signals.  

Analysis of NHL57 also provides additional evidence that the peroxisomal 

protein complement undergoes significant changes during senescence 

(enzymatically detailed in chapter 1). NHL57 is the first non-enzymatic 

peroxisomal protein reported to have a senescence-associated phenotype (with 

the exception of the PEX proteins). Consequently, I find the functional role of 

NHL57 interesting. Following its identification, I confirmed the senescence 

association of NHL57 and that the mRNA level increased during dark-induced 

senescence.  Examination of the nhl57 mutant plants revealed a chlorophyll 

degradation phenotype. Why does loss of this protein affect the degradation of 

chloroplast metabolites?  It is possible, though unlikely, that the function of 

NHL57 does not require its peroxisomal localization at all. This possibility could 

be tested by accessing the phenotype of nhl57 mutant plants expressing an 

NHL57∆SFL deletion construct. In Chapter 4, I detailed several possible 

explanations for this phenotype including altered jasmonic acid levels and the 

possible contribution of α-oxidation enzymes to phytanic acid degradation. The 

level of jasmonate metabolites should be tested in these mutant plants to 

determine if they are lower than the levels in senescing wild-type plants.  In 

addition, future work could entail a more detailed examination of the degradation 

patterns of chloroplast proteins, including Rubisco and chlorophyll a/b binding 

proteins. This would separate a defect that is specific to chlorophyll degradation 

from a broader retardation of chloroplast senescence indicated by altered protein 

degradation. Study of additional novel peroxisomal proteins identified in the 
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proteomic-screen may also help elucidate the basis of the molecular biology 

behind this phenotype. 

Finally, my work with NHL60 is interesting from a functional standpoint. 

NHL60 shares high sequence conservation with NHL57, but is actually a nuclear 

protein, and analysis of NHL60 mutants did not have any obvious phenotypes. It 

would be interesting, albeit complex, to address whether these two proteins are 

performing similar functions in two different cellular compartments.  The first step 

would be to determine if their functions are interchangeable with respect to 

peroxisomes and the chlorophyll degradation phenotype. To determine whether 

the two proteins function in a similar manner, NHL60 could be targeted to the 

peroxisome by mutation of the carboxyl terminus signal on NHL60 to create an 

SFL PTS1. If this modified form of NHL60 was placed under control of the NHL57 

native promoter and expressed in the nhl57 mutant background, we could assess 

whether a peroxisome-localized NHL60 could function in place of NHL57. Of 

course this is hardly a simple experiment, as NHL60 may also need the putative 

NLS inactivated to prevent targeting to the nucleus, and a potential NHL60 over-

expression phenotype. Ultimately, understanding the function of NHL57 would 

elucidate the biochemical connections between chloroplast and peroxisomal 

metabolism during senescence.  

 

Summary 
 Like the work of many fellow graduate students, my research took a series of 

unexpected turns that led me to completion of my graduate work. Each of the 

three projects presented in this thesis focuses on different aspects of plants and 

their response to biotic and abiotic factors. Together they comprise a unique 

perspective on plant stress biology and provide a foundation for future work in 

pollen biology, lipid signaling, and senescent peroxisomes. 
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Appendices 

Isolation of Glyoxysomes from Pumpkin Cotyledons 
 

Abstract 
Peroxisomes are single-membrane bound organelles found in virtually all 

eukaryotes.  In plants, there are several classes of peroxisomes.  Glyoxysomes 

are found in germinating seedlings and contain enzymes specific for the 

glyoxylate cycle, including isocitrate lyase and malate synthase.  After seedlings 

become photosynthetic, leaf peroxisomes participate in reactions of the 

photorespiration pathway and contain characteristic enzymes such as glycolate 

oxidase and hydroxypyruvate reductase.  As leaves begin to senesce, leaf 

peroxisomes are transformed back into glyoxysomes.   Root peroxisomes in the 

nodules of legumes, for example, sequester enzymes such as allantoinase and 

uricase, which contribute to nitrogen metabolism in these tissues.  Thus, 

peroxisomes participate in many metabolic pathways and contain specific 

enzyme complements, depending on the tissue source.  All peroxisomes contain 

catalase to degrade hydrogen peroxide and enzymes to accomplish β-oxidation 

of fatty acids.  Glyoxysomes can be isolated from pumpkin cotyledons by 

standard differential centrifugation and density separation, as described in this 

article. 
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Introduction 
 

In the late 1960’s, cell biologists determined that the spherical particles 

observed in plant cell electron micrographs were in fact classes of a distinct and 

vital organelle, the peroxisome [1] (see Figure A.4). Peroxisomes derive their 

name from their critical function in the metabolism of hydrogen peroxide.  For 

example, the degradation of hydrogen peroxide is catalyzed by the matrix protein 

catalase, arguably the most abundant peroxisomal enzyme (Figure A.5). 

Catalase is also a major constituent of the distinctive peroxisomal core or 

crystalline inclusion that is sometimes observed in plant peroxisomes [2]. 

Peroxisomes are small organelles that are bound by a single phospholipid 

membrane.  They can range in size from 0.5-1.5 µm. Although they have been 

observed in a variety of shapes, they are most commonly spherical. While all 

plant peroxisomes have some enzymes in common (e.g., catalase, thiolase), 

they are typically divided into several classes based upon their physiological 

roles, as defined by spatial and temporal parameters [3,4].  For example, 

cotyledons of oilseeds, such as pumpkins, contain a special class of 

peroxisomes, called glyoxysomes.  These sequester all of the enzymes required 

for the glyoxylate cycle to supply the growing seedling with energy. In contrast, 

peroxisomes found later in leaf development have a partially different enzyme 

complement, because of their function in other pathways, including 

photorespiration[5].   

An interesting feature of peroxisomes is their lack of an organellar 

genome. This means that nuclear genes encode all constituent proteins.   

Peroxisomal proteins are synthesized in the cytoplasm and post-translationally 

translocated into peroxisomes [6]. The biogenesis of peroxisomes most likely 

involves the growth and division of pre-existing peroxisomes [5,7]. Intense study 

has elucidated the molecular machinery (PEX proteins) required for the 

interrelated processes of peroxisome biogenesis and protein import.  Import of 

peroxisomal matrix proteins occurs through two receptor-mediated import 

pathways.  Each pathway is defined by one of two Peroxisome Targeting Signals 
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(PTS1, PTS2) on the cargo proteins that the receptors recognize and transport.  

Thus, there are two cytosolic receptors (Pex5p, Pex7p) that recognize the 

targeting signals and bind to the cargo proteins [8-10].  In vitro protein import 

assays have been invaluable in studies of the dynamics of peroxisomal protein 

import – addressing questions about the interactions between the receptors and 

cargo proteins, the energy requirements, the roles of protein chaperones, and the 

molecular mechanisms of translocation [6,9,11-14]. The success of these assays 

relies on the reproducible purification and manipulation of intact peroxisomes and 

the presences of the relevant protein cargo, receptors and other biochemical 

constituents.  

 In addition to questions of organelle biogenesis, peroxisome biochemistry 

and function has received recent attention.  Many previously uncharacterized 

enzymes, including alanine aminotransferase, alanine:glyoxylate 

aminotransferase, and sarcosine oxidase, have been localized to plant 

peroxisomes [15-17]. A role for peroxisomal β-oxidation in auxin metabolism has 

been extensively studied (e.g., [18-20]).  An isozyme of 12-oxophytodienoate 

reductase, OPR3, which catalyzes the final step of jasmonate biosynthesis, also 

possesses a peroxisomal targeting signal – suggesting a role for peroxisomes in 

jasmonic acid signaling [21,22].  Thus, peroxisomes have many critical 

physiological functions throughout the life cycle of plants.  
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Materials and Methods 
The isolation of organelles is essential for a variety of biochemical 

procedures. The following protocol delineates the efficient isolation and 

purification of glyoxysomes from cotyledons.   It has been used, with minor 

modifications, to isolate peroxisomes from multiple plant tissues and species.  In 

addition, effective means to quantify and determine the integrity of the isolated 

organelles are discussed. 

 

Equipment 

• Sorvall RC5C floor centrifuge or equivalent 

• Sorvall HB-6 swinging bucker rotor or equivalent 

• Waring blender (2 speed) and 500 ml blender cup 

• UV spectrophotometer 

• BCA (or other) protein assay reagents (if desired) 

• Miracloth 

• Small, soft paintbrush (natural hair) 

• Four 15 ml Corex tubes 

• Several 250ml beakers 

• Funnel 

• Eight 50 ml polypropylene centrifuge tubes 

 

Plant growth 

Germinate pumpkin seeds (or desired organelle source) in the dark at 22-25oC; 

the temperature should be optimized for the particular tissue source. The 

seedlings are ready for harvest when they are about 5-8 cm tall. Seeds that have 

just begun to germinate can also be harvested, as long as the seed coat is 

removed prior to grinding.  

• Germination and growth routinely takes 5-7 days, depending on the time 

of year (shorter during the summer months).  

• It should be sufficient to plant 75 ml of pumpkin seeds to be able to 

harvest the 25-35 g of tissue needed for this protocol.  This amount may 
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need to be adjusted for other plants, depending on seed and seedling 

sizes and/or desired tissue source. 

• Typically, seeds are placed on about 2 cm of medium coarse vermiculite 

and sprinkled with a thin layer of vermiculite (just enough to cover the 

seeds). They are then watered liberally and the flat is covered loosely with 

plastic wrap to maintain high humidity for germination.  

• The seedlings can be watered 3-4 days after planting to promote 

germination. 

 
Equipment Preparation 
Keep all equipment and solutions cold (4°C) for the duration of the procedure. 

• Pre-cool centrifuge rotor and centrifuge to 4°C. 

• Weigh one 250 ml beaker and place on ice. 

• Pre-cool the blender cup in a 4°C refrigerator.  

• Chill an additional beaker, funnel, four 15 ml Corex tubes and eight 50 ml 

polypropylene centrifuge tubes on ice. 

 

Solution Preparation 
Keep all solutions and materials on ice throughout the procedure. 

• Grinding Buffer:  Prepare 170 ml of 1X Grinding Buffer with BSA (1 mg/ml) 

by adding 85 ml of 2X Grinding Buffer to 85 ml distilled water. Add 170 mg 

BSA to the buffer; mix well.   

• Resuspension Buffer:  Prepare 20 ml 1X Resuspension Buffer from 2X 

Resuspension Buffer; 10 ml 2X Resuspension Buffer plus 10 ml distilled 

water. 

• Percoll Gradient: Place 1.5 ml 2 M Sucrose solution in a 15 ml Corex tube. 

Carefully add 10 ml 28% Percoll/1X Resuspension Buffer solution, being 

very careful not to mix the sucrose and Percoll layers.  
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Protocol  

 

1. Record the age and growth conditions of the pumpkin seedlings. Suitable 

plants are shown in Figure A.1. 

 

2. Harvest the pumpkin cotyledons in dim room light.  Manually separate the 

cotyledons from the hypocotyls.  For very small seedlings, remove the seed 

coat and radicle as well.  Place the cotyledons into the pre-weighed chilled 

beaker. Reweigh the beaker and record the tissue weight. Be sure to keep 

the tissue cold.  Avoid exposure to bright lights as this will induce greening.  

Normal room lighting can be resumed during the first centrifugation step. 

 

3. Put the tissue and enough 1X Grinding Buffer (with BSA) to cover the tissue 

(usually about 150-170 ml) in the blender cup.  Homogenize the tissue, using 

three short bursts of approximately 3 sec each, on low speed.  Do not over-

grind. 

 

4. Filter the homogenate through a piece of Miracloth (purchased from 

Calbiochem) that has been folded in half and used to line the inside of a 

funnel (placed over a beaker on ice).  Collect the filtered homogenate in the 

beaker below the funnel.  Squeeze the macerated tissue inside the Miracloth 

‘bag’ gently to extract all the liquid.  Discard the remaining tissue and used 

Miracloth. 

 

5. Distribute the filtrate evenly between four 50 ml centrifuge tubes and 

centrifuge it in a swinging bucket rotor at 4,250 rpm (3,000xg) at 4°C for 10 

minutes 

 

6. The resulting supernatant will have a thick lipid layer floating on top. Remove 

this with a Kimwipe wrapped around the wide end of a 1,000 µl plastic pipette 

tip.  Decant the supernatant into a second set of clean 50 ml centrifuge tubes. 
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7. Centrifuge this supernatant in a swinging bucket rotor at 8,000 rpm 

(10,500xg) at 4°C for 20 minutes.  Carefully decant the supernatant and 

discard it. 

 

8. Using a small paintbrush, gently resuspend each pellet in 250 µL 1X 

Resuspension Buffer. Pool the resulting suspension in one tube and swirl 

gently to mix.  Carefully load the pooled suspension onto the top of the 

prepared Percoll gradient. 

 

9. Centrifuge the supernatant in a swinging bucket rotor at 10,500 rpm 

(18,000xg) at 4°C for 30 minutes without the brake.

 

  Using the brake on this 

step will disturb the gradient and greatly diminish the final glyoxysome yield. 

10.  Glyoxysomes will be in a visible yellowish band at the Percoll/sucrose 

interface as shown in figure A.2. Carefully remove the upper layers of lipid 

and broken organelles in the gradient with a Pasteur pipette. Finally, collect 

and transfer the glyoxysomes with a clean pipette to a 15 ml Corex tube.  

 

NOTE: This step is the most critical - taking too much Percoll or sucrose cushion 

will reduce the purity of the glyoxysomes while removing too little will decrease 

the overall yield.   

 

11. Dilute the glyoxysomes 3 to 5 fold with 1X Resuspension Buffer, usually 

about 8 ml. 

 

12. Pellet the glyoxysomes by centrifugation in a swinging bucket rotor at 

6500rpm (7,000xg) at 4oC for 14-20 minutes (with the brake).  A shorter (14 

min.) spin will result in a soft organelle pellet, making it harder to remove all of 

the supernatant.  A longer spin (20 min) will yield a tighter pellet. 
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13. Carefully remove the supernatant and discard. Gently resuspend the pellet of 

purified glyoxysomes in 100 µl 1X Resuspension Buffer.  

 

14. To approximate the yield, measure the absorbance of a 1/500 dilution (with 

1X Resuspension Buffer) at A280 and A235. Use these values in the equation 

below 

 

Approx. Concentration: [(A235-A280)/2.51] x 500 = mg protein/ml 

                 

Approx. Yield:(mg protein/ml) x (final resuspension volume, ml) = mg total protein 

 

These numbers are only approximate, but they are quick and easy to get and are 

consistent between organelle preparations.  We use this calculation to 

standardize the amount of glyoxysomes used in each experiment.  If more 

accurate protein concentrations are needed, one can do a biochemical protein 

assay, such as Pierce’s BCA assay or any other protein assay of choice. An 

electron micrograph of purified glyoxysomes is shown in Figure A.3. 

 

Determining integrity of the organelles 

There are many enzymatic assays that can be used to verify the presence of 

intact glyoxysomes including catalase [23,24]  and isocitrate lyase  [24] assays.  

Mitochondrial contamination can be assessed by performing fumarase assays 

[24,25].  Organelle latency can be determined by performing the enzyme assays 

in the presence and absence of 0.5% Triton X-100 to disrupt the membrane.  

Though substantially enriched for glyoxysomes, the final organelle pellet usually 

contains some mitochondrial contamination.      
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Critical Parameters and Troubleshooting 
There are several critical points for consideration during the purification 

procedure.  

 

• Care must be taken to ensure that plants are grown in the dark, are about 

5-8 cm tall, and that exposure to light during harvesting is minimized to get 

a good yield of glyoxysomes. This is because when seedlings begin 

greening and producing the first true leaves, some glyoxysomes transition 

into leaf peroxisomes while others are probably degraded (there are fewer 

peroxisomes found in leaves than glyoxysomes present in cotyledons).  

• The tissue must remain cold throughout the protocol to help reduce 

endogenous protease activities that can cause the degradation of 

glyoxysomes and glyoxysomal peripheral membrane proteins.  

• The tissue should not be over-ground during the homogenization step. 

Instead subject the tissue to just enough homogenization needed to break 

up the majority of the tissue.  When done correctly there should be no 

large chunks of intact tissue evident after homogenization, though smaller 

pieces of ground tissue should be present.  

 

Anticipated Results 
A preparation of 35 g of pumpkin cotyledons should yield 100 µl of glyoxysomes 

with an approximate protein concentration of 50-75 mg/ml. The yield largely 

depends on the successful removal of the glyoxysome layer from the Percoll 

gradient.  

 
Time Considerations 
An efficient glyoxysome preparation should be completed within 2-2.5 hours.  

Purified glyoxysomes can be stored on ice, but will lose structural and metabolic 

integrity within hours.  Intact glyoxysomes do not survive freezing, though many 

glyoxysomal enzymes will continue to have measurable activity.  

 



177 
 

Reagents and Solutions 
All solutions should be filtered and stored at 4oC. 

2X Grinding Buffer (1 Liter) 
     

Tetrasodium Pyrophosphate (PPi) 17.844 g 40 mM 20 mM 

Weight Conc (2X) Final Conc (1X) 

EDTA        0.744 g  2 mM    1 mM 
D-Mannitol     109.32 g   0.6 M   0.3 M 
 

Add distilled water to near volume. Adjust the pH to 7.5 using glacial acetic acid. 
Take to final volume of 1 L with distilled water.  Filters sterilize (45µm) the 
solution and store it at 4oC. 1X Grinding Buffer with added BSA (1 mg/ml final 
concentration) needs to be prepared before each glyoxysome preparation.  
 

2X Resuspension Buffer (1 Liter) 
   

Hepes    4.776 g 20 mM 10 mM 

Weight Conc (2X) Final Conc (1X) 

D-Mannitol   109.32 g  0.6 M   0.3 M 
 

Add distilled water to near volume. Adjust pH to 7.2 with KOH and take to final 
volume with distilled water.  Filter sterilize (45 µm) the solution and store it at 
4oC. 

28% Percoll/1X Resuspension Buffer (for the gradient) 
    

Percoll      28 ml  
Volume 

2X Resuspension Buffer    50 ml 
distilled water     22 ml 
    total 100 ml 
Store at 4oC. 

 
2M Sucrose (125ml) cushion for gradient 

   

Sucrose   85.575 g  2 M 

Weight  Concentration 

This solution needs to be filtered (45 µM) which can be tricky due to the viscosity 
of the liquid. It also should be stored at 4oC. 
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 Figure A.1: Five-day-old dark-grown pumpkin seedlings 
Anatomical terms included in the text are indicated on the diagram as follows: 1, 
seed coat; 2, cotyledons; 3, hypocotyls; 4, radicle. 
 
 
 

           
Figure A.2:  The final gradient. Glyoxysomes are present as a discrete band at 
the percoll and sucrose interface. Care should be taken to minimize the volume 
of sucrose removed from the gradient.  
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Figure A.3: Electron micrograph of purified pumpkin glyoxysomes. 
 
 
 

 
 
 
Figure A.4: Electron micrograph showing the cytochemical localization of 
uricase in a peroxisome in mature cowpea nodules (from Fig. 3 in Webb MA 
and Newcomb EH. 1987. Planta 172:162–175; reprinted with permission as 
Figure 1 in Johnson TL and Olsen LJ. 2001. Plant Physiol. 127:731–739). The 
intense staining of the peroxisome in the uninfected cell is the result of treatment 
with 3,3’-diaminobenzidine plus urate. X13,000; bar = 1 µm. M, Mitochondrion; N, 
nucleus; P, peroxisome; St, starch-containing plastid. 
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Figure A.5: Coomassie-stained gel of proteins from purified glyoxysomes. 
Proteins from freeze-thawed, lysed glyoxysomes were separated by 10% SDS-
PAGE; left lane, 25 µg; right lane 50 µg. The identity of the major glyoxysomal 
protein bands indicated in the figure are A, isocitrate lyase (64kDa) and B, 
catalase (55 kDa).  
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