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ABSTRACT
Subcellular compartments (organelles) enclose metabolic pathways to increase
enzyme-substrate interactions and prevent leakage of harmful byproducts. The
peroxisome is an organelle housing many critical oxidative reactions. In oilseed plants,
such as Arabidopsis thaliana, peroxisomes metabolize stored fatty acids to fuel
germination and early development. Although a general framework for understanding
peroxisome biogenesis is in place, detailed biogenesis mechanisms remain unclear and
how peroxisomes respond to environmental challenges is not well understood.
Proteins required for peroxisome biogenesis or protein import into the organelle
are named peroxins or PEX proteins. PEX5 is a shuttling peroxisomal matrix protein
receptor, traveling between the peroxisome and the cytosol. Peroxisome-associated
enzymes ubiquitinate PEX5 to signal either return to the cytosol or degradation by the
proteasome. I characterized mutants with defective peroxisome-associated ubiquitination
machinery and found that mutations in the peroxisome-associated ubiquitin-conjugating
enzyme (PEX4) and three RING ubiquitin-protein ligases (PEX2, PEX10, and PEX12)
conferred elevated PEX5 levels. Disruption of any Arabidopsis RING peroxin decreased
PEX10 levels, indicating that each RING peroxin is required for RING complex stability,
as in yeast and mammals. Moreover, reducing PEX4 function in the pex12-1 mutant
restored PEX10 levels and partially ameliorated molecular and physiological defects,
leading to the hypothesis that PEX4-dependent ubiquitination on the pex12-1 ectopic Lys
residue destabilizes the RING peroxin complex in pex12-1.
Peroxisomes are dynamic; peroxisomal contents and abundance change to
accommodate environmental stimuli, including salinity and high temperature. I found
that although growth on high salt promotes peroxisome proliferation, levels of certain
peroxisomal proteins were reduced, presumably due to β-oxidation-dependent oxidative
stress promoted peroxisomal protein degradation and that catalase protected peroxisomal
proteins from degradation. I also found that mildly elevated growth temperature
increased proteasomal degradation of PEX5 to reduce overall and detrimental membraneassociated PEX5 levels and alleviated peroxisomal defects in the ubiquitin-conjugating
enzyme mutant pex4-1.
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Overall, this work has increased understanding of individual peroxins and
provided insights into peroxisome-environment interactions. I also developed chemicalgenetic screens to identify effective chemical modulators of peroxisome functions.
Because peroxisome functions and peroxins are highly conserved, these insights and
chemical modulators might be useful in peroxisome studies in diverse organisms.
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ABBREVIATIONS
Abbreviation

Definition

Category

ΔZn
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CHAPTER 1: INTRODUCTION
Parts of this chapter (Section 1.2.4) have been published (Kao et al., 2016).
1.1 Peroxisome overview
Subcellular compartments sequester metabolic reactions to increase substrate
concentrations and substrate-enzyme interactions as well as prevent harmful byproduct
leakage. Peroxisomes house β-oxidation of fatty acids (Poirier et al., 2006) and are
essential for many eukaryotic cells (Islinger et al., 2012). As reflected in the name of the
organelle, many peroxisomal metabolic pathways generate reactive oxygen species
(Inestrosa et al., 1979; Hu et al., 2012), such as hydrogen peroxide. Peroxisomes also
house antioxidative enzymes, like catalases and ascorbate peroxidase, to convert
hydrogen peroxide to water (Wang et al., 1999; Mhamdi et al., 2012), and catalase
crystals often can be found in peroxisomes (Frederick and Newcomb, 1969; Heinze et al.,
2000).
Peroxisomes are enclosed by a single lipid bilayer. Unlike chloroplasts and
mitochondria, peroxisomes did not originate as prokaryotic endosymbionts. Peroxisomes
lack DNA, and all peroxisomal proteins, including peroxisomal membrane and matrix
proteins, are encoded in the nuclear genome and transported to peroxisomes after
synthesis. Remarkably, the specialized import machinery can import fully folded or
oligomerized proteins across peroxisome membranes (McNew and Goodman, 1994).
Peroxisomes are highly dynamic in terms of protein content and peroxisome
abundance. Other than universally containing β-oxidation enzymes, peroxisomes also
accommodate a variety of enzymes in different organisms and developmental stages and
in response to various environmental stimuli. Peroxisomes can be degraded by
autophagy (Sakai et al., 2006; Young and Bartel, 2016), and individual peroxisomal
proteins can also be retrotranslocated out of the peroxisome (Platta et al., 2014), adding
to the complexity of peroxisomal protein recycling.
Peroxisome biogenesis and matrix protein import requires a group of proteins,
which are named peroxins or PEX proteins. Most peroxisome research has been done in
yeast and mammals. Even though most peroxins are highly conserved among organisms,

11

several yeast-specific peroxins (e.g., Pex8p; Agne et al., 2003) are not found in mammals
or plants. Conversely, some mechanisms (e.g., cargo-receptor interdependence;
Braverman et al., 1998; Otera et al., 1998; Ramón and Bartel, 2010) operating in
mammals and plants do not apply to yeast peroxisomes. Thus, it is necessary to develop
multiple model systems, including the plant Arabidopsis thaliana, to fully understand the
scope of peroxisome biogenesis and function in biology.
Despite decades of studies, certain fundamental aspects of peroxisome biology
remain incompletely understood. For example, although various proteins needed for
peroxisome biogenesis are identified, the detailed biogenesis process remains unclear and
controversial. In this chapter, I discuss current understanding of peroxisome processes
and metabolism to summarize the known and highlight the unknown.
1.1.1 Significance of peroxisomes in humans
Peroxisomes are essential for human life. Peroxisome biogenesis disorders
(PBDs) are a suite of rare genetic diseases that occur in 1 in 50,000 births in North
America (Steinberg et al., 2006). Growth failure and neurological deficits accompanied
by degrees of deafness and blindness are often found in PBD patients (Braverman et al.,
2016). PBD patients with severe symptoms often die during infancy (Steinberg et al.,
2006; Braverman et al., 2016), and current treatments focus on symptom relief. Although
small molecules are identified that improve peroxisome import efficiency in fibroblasts
with the most commonly occurring human PBD mutation (PEX1-G843D) (Zhang et al.,
2010), no effective treatment has been translated into clinical use. Very long chain fatty
acid levels are elevated in PBD patients, but it remains unclear if lower dietary intake can
prevent disease progression (Van Duyn et al., 1984). Increasing fundamental peroxisome
knowledge and alternative approaches to study peroxisomes are needed to better
understand peroxisomes and the associated diseases.
1.1.2 Functions of peroxisomes in plants
Oilseed plants, like Arabidopsis thaliana, utilize stored fatty acids to gain energy
for germination and early seedling development before photosynthesis is established
(Graham, 2008; Theodoulou and Eastmond, 2012). In plants, β-oxidation of fatty acids
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to acetyl-CoA happens solely in peroxisomes (Graham and Eastmond, 2002). Hence,
defective peroxisomes result in failure to geminate or poor seedling development (Hu et
al., 2012; Bartel et al., 2014). Peroxisomal β-oxidation also is involved in one pathway
for production of the endogenous plant hormone auxin. The auxin precursor indole-3butyric acid (IBA) is β-oxidized to the active auxin indole-3-acetic acid (IAA) in
peroxisomes (Zolman et al., 2000; Strader et al., 2010). This IBA-derived IAA
contributes to several seedling processes, including cotyledon cell expansion, root hair
elongation, and lateral root development (Strader et al., 2011). Likewise, the plant
hormone jasmonic acid relies on peroxisomes for biosynthesis; the lipid-like 12-oxophytodienoic acid (OPDA) is transported into peroxisomes, reduced by the peroxisomal
matrix protein OPDA reductase 3 (OPR3), and β-oxidized to jasmonic acid (Wasternack
and Song, 2016), which plays an important role in biotic and abiotic stress resistance and
reproduction (Yan and Xie, 2015).
Peroxisomes in young seedling were previously called glyoxysomes, because
seedling peroxisomes house glyoxylate cycle enzymes that convert acetyl-CoA to
carbohydrate (Eastmond and Graham, 2001). Part of the photorespiration process also
takes place in peroxisomes. The peroxisomal hydroxypyruvate reductase (HPR) enzyme
converts hydroxypyruvate to glycerate, which is transported into chloroplasts for
additional photorespiration steps (Dellero et al., 2016). Perhaps because peroxisomes
house many reactive oxygen species generating pathways, one of the most important
antioxidative enzymes, catalase, is a peroxisomal matrix protein (Mhamdi et al., 2012).
1.1.3 Arabidopsis thaliana is a model organism for peroxisome research
Because β-oxidation is exclusively peroxisomal in plants, screening for mutants
with β-oxidation deficiency in Arabidopsis thaliana can reveal peroxisome defects
(Hayashi et al., 1998; Zolman et al., 2000; Rinaldi et al., 2016). A small and easilymanipulated genome, a large community of researchers, and detailed databases (Berardini
et al., 2015) facilitate Arabidopsis research. Although insertional mutations in PEX
genes often confer lethality (Sparkes et al., 2003; Fan et al., 2005; Boisson-Dernier et al.,
2008; Prestele et al., 2010; Li et al., 2014), nearly two decades of forward-genetic screens
have furnished partial loss-of-function mutants in almost all peroxins (Hayashi et al.,
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1998; Zolman et al., 2000; Zolman and Bartel, 2004; Zolman et al., 2005; Mano et al.,
2006; Ramón and Bartel, 2010; Goto et al., 2011; Bartel et al., 2014; Burkhart et al.,
2014; Woodward et al., 2014; Kao et al., 2016), making it a prime time to study peroxin
interactions in Arabidopsis.
Not only the genome but also the size of Arabidopsis seeds and plants are small.
Arabidopsis seeds can be placed in 96-well plates using standard equipment, making it
feasible to perform chemical screens using the intact organism, as I describe in Chapters
7 and 8. Many quantitative assays are established to measure Arabidopsis peroxisome
functions and antibodies against many peroxins and peroxisomal matrix proteins are in
place. Altogether, Arabidopsis thaliana serves a great model for studying peroxisomes.
1.2 Peroxisome biogenesis and protein import
Functional peroxisomes require a suite of peroxisomal proteins, localized on the
peroxisomal membrane or in the peroxisomal matrix. Because peroxisome contents are
modulated to meet cellular needs, maintaining robust peroxisomal protein import is
essential for peroxisome functions.
1.2.1 Categorizing PBD patient fibroblasts gave rise to peroxin nomenclature
Complementation testing was used to determine how many genes can give rise to
PBDs. Skin fibroblasts from PBD patients were isolated to make tester cell lines.
Polyethylene glycol-induced cell fusion complementation assays were used to assign
patient cells into different complementation groups. When patient cells and tester cells
carried mutations in the same gene, catalase was diffuse in the cytosol showing no
complementation. In contrast, successful catalase import was seen as punctate signals
indicating that patient and tester cells had mutations in different genes (Waterham and
Ebberink, 2012). In this way, 14 PEX genes have been associated with PBDs. Orthologs
of these human PEX genes are found in plants and yeast, and peroxisome biogenesis and
protein import require these PEX genes (Hu et al., 2012; Agrawal and Subramani, 2016).
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1.2.2 Peroxisomes are derived from the endoplasmic reticulum
The mechanism of peroxisome biogenesis is still incompletely understood and
varies with species, developmental stages, and cell types (Smith and Aitchison, 2013;
Kivimaenpaa et al., 2014). Most peroxisome biogenesis studies have been conducted in
yeast and the mechanism is thought to be conserved. The current peroxisome biogenesis
model (Figure 1.1) includes three parts: de novo biogenesis from endoplasmic reticulum
(ER; this section), matrix protein import (Section 1.2.3), and growth and division of preexisting peroxisomes (Section 1.2.5).
Two groups of peroxins, including the docking peroxins (PEX13 and PEX14) and
the Really Interesting New Gene (RING) peroxins (PEX2, PEX10, and PEX12), are
recruited to the ER membrane (Lam et al., 2010; Agrawal et al., 2011). PEX3 and
PEX19 sort these peroxin groups to the subdomains on the ER membrane (Figure 1.1A),
and PEX19 is required for RING peroxins but not docking peroxins to bud in
preperoxisome vesicles (Agrawal et al., 2016). This physical segregation of the two
groups of peroxins is thought to prevent premature peroxin assembly and peroxisomal
matrix protein import into the ER (Agrawal et al., 2016). Other peroxisomal membrane
proteins can either insert into the ER membrane (van der Zand et al., 2010) after forming
a ternary complex with PEX3 and PEX19 or be recognized by PEX19 in the cytosol prior
to docking with peroxisomal PEX3 and insertion into directly into the peroxisomal
membrane (Liu et al., 2016).
Preperoxisome vesicles are thought to heterotypically fuse to give the ERperoxisome intermediate compartment (Mullen and Trelease, 2006; van der Zand et al.,
2012; Mayerhofer, 2016). After fusion, the docking and RING peroxins are assembled,
and peroxisomal matrix protein import is enabled.
1.2.3 Peroxisomal matrix protein import (Figure 1.1B)
Peroxisomal matrix proteins usually carry type 1 or type 2 peroxisome-targeting
signals (PTSs). The PTS1 is a tripeptide, usually Ser-Lys-Leu (SKL), located at the Cterminus of most peroxisome-bound proteins (Gould et al., 1989; Chowdhary et al.,
2012). The less common PTS2 is a nonapeptide (R[L/I/Q]X5HL) usually located near the
N-terminus (Swinkels et al., 1991; Reumann, 2004). Fully folded or oligomerized
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Figure 1.1 Working peroxisome biogenesis and protein import model.
Peroxisome biogenesis and protein import requires a group of proteins, which are named
peroxins or PEX proteins (shown in colored ovals).
(A) Peroxisomes are derived from the endoplasmic reticulum (see Section 1.2.2).
(B) Mature peroxisomes can import matrix protein (see Section 1.2.3) and cargo
receptors are returned to the cytosol by the ubiquitination machinery (see Section 1.2.4).
(C) Peroxisomes can grow and divide (see Section 1.2.5).
(D) Peroxisomes house metabolic reaction, such as β-oxidation (see Section 1.3).
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proteins can be post-translationally imported into the peroxisomal matrix by the
peroxisomal import machinery (McNew and Goodman, 1994).
1.2.3.1 Peroxisomal matrix proteins are recruited by two cargo receptors, PEX5 and
PEX7
In PBD patients, “ghost” peroxisomes lack matrix proteins, showing that
peroxisomal import is essential for matrix protein functions (Santos et al., 1988). PTS1
proteins are recognized by PEX5 (Van der Leij et al., 1993; Zolman et al., 2000), PTS2
proteins are recognized by PEX7 (Marzioch et al., 1994; Braverman et al., 1997;
Woodward and Bartel, 2005a), and PEX7 binds to PEX5 to allow matrix protein delivery
in plants and mammals (Otera et al., 1998; Hayashi et al., 2005; Woodward and Bartel,
2005a).
After being delivered into peroxisomes, the approximately 30 aa N-terminal
region of a PTS2 protein is cleaved by a protease DEG15 (Helm et al., 2007; Schuhmann
et al., 2008). Because DEG15 has a PTS1, PTS2 protein processing requires both PTS1
and PTS2 cargo import.
The N-terminal region of PEX5 (1 – 230 aa) interacts with PEX7 and the
following region (231 – 450 aa) is bound to the docking peroxin PEX14 (Nito et al.,
2002). Indeed, the incomplete PTS2 processing of Arabidopsis T-DNA insertional pex510 mutant can be rescued by expressing an N-terminal domain of PEX5, showing that the
PEX5 N-terminal domain is required for PTS2-PEX7 interaction (Khan and Zolman,
2010). The C-terminal half of PEX5 contains two clusters of tetratricopeptide repeats
that recognize and bind the PTS1 peptide (Gatto et al., 2000).
Alternative splicing produces two forms of human PEX5 (Dodt et al., 1995).
Although both forms rescue PTS1 import of mammalian pex5 mutants, only the long
form (PEX5L) rescues PTS2 import in pex5 mutants (Dodt et al., 1995; Braverman et al.,
1998). Yeast Pex5 resembles the human short form (PEX5S), which does not bind PEX7
(Braverman et al., 1998). Conversely, Arabidopsis PEX5 resembles human PEX5L and
also binds to PEX7 (Hayashi et al., 2005; Woodward and Bartel, 2005a; Ramón and
Bartel, 2010).
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Several Arabidopsis pex5 mutants have been reported. The T-DNA insertional
pex5-10 mutant has reduced accumulation of a truncated pex5-10 protein, shows
inefficient PTS1 and PTS2 import, and displays extreme β-oxidation deficiency,
including reduced growth without a fixed carbon source supplementation and IBA
resistance (Zolman et al., 2005). Reducing PEX5 by RNA interference (RNAi) also
impairs PTS1 and PTS2 import (Hayashi et al., 2005). A special Arabidopsis pex5-1
missense mutation causes a Ser318Leu substitution in the presumptive PEX7-binding
region and shows inefficient PTS2 import but normal PTS1 import (Zolman et al., 2000;
Woodward and Bartel, 2005a), confirming that PEX7 depends on PEX5 for import in
plants, as it does in mammals.
Although Caenorhabditis elegans and Drosophila melanogaster direct essentially
all matrix proteins to peroxisomes via the PEX5-PTS1 system and lack PTS2 proteins
(Gurvitz et al., 2000; Motley et al., 2000; Faust et al., 2012), peroxisomes in various
yeasts, plants, and mammals also use the PEX7-PTS2 system to import matrix proteins.
The PTS2 cargo receptor PEX7 has several WD-40 repeats (Woodward and
Bartel, 2005a), which often form a circular structure for protein assembly (Smith et al.,
1999). Reported Arabidopsis pex7 mutants display β-oxidation deficiency and defective
PTS2 import (Hayashi et al., 2005; Woodward and Bartel, 2005a; Ramón and Bartel,
2010). A T-DNA insertion upstream of the PEX7 start codon in pex7-1 and the
Thr124Ile substitution in pex7-2 also confer low PEX5 accumulation and impaired PTS1
import (Woodward and Bartel, 2005a; Ramón and Bartel, 2010), revealing that PEX5 and
PEX7 are interdependent.
1.2.3.2 Receptor-cargo complexes dock on the peroxisome membrane via PEX13
and PEX14
The PTS cargo-receptor complex docks with PEX13 and PEX14 on the
peroxisomal membrane (Urquhart et al., 2000; Otera et al., 2002; Woodward et al., 2014),
and PEX5 assists cargo translocation into the peroxisomal matrix (Meinecke et al., 2010)
before dissociating from its cargo (Freitas et al., 2011). The topology and interactions
between receptors and docking peroxins might be different among various organisms. In
Arabidopsis, the N-terminal part of PEX13 interacts with PEX7 but no interaction is
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detected with PEX5 or PEX14 (Mano et al., 2006), and PEX14 interacts with PEX5 but
not PEX7 (Nito et al., 2002). However, in yeast, PEX13 interacts with PEX14 and this
interaction is essential for matrix protein import (Schell-Steven et al., 2005), and PEX13
binds PEX5 via the Src homology 3 (SH3) domain but does not bind PEX7 (Erdmann
and Blobel, 1996; Douangamath et al., 2002). In mammals and yeast, PEX14 interact
with both PEX5 and PEX7 (Albertini et al., 1997; Zhang et al., 2010). These receptordocking peroxin differences could reflect diversity among cargo receptors from different
organisms, or could reflect technical difficulties in detecting interactions in some
systems.
Two pex13 T-DNA insertional mutants have been reported; the inviable
abstinence by mutual consent (amc) mutant has a T-DNA insertion in the protein-coding
region (Boisson-Dernier et al., 2008) and pex13-1 has a T-DNA insertion upstream of the
start codon (Ratzel et al., 2011). Interestingly, pex13-1 has low PEX13 transcripts and
alleviates growth of two receptor-recycling mutants (see Section 1.2.4), presumably
because of the decreased receptor entry into peroxisomes (Ratzel et al., 2011).
A PEX13 RNAi line and two missense pex13 mutants, including aberrant
peroxisome morphology 2 (apm2) and pex13-4, show β-oxidation deficiency and reduced
PTS1 and PTS2 import (Mano et al., 2006; Nito et al., 2007; Woodward et al., 2014);
apm2 also has enlarged peroxisomes (Mano et al., 2006).
Surprisingly, null Arabidopsis pex14 alleles are viable (Monroe-Augustus et al.,
2003) whereas null alleles in other Arabidopsis peroxin genes are inviable (Sparkes et al.,
2003; Fan et al., 2005; Boisson-Dernier et al., 2008; Prestele et al., 2010; Li et al., 2014).
Reported Arabidopsis pex14 mutants all show β-oxidation deficiencies coupled with
impaired PTS1 and PTS2 import (Hayashi et al., 2000; Monroe-Augustus et al., 2011;
Burkhart et al., 2013).
1.2.4 Peroxisome-associated ubiquitination machinery returns cargo receptors to the
cytosol
After cargo delivery, the PTS1 receptor PEX5 is recycled to enable further rounds
of cargo recruitment (Thoms and Erdmann, 2006). This membrane extraction process
requires peroxisome-associated ubiquitination machinery that is implicated in
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ubiquitinating PEX5, which then can be retrotranslocated back to the cytosol.
PEX5 ubiquitination is best understood in yeast. In Saccharomyces cerevisiae,
Pex5 is monoubiquitinated through the action of the peroxisome-tethered ubiquitinconjugating enzyme Pex4 and the peroxisomal ubiquitin-protein ligase Pex12 (Platta et
al., 2009) and returned to the cytosol with the assistance of a peroxisome-tethered
ATPase complex containing Pex1 and Pex6 (Grimm et al., 2012). S. cerevisiae Pex5 also
can be polyubiquitinated and targeted for proteasomal degradation (Kiel et al., 2005).
The cytosolic ubiquitin-conjugating enzyme Ubc4 cooperates with the peroxisomal
ubiquitin-protein ligase Pex2 to polyubiquitinate Pex5 (Platta et al., 2009). Pex10 has
ubiquitin-protein ligase activity (Williams et al., 2008; Platta et al., 2009; El Magraoui et
al., 2012), but whether Pex10 directly ubiquitinates Pex5 is controversial. Pex10
promotes Ubc4-dependent Pex5 polyubiquitination when Pex4 is absent (Williams et al.,
2008); however, Pex10 is not essential for Pex5 mono- or polyubiquitination (Platta et al.,
2009) but rather enhances both Pex4/Pex12- and Ubc4/Pex2-mediated ubiquitination (El
Magraoui et al., 2012).
Although PEX5 ubiquitination has not been directly demonstrated in plants, the
implicated peroxins [ubiquitin-conjugating enzyme PEX4 and its tether PEX22 (Section
1.2.4.1), ubiquitin-protein ligases PEX2, PEX10, and PEX12 (Section 1.2.4.2), and
ATPase complex PEX1, PEX6, and PEX26 (Section 1.2.4.3)] are conserved in
Arabidopsis. In Chapters 3, 4, and 5, I provide additional evidence that PEX5 can be
ubiquitinated and degraded by the proteasome in Arabidopsis.
Recycling of the PTS2 receptor PEX7 is less understood, although the Pex5
recycling pathways are implicated in shuttling and degrading Pex7 in Pichia pastoris
(Hagstrom et al., 2014). In mammals, damaged PEX7 can be ubiquitinated and degraded
by the proteasome (Miyauchi-Nanri et al., 2014), but the mechanism by which
undamaged PEX7 is recycled remains unclear.
1.2.4.1 The peroxisome-tethered ubiquitin-conjugating enzyme PEX4 is involved in
ubiquitinating PEX5
The pex4 RNAi line shows β-oxidation deficiency and impaired PTS1 and PTS2
import (Nito et al., 2007). A loss-of-function pex4-1 mutant was isolated from a forward-
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genetic screen (Zolman et al., 2000) selecting mutants with IBA β-oxidation deficiency,
and the peroxisome tether PEX22 was identified by a yeast-two-hybrid assay (Zolman et
al., 2005). Arabidopsis PEX22 is predicted to be a functional peroxisomal membrane
protein based on ability to restore peroxisome function to yeast mutants (Zolman et al.,
2005). The pex22-1 mutant has a T-DNA insertion upstream of the PEX22 start codon
but does not show β-oxidation defects (Zolman et al., 2005). However, pex22-1
exacerbates the peroxisomal defects of pex4-1 (Zolman et al., 2005), consistent with the
possibility that Arabidopsis PEX22 anchors PEX4 to the peroxisome and enhances PEX4
activity, as in yeast (Koller et al., 1999; El Magraoui et al., 2014)
The pex4-1 mutant displays increased membrane-associated PEX5 (Chapter 4;
Ratzel et al., 2011; Kao and Bartel, 2015), suggesting that ubiquitin supplied by PEX4
promotes PEX5 retrotranslocation. In addition to allowing for further rounds of PTS1
cargo import, several lines of evidence suggest that in the absence of efficient
retrotranslocation, PEX5 retention in the peroxisomal membrane impairs peroxisome
function. Slightly reducing levels of the PEX13 docking peroxin ameliorates the
physiological defects of pex4-1 without restoring matrix protein import (Ratzel et al.,
2011), presumably because decreasing PEX5 docking reduces its accumulation in the
peroxisomal membrane. In Chapter 4, I show that overexpressing PEX5 exacerbates
rather than ameliorates the peroxisomal defects of pex4-1 (Kao and Bartel, 2015),
suggesting that pex4-1 defects are linked to excessive PEX5 lingering in the peroxisome
membrane rather than a lack of PEX5 available for import.
The Arabidopsis pex4-2 mutant was isolated from another forward-genetic screen
for inefficient IBA β-oxidation (Strader et al., 2011) and carries an intronic G-to-A
mutation 18 base pairs upstream of the fourth exon of PEX4 (Kao and Bartel, 2015). In
Chapter 4 I show that pex4-2 has reduced PEX4 levels but nearly normal β-oxidation
efficiency (Kao and Bartel, 2015). However, pex4-2 fails to complement pex4-1,
suggesting that the intronic mutation is the causal mutation (data not shown).
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1.2.4.2 The peroxisomal ubiquitin-protein ligases, PEX2, PEX10, and PEX12,
transfer ubiquitin to PEX5
The three Arabidopsis RING peroxins (PEX2, PEX10, and PEX12) each
possesses in vitro ubiquitin-protein ligase activity (Kaur et al., 2013), and null mutations
in these RING peroxin genes confer embryo lethality (Hu et al., 2002; Schumann et al.,
2003; Sparkes et al., 2003; Fan et al., 2005; Prestele et al., 2010). RNAi lines targeting
Arabidopsis PEX2, PEX10, or PEX12 inefficiently import PTS1 and PTS2 proteins and
display β-oxidation deficiency (Nito et al., 2007).
The RING peroxins interact with each other in yeast (Agne et al., 2003).
Mutation in any RING peroxin results in disassociation or reduced levels of the RING
peroxin complex in yeast (Hazra et al., 2002; Agne et al., 2003) and mammals (Okumoto
et al., 2014). Although this interaction was not demonstrated in Arabidopsis prior to my
studies, expressing truncated RING peroxins confer defects when endogenous RING
peroxins exist (Prestele et al., 2010), suggesting that the RING peroxins assist each other.
Expressing RING peroxins with mutations in the C-terminal zinc-binding RING domains
(ΔZn) confers matrix protein import defects for PEX2-ΔZn and photorespiration defects
for PEX10-ΔZn but no apparent defects for PEX12-ΔZn (Prestele et al., 2010).
A missense pex2-1 mutant and a splicing pex10-2 mutant were isolated from a
forward-genetic screen for delayed matrix protein degradation (Burkhart et al., 2013).
pex2-1 and pex10-2 show various degrees of β-oxidation deficiency but both display
defective PTS1 import (Burkhart et al., 2014). A missense pex12 mutant (aberrant
peroxisome morphology 4, apm4) has defects in β-oxidation and PTS1 import and
increased membrane-associated PEX5 (Mano et al., 2006).
PEX2 and PEX10 may have plant-specific roles. A pex2 missense allele, ted3,
was identified as a dominant suppressor of the photomorphogenic defects of the deetiolated1 (det1) mutant and carries a mutation near the PEX2 RING-finger domain (Hu
et al., 2002). Moreover, PEX10 RNAi lines display pleiotropic phenotypes not
commonly found in Arabidopsis pex mutants, including variegated leaves, reduced
fertility (Nito et al., 2007), organ fusions, reduced cuticular wax deposition, and changes
in ER structure (Kamigaki et al., 2009). Three pex10 TILLING (Henikoff et al., 2004)
alleles have been reported: pex10-W313* truncates the RING-finger domain and is
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embryo lethal, pex10-G93E germinates but displays seedling lethality, and pex10-P126S
displays reduced growth in both normal air and high CO2 conditions (Prestele et al.,
2010).
These findings highlight the essential roles of the RING peroxins in Arabidopsis
development and peroxisomal functions, but the RING peroxin interactions and the
individual roles of the RING peroxins in PEX5 retrotranslocation remain incompletely
understood. In Chapter 3, I describe a new pex12 mutant that is essential for PEX5
retrotranslocation and RING complex stability. In Chapter 5, I show that PEX2 and
PEX10 have synergistic roles in PEX5 retrotranslocation and that PEX10 might be a
novel substrate of the retrotranslocation machinery.
1.2.4.3 The peroxisome-associated AAA-ATPase complex (PEX1, PEX6, and the
tether PEX26) pulls ubiquitinated PEX5 back to the cytosol
Monoubiquitinated PEX5 is pulled back to the cytosol by a peroxisome-tethered
ATPase complex. PEX1 and PEX6 are members of the ATPases associated with diverse
cellular activities (AAA) family and are tethered to peroxisomes by the tail-anchored
peroxisomal membrane protein PEX26 (Goto et al., 2011; Li et al., 2014).
In yeast, assembly of the Pex1-Pex6 heterohexamer requires ATP (Saffian et al.,
2012). The peroxisome tether of the heterohexamer is Pex15 in yeast (Elgersma et al.,
1997), PEX26 in mammals (Matsumoto et al., 2003), and APEM9/DAYU/PEX26 in
plants (Goto et al., 2011; Li et al., 2014; Gonzalez et al., 2017). PEX26 interacts with the
PEX1-PEX6 heterohexamer via PEX6 (Birschmann et al., 2003; Matsumoto et al., 2003);
this interaction requires ATP (Birschmann et al., 2005; Tamura et al., 2014). Unlike
PEX22 enhancing PEX4 activity (El Magraoui et al., 2014), binding to the tether reduces
the AAA-ATPase activity in yeast (Gardner et al., 2015). In addition to tethering the
PEX1-PEX6 hexamer via the N-terminal region (12 – 48 aa) of PEX26, another Nterminal region (78 – 85 aa) of mammalian PEX26 interacts with the PEX14 docking
peroxin (Tamura et al., 2014).
Two Arabidopsis mutants with T-DNA insertion in the PEX26 coding region
confer early lethality (Goto et al., 2011), probably due to gametophytic defects in pollen
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maturation (Li et al., 2014). RNAi lines targeting PEX1, PEX6, or PEX26 display βoxidation deficiency and impaired PTS import (Nito et al., 2007; Goto et al., 2011).
Two Arabidopsis missense pex6 mutants have been reported. The pex6-1 mutant
was isolated from a forward-genetic screen selecting for mutant with β-oxidation
deficiency (Zolman et al., 2000). Other than the typical β-oxidation and PTS1 import
defects, pex6-1 also accumulates decreased PEX5 levels (Zolman and Bartel, 2004),
suggesting that impaired PEX5 recycling can lead to increased PEX5 degradation. The
pex6-2 mutant was isolated from a forward-genetic screen for delayed matrix protein
degradation (Burkhart et al., 2013). However, pex6-2 resembles wild type in β-oxidation
efficiency and PTS import and does not have low PEX5 levels (Burkhart et al., 2013).
The weak pex13-1 mutant not only ameliorates pex4-1 but also pex6-1 (Ratzel et
al., 2011), suggesting that even though pex6-1 has low PEX5 levels, balance between
import and export of the shuttling receptor PEX5 remains important.
The Arabidopsis aberrant peroxisome morphology 9 (apem9-1) mutant has a
mutation in PEX26 and causes a Gly278Glu substitution (Goto et al., 2011). apem9-1
shows wild-type β-oxidation efficiency but has impaired PTS import (Goto et al., 2011).
A second pex26 allele emerged from a screen for reduced IBA β-oxidation (Gonzalez et
al., 2017). In Chapter 5, I use this pex26 allele to show that PEX26 may have an
additional role in peroxisome function other than tethering the PEX1-PEX6 ATPase and
uncover potential novel substrates of the peroxisomal AAA-ATPase complex.
1.2.5 Mature peroxisomes can grow and divide
Compared to matrix protein import, growth and division of peroxisomes are less
understood. PEX11, dynamin-related protein 3 (DRP3), and FISSION 1 (FIS1) are
thought to be the three major proteins that promote peroxisome growth and division
across species (Figure 1.1C).
PEX11 is the only conserved peroxin known to promote peroxisome proliferation
(Li and Gould, 2002). Overexpressing PEX11 increases peroxisome numbers in yeast
(Marshall et al., 1995), mammals (Li and Gould, 2002), and plants (Orth et al., 2007;
Mitsuya et al., 2010). However, a subset of Arabidopsis lines overexpressing PEX11 also
show β-oxidation deficiencies, suggesting that the increased peroxisomes are
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dysfunctional (Mitsuya et al., 2010). Mutations in yeast Pex11 confer fewer and enlarged
peroxisomes (Erdmann and Blobel, 1995). Two PEX11 isoforms (PEX11α and PEX11β)
are found in mammals (Abe and Fujiki, 1998), and pex11β knockout mice show defects
in peroxisome-related metabolic pathways (Li and Gould, 2002). In Arabidopsis, PEX11
has five isoforms (PEX11a-e), and PEX11c, PEX11d, and PEX11e have high degrees of
sequence similarity (Lingard and Trelease, 2006). RNAi lines targeting PEX11a or
PEX11c-e show decreased peroxisome abundance and many of these peroxisomes appear
to have irregular instead of round shapes (Orth et al., 2007). However, these RNAi lines
do not show dependence on external carbon sources for growth (Orth et al., 2007),
indicating that these peroxisomes are still functional.
DRPs are cytosolic GTPases that mediate membrane fission by the DRP
oligomers surrounding the “neck” of a constriction site and narrow the “neck” through
GTP hydrolysis (Praefcke and McMahon, 2004). Peroxisomes and mitochondria share
the DRP machinery. Loss of DRP homologs in yeast (DNM1) or mammals (VPS1)
results in peroxisomes with a “beads on a string” phenotype (Koch et al., 2003; Praefcke
and McMahon, 2004). In Arabidopsis, T-DNA insertional mutants (drp3a and drp3b)
reveal that DRP3A and DRP3B are involved in peroxisome and mitochondria
proliferation, and DRP3A impacts peroxisome proliferation more than DRP3B (Fujimoto
et al., 2009).
FIS1 acts as a membrane-bound receptor to recruit DRP, and reducing
mammalian FIS1 phenocopies the vps1 mutant (Koch et al., 2005; Kobayashi et al.,
2007). Arabidopsis fis1a and fis1b mutants show growth inhibition and fewer, enlarged
peroxisomes and mitochondria (Zhang and Hu, 2009).
In Chapter 6, I use a forward-genetic screen study salt-induced peroxisome
proliferation, and one pex11d mutation was revealed as potential causal mutation,
suggesting the involvement of peroxisome growth and division in response to growth in
high salinity conditions.
1.3 Peroxisomal β-oxidation (Figure 1.2)
β-oxidation is one of the most important and conserved peroxisomal pathways. βoxidation not only metabolizes stored fatty acids to fuel early seedling development
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(Hayashi et al., 1998; Zolman et al., 2000), but also reduced β-oxidation causing
imbalanced lipid metabolism is thought to be a trigger for cell aging (Perichon et al.,
1998).
In mammals, β-oxidation takes place in both peroxisomes and mitochondria;
peroxisomes specifically metabolize very long chain fatty acids (Poirier et al., 2006). In
yeast and plants, β-oxidation solely occurs in peroxisomes, providing a strategy to screen
for mutants with defective peroxisomes (Lockshon et al., 2007; Bartel et al., 2014).
In Arabidopsis, fatty acid and protoauxin β-oxidation provides robust quantitative
assays to measure peroxisome efficiency. I use two β-oxidation efficiency readouts to
monitor peroxisome function throughout this thesis. First, wild-type seedlings
metabolize stored fatty acid to fuel growth, whereas mutants with defective peroxisomes
inefficiently obtain such energy; hence, an external carbon source such as sucrose, is
required for growth (Bartel et al., 2014). Similarly, yeast mutants with defective
peroxisomes are unable to utilize oleate as a carbon source but can still use glucose
(Lockshon et al., 2007). Secondly, the endogenous protoauxin IBA is β-oxidized into
IAA and the synthetic IBA analog 4-(2,4-dichlorophenoxy)butyric acid (2,4-DB) is βoxidized into 2,4-dichlorophenoxyacetic acid (2,4-D) in peroxisomes. IAA and 2,4-D
inhibit cellular elongation (Woodward and Bartel, 2005b), reducing growth in wild type.
However, mutations conferring defective peroxisomes or β-oxidation enzymes slow this
conversion, resulting in resistance to the inhibitory effects of IBA and 2,4-DB (Hayashi
et al., 1998; Zolman et al., 2000; Strader et al., 2010). These screens have revealed
essential β-oxidation steps in Arabidopsis. In Chapter 6, I describe my findings that in
addition to fueling early seedling growth, β-oxidation promotes salt-induced peroxisomal
protein degradation.
1.3.1 PXA1 transports fatty acids into peroxisomes
A peroxisomal membrane-localized ATP-binding cassette protein transports fatty
acyl CoA esters into peroxisomes (Nyathi et al., 2010). Mutations in this transporter are
the leading cause for human X-linked adrenoleukodystrophy; patients often display
deterioration of the myelin sheath and damaged adrenal glands provoking a shortage of
certain hormones (Dubois-Dalcq et al., 1999). The transporter has many names in
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Arabidopsis, including PXA1, PED3, ABCD1, and COMATOSE (CTS), named for the
germination failure that ensues when the transporter is missing (Zolman et al., 2001;
Hayashi et al., 2002; Nyathi et al., 2010). Expressing Arabidopsis PXA1 in the yeast
pxa1Δpxa2Δ mutant restores the ability to utilize oleic acid, suggesting functional
conservation (Nyathi et al., 2010). The IBA and 2,4-DB resistance of pxa1 mutants
(Zolman et al., 2001; Hayashi et al., 2002) implies that these protoauxins (or their CoA
derivatives) are PXA1 substrates as well.
1.3.2 Enzymes involved in β-oxidation pathway
After import into peroxisomes, fatty acids proceed through a cycle of oxidation,
hydration, oxidation, and thiolysis, releasing acetyl-CoA and chain-shorted acyl-CoA
(Graham, 2008). These steps involve enzymes in peroxisomal matrix that are described
below and listed in Figure 1.2.
1.3.2.1 Long-chain acyl-CoA synthetases (LACS6 and LACS7) add the CoA moiety
on free fatty acids
Although fatty acyl-CoAs are the preferred substrate of PXA1, the CoA is
hydrolyzed during transport and must be re-added inside the peroxisome (Nyathi et al.,
2010). PXA1 physically interacts with the peroxisomal long-chain acyl-CoA synthetases
LACS6 and LACS7, and the presence of LACS enhances the PXA1-mediated fatty acid
transportation (De Marcos Lousa et al., 2013). Although the interaction between PXA1
and LACS is demonstrated in Arabidopsis (De Marcos Lousa et al., 2013), the function
of CoA cleavage and addition in adjacent steps is still unclear (Fulda et al., 2004).
Arabidopsis LACS6 and LACS7 are specific for fatty acid β-oxidation; the T-DNA
insertional lacs6-1 lacs7-1 double mutant shows growth deficiency without sucrose but
wild-type responsiveness to the protoauxin 2,4-DB (Fulda et al., 2004).
1.3.2.2 Acyl-CoA oxidases/dehydrogenases (ACX1 – ACX6) convert Acyl-CoA to
trans-enoyl-CoA
Arabidopsis has six acyl-CoA oxidase (ACX) isoforms and each displays distinct
but overlapping fatty acid chain length preferences (Adham et al., 2005). This oxidation
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Figure 1.2 Peroxisomes house IBA and fatty acid β-oxidation.
IBA and fatty acids are imported across peroxisomal membrane, and are β-oxidized into
IAA-CoA and acetyl-CoA, respectively. IBA and fatty acid β-oxidation enzymes
(enzyme function in blue and enzyme name in black) are listed.

28

step is accompanied by FAD reduction to FADH2 and hydrogen peroxide production.
Fatty acid and IBA appear to share ACX isozymes; Arabidopsis acx1 and acx3 mutants
were identified in a forward-genetic screen for IBA-resistant root elongation (Adham et
al., 2005) and a T-DNA insertional acx4 mutant also displayed IBA resistance and
reduced growth without external sucrose supplementation (Adham et al., 2005).
1.3.2.3 Enoyl-CoA hydratase includes ECH2 and IBR10 in IBA β-oxidation and
AIM1 and MFP2 in fatty acid β-oxidation
Enoyl-CoA hydratase converts trans-enoyl-CoA into β-hydroxyacyl-CoA. An
Arabidopsis ech2 mutant displays resistance to IBA and exacerbates other known ibaresponse (ibr) mutants (Strader et al., 2011). IBR10 resembles enoyl-CoA hydratases
(Zolman et al., 2008) but expressing IBR10 does not rescue the ech2 defects (Strader et
al., 2011), suggesting that ECH2 and IBR10 do not act redundantly.
The abnormal inflorescence meristem 1 (aim1) mutant shows adult morphology
and phenotypes in reproductive organs, which are probably due to defective β-oxidation
because AIM1 is similar to bifunctional β-oxidation enzymes in other species (Richmond
and Bleecker, 1999). The multifunctional protein (mfp2) mutant is defective in an AIM1
homolog and displays reduced growth without sucrose supplement but shows wild-type
responsiveness to 2,4-DB (Rylott et al., 2006), suggesting a specific role in fatty acid βoxidation.
1.3.2.4 β-hydroxyacyl-CoA hydrogenase (IBR1 in IBA β-oxidation; AIM1 and
MFP2 in fatty acid β-oxidation) produces β-ketoacyl-CoA
β-hydroxylacyl-CoA is oxidized to β-ketoacyl-CoA via β-hydroxyacyl-CoA
hydrogenase; this step is accompanied by NADH production. The ibr1 mutant shows
IBA β-oxidation deficiency and IBR1 resembles short-chain dehydrogenases (Zolman et
al., 2008). Arabidopsis AIM1 and MFP2 also execute this step in fatty acid β-oxidation
(Richmond and Bleecker, 1999; Rylott et al., 2006).
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1.3.2.5 Thiolase (PED1) produces two-carbon shortened-acyl-CoA and acetyl-CoA
The last step of β-oxidation is mediated by 3-ketoacyl-CoA thiolase (thiolase) to
produce chain-shortened acyl-CoA and acetyl-CoA; this step uses one CoA-SH. There
are three peroxisomal thiolase isozymes in Arabidopsis, but the PEROXISOME
DEFECTIVE1 (PED1) isozyme is most abundant in seedlings. ped1 mutant seedlings are
2,4-DB and IBA resistant and display growth defects without sucrose supplementation
(Hayashi et al., 1998; Lingard and Bartel, 2009). I use an allelic series of ped1 mutants
in Chapter 6 to explore the role of thiolase in salt-induced peroxisomal protein
degradation.
1.3.3 β-oxidation requires cofactors
β-oxidation uses one FAD, one NAD+, and one CoA-SH for each cycle; hence,
insufficient cofactor recycling or import can slow β-oxidation. Arabidopsis
PEROXISOMAL NAD+ CARRIER (PXN) is localized on peroxisomal membrane and
potentially imports NAD+ and CoA (Agrimi et al., 2012). Interestingly, pxn mutants
display enlarged peroxisomes (Mano et al., 2011; Rinaldi et al., 2016). Peroxisomal
matrix protein malate dehydrogenase (PMDH) converts NADH to NAD+, so the NAD+
can be used for further round of β-oxidation (Pracharoenwattana et al., 2007).
Arabidopsis has two PMDH isoforms, and the pmdh1 pmdh2 double mutant shows severe
β-oxidation deficiency, demonstrating the importance of cofactor recycling
(Pracharoenwattana et al., 2007). Lastly, peroxisomal glyoxylate cycle also recycles
CoA (Graham, 2008).
1.4 Peroxisomes can be degraded via autophagy
Peroxisomes house many oxidative reactions, and although antioxidative enzymes
can detoxify reactive oxygen species, peroxisomes are still likely to be damaged and
require turnover. Environmental changes also can trigger peroxisome degradation. For
instance, when yeast grown on oleate-containing media is switched to glucose-based
media, peroxisome numbers decline (Hutchins et al., 1999).
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1.4.1 Selective autophagy of peroxisome (pexophagy) in yeast and mammals
Autophagy is a mechanism used by eukaryotes to degrade cytosolic components,
including aggregated proteins and organelles (Li and Vierstra, 2012). In yeast and
mammals, peroxisome turnover is mediated by selective autophagy of peroxisomes or
pexophagy (Sakai et al., 2006; Subramani, 2015). Interestingly, aggregation of
peroxisomal matrix proteins can trigger asymmetric peroxisome fission and pexophagy in
Hansenula polymorpha (Manivannan et al., 2013).
Various yeast and mammalian cells use different signals to recruit different
autophagy receptors during pexophagy (Honsho et al., 2016). In Saccharomyces
cerevisiae, Pex3 serves as the signal on the peroxisomal membrane that recruits a yeastspecific receptor, Atg36, to target the organelle for degradation (Motley et al., 2012). In
mammals, expressing a ubiquitin-tagged peroxisomal membrane protein is sufficient to
trigger pexophagy (Kim et al., 2008), and the cytosolic facing ubiquitin-tag is necessary
(Kim et al., 2008). During starvation, the peroxisomal ubiquitin-protein ligase PEX2 can
ubiquitinate PEX5 or PMP70, and these ubiquitinated proteins trigger pexophagy
(Sargent et al., 2016). NBR1 and p62 are the pexophagy receptor in mammals that link
ubiquitinated proteins on the peroxisome surface to the autophagy machinery (Johansen
and Lamark, 2011; Deosaran et al., 2013).
1.4.2 Pexophagy in Arabidopsis
Arabidopsis pexophagy was recently demonstrated (Farmer et al., 2013; Kim et
al., 2013b; Shibata et al., 2013), but the molecular triggers and receptors remain
unknown. During seedling development, peroxisomal contents switch from β-oxidation
and glyoxylate cycle enzymes to photorespiration-type enzymes (Lingard et al., 2009).
This transition may require autophagy, because autophagy mutants accumulate
peroxisomal proteins (Shibata et al., 2013) and have increased peroxisome abundance
(Kim et al., 2013b). Moreover, peroxisomes are aggregated in certain autophagy mutants,
similar to hydrogen peroxide treatment or knocking out catalase genes (CAT2 and CAT3)
(Shibata et al., 2013). These data suggest that oxidatively damaged peroxisomes are
degraded via autophagy.
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A peroxisomal matrix protease LON2 and the autophagy machinery coordinate
peroxisome abundance (Farmer et al., 2013). lon2 mutants display low levels of
peroxisomal proteins and resistance to the promotion of lateral roots by IBA (Lingard and
Bartel, 2009) because of heightened pexophagy (Farmer et al., 2013). Indeed, a study of
LON2 domains reveals that the chaperone activity of LON2 normally inhibits pexophagy
(Goto-Yamada et al., 2014).
Yeast and mammals do not share the same peroxisomal signal to recruit
pexophagy receptors, making the search for Arabidopsis pexophagy-specific machinery a
challenging task. In Chapter 6, I find that autophagy is involved in salt-induced
peroxisomal protein degradation.
1.5 Chemical genetics can be used to study peroxisome function in Arabidopsis
Forward- and reverse-genetic approaches have been used to study Arabidopsis
peroxisomes. However, null mutations of Arabidopsis peroxin genes often confer
lethality (Sparkes et al., 2003; Fan et al., 2005; Boisson-Dernier et al., 2008; Prestele et
al., 2010; Li et al., 2014), which limits the types of studies that can be conducted. Pex3
and Pex19 are implicated in peroxisome biogenesis in yeast (Agrawal et al., 2016) but
their function in Arabidopsis remains unclear (McDonnell et al., 2016), probably because
the duplication of PEX3 and PEX19 genes in Arabidopsis confers redundancy. These
limitations prompt the need for novel approaches to study peroxisome biogenesis and
function in plants.
Chemical libraries are widely used in pharmacology, and screening chemical
libraries for chemicals that cause interesting phenotypes is an emerging strategy for plant
biology as well. Chemical genetics uses small molecules to directly bind proteins and
alter their functions (Norambuena et al., 2009; Hicks and Raikhel, 2012). Adjusting
chemical concentrations can tune corresponding effects and potentially bypass lethality.
Washing out chemicals from the treated tissue makes effects reversible. In addition,
chemicals can target similar protein structures to avoid redundancy.
A microscopy-based small-scale chemical-genetic screen for peroxisome
disruptors has been conducted, and two lead compounds were isolated (Brown et al.,
2011; Brown et al., 2013). The benzimidazole lead compound (LDS-003655) affects
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peroxisome matrix protein import and reduces levels of the PTS1 receptor PEX5 without
notably changing the morphology of Golgi bodies, actin, or ER (Brown et al., 2011).
LDS-003655 treatment reduces Arabidopsis growth (Brown et al., 2011), similar to auxin
treatment. Another lead compound, diphenyl methylphosphonate (DMP), causes
clustered peroxisomes surrounding oil bodies but does not alter morphology of actin, ER,
or mitochondria (Brown et al., 2013). DMP reduces growth without sucrose
supplementation, suggesting that DMP interrupts lipid body mobilization (Brown et al.,
2013). These two chemical studies show that small molecules can alter Arabidopsis
peroxisome function. In Chapters 7 and 8, I describe my large-scale screens of chemical
libraries to search for peroxisome disruptors. These chemicals may allow identification
of novel proteins and processes involved in peroxisome function.
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End of chapter 1
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CHAPTER 2. MATERIALS AND METHODS
Parts of this chapter have been published (Burkhart et al., 2014; Kao and Bartel, 2015;
Kao et al., 2016).
2.1 Plant materials and growth conditions
2.1.1 Arabidopsis accession and mutants
Arabidopsis thaliana wild type and mutants were in the Columbia-0 accession
except for lacs6-1 lacs7-1, which was in the Ws accession. Single mutants (Table 2.1),
double mutants (Table 2.2), and wild type or mutants carrying transgenes (Table 2.2) are
listed. Double mutants were selected from progeny of the corresponding crosses by
PCR-based genotyping. The dCAPS website (http://helix.wustl.edu/dcaps/dcaps.html;
Neff et al., 2002) was used to design genotyping markers (Table 2.3) and recombinant
mapping markers (Table 2.4). Gene accession numbers are listed in Table 2.1.
2.1.2 Transgenic lines
2.1.2.1 PEX2 and PEX10 complementation lines
PEX2 (G18223) and PEX10 (G60512) cDNAs were obtained from the
Arabidopsis Biological Resource Center (Ohio State University). The pEG100-PEX2
(untagged), pEG100-PEX10 (untagged), pEG201-PEX2 (N-terminal HA tagged), and
pEG201-PEX10 (N-terminal HA tagged) plasmids (built by Sarah E. Burkhart) were
transformed into Agrobacterium tumefaciens strain GV3101 (pMP90) (Koncz et al.,
1992). Expression was driven by the cauliflower mosaic virus 35S promoter. Wild type,
pex2-1, and pex10-2 were transformed by floral dipping (Clough and Bent, 1998) with
the transformed Agrobacteria, and T1 seeds were selected on plant nutrient media
supplemented with 0.5% sucrose and 10 µg/mL glufosinate ammonium (Basta). Bastaresistant T1 plants were moved to soil, and adult leaves of transformants were examined
for expressed protein levels by immunoblotting. Transformants with higher levels of
expressed proteins were checked for a 75% Basta resistance in the T2 population,
suggesting a single copy of transgene. Homozygous transformant lines, which exhibited
100% Basta resistance in the T3 population, were characterized.
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AT4G35090
AT1G28320

AT5G03280
AT5G47040
AT3G05970;
AT5G27600
AT2G33150

AT1G79810
AT5G25760

AT5G56290

AT1G03000

AT1G29260
AT2G26350
AT3G04460
AT3G07560

ATG7

CAT2
DEG15

EIN2
LON2
LACS6/7

PEX2
PEX4

PEX5

PEX6

PEX7
PEX10
PEX12
PEX13

PED1

Accession
number
AT5G45900

Gene

PTS2 cargo receptor
PMP, RING-family ubiquitin-protein ligase
PMP, RING-family ubiquitin-protein ligase
PMP, receptor-cargo compelx docking

Peroxisome-tethered AAA-family ATPase

PTS1 cargo receptor

PMP, RING-family ubiquitin-protein ligase
Peroxisome-tethered ubiquitin-conjugating
enzyme

PTS2 protein, 3-ketoacyl-CoA thiolase

Ethylene signaling
PTS1 protein, AAA-family protease
Long-chain acyl-CoA synthetase

Autophagy, ubiquitin-like modifer acting
enzyme
PTS1 protein, detoxify H2O2
PTS1 protein, PTS2-processing protease

Protein features
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pex6-1
pex6-2
pex6-3
pex6-4
pex7-2
pex10-2
pex12-1
pex13-1
pex13-4

ein2-1
lon2-2
lacs6-1
lacs7-1
ped1-4
ped1-5
ped1-7
ped1-96
pex2-1
pex4-1
pex4-2
pex5-1
pex5-10

cat2-1
deg15-1

atg7-3

Mutant

Table 2.1 Summary of Arabidopsis single mutants used in this thesis.

Missense; G109E
Missense; G141E
Splicing
Nonsense; Q190*
Missense; R161K
Missense; P123L
Intronic
Missense; S318L
T-DNA insertion;
truncated pex5-10
Missense; R766Q
Missense; L328F
Missense; G817D
Missense; A867V
Missense; T124I
Splicing
Missense; E171K
T-DNA insertion
Missense; E234K

Nonsense; Q556*
T-DNA insertion
T-DNA insertion

T-DNA insertion
T-DNA insertion

Change produced
by mutation
T-DNA insertion

(Zolman and Bartel, 2004)
(Burkhart et al., 2013)
(Gonzalez et al.)
(Gonzalez et al.)
(Ramón and Bartel, 2010)
(Burkhart et al., 2014)
(Kao et al., 2016)
(Ratzel et al., 2011)
(Woodward et al., 2014)

(Rinaldi et al., 2016)
(Rinaldi et al., 2016)
(Burkhart et al., 2013)
(Lingard and Bartel, 2009)
(Burkhart et al., 2014)
(Zolman et al., 2005)
(Kao and Bartel, 2015)
(Zolman et al., 2000)
(Zolman et al., 2005)

(Queval et al., 2007)
(Helm et al., 2007;
Schuhmann et al., 2008)
(Guzman and Ecker, 1990)
(Lingard and Bartel, 2009)
(Fulda et al., 2004)

(Lai et al., 2011)

Reference

Accession
number
AT5G62810

AT3G10572
AT4G39850
AT2G39970

PEX14

PEX26
PXA1
PXN

Gene

PMP, tether of PEX1/6 complex
PMP, fatty acid transportor
PMP, cofactor trasporter

PMP, receptor-cargo compelx docking

Protein features

Splicing; truncated
pex14-6
Nonsense; W152*
Splicing; truncated
pex14-12
Nonsense; W184*;
truncated pex14-17
Splicing
Splicing
Splicing

pex14-6
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pex26-1
pxa1-1
pxn-4

pex14-17

pex14-11
pex14-12

pex14-4

T-DNA insertion;
truncated pex14-3
Splicing

Change produced
by mutation
19 bp-deletion;
truncated pex14-1
T-DNA insertion

pex14-3

pex14-2

pex14-1

Mutant

(Gonzalez et al.)
(Zolman et al., 2001)
(Rinaldi et al., 2016)

(Fleming, 2016)

(Fleming, 2016)
(Fleming, 2016)

(Monroe-Augustus et al.,
2011)
(Monroe-Augustus et al.,
2011)
(Monroe-Augustus et al.,
2011)
(Monroe-Augustus et al.,
2011)
(Burkhart et al., 2013)

Reference

Table 2.2 Summary of Arabidopsis double mutants and transgenic lines used in this
thesis.
Mutant
cat2-1

pex2-1
pex4-1

pex4-2
pex10-2
pex26-1

GFP-PTS1

PMDH1-GFP
pICL:GFP-ICL
pex4-1

pex12-1
Wt

Mutant or transgene
atg7-3
ped1-7
pex4-1
pex4-2
pex5-1
pxa1-1
pex10-2
pex12-1
ped1-7
pex2-1
pex5-1
pex5-10
pex7-2
pex12-1
pex13-4
pxa1-1
pex2-1
pex12-1
pex12-1
pex2-1
pex4-1
pex5-1
pex7-2
pex10-2
pex12-1
pex13-4
pex14-1
Wt
atg7-3
pex6-1
pex10-2
pex12-1
pex13-4
pex14-1
Wt
Wt
PEX4c
PEX4g
35S:PEX5
35S:PEX7
35S:PEX12-CFP
35S:PEX2
35S:HA-PEX2
35S:PEX7a
35S:PEX10
35S:HA-PEX10

Reference
this work
this work
this work
this work
this work
this work
(Burkhart et al., 2014)
(Kao et al., 2016)
this work
this work
(Kao and Bartel, 2015)
(Kao and Bartel, 2015)
this work
(Kao et al., 2016)
this work
this work
this work
(Kao et al., 2016)
(Kao et al., 2016)
(Gonzalez et al.)
(Gonzalez et al.)
this work
this work
(Gonzalez et al.)
(Gonzalez et al.)
this work
this work
(Zolman and Bartel, 2004)
(Farmer et al., 2013)
(Zolman and Bartel, 2004)
(Burkhart et al., 2014)
(Kao et al., 2016)
(Woodward et al., 2014)
(Monroe-Augustus et al., 2011)
(Pracharoenwattana et al., 2007)
(Lingard et al., 2009)
(Zolman et al., 2005)
(Zolman et al., 2005)
(Kao and Bartel, 2015)
(Kao and Bartel, 2015)
(Kao et al., 2016)
this work
this work
(Ramón and Bartel, 2010)
this work
this work
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2.1.2.2 Overexpressing PEX5 and PEX7 in pex4-1
pex4-1 was crossed to wild type transformed with 35S:PEX5 (Zolman and Bartel,
2004) and to wild type transformed with 35S:PEX7 (Woodward and Bartel, 2005a).
Lines homozygous for pex4-1 and the transgene were selected in progeny of the cross by
using PCR-based genotyping and Basta resistance.
2.1.2.3 PEX12-CFP complementation lines
The pPZP221-PEX12-CFP plasmid (Fan et al., 2005) was transformed into
Agrobacterium tumefaciens strain GV3101 (pMP90) (Koncz et al., 1992), which was
used to transform pex12-1 plants by floral dipping (Clough and Bent, 1998). PEX12CFP was driven by the cauliflower mosaic virus 35S promoter. T1 seeds were selected
on plant nutrient media supplemented with 0.5% sucrose and 90 µg/mL gentamycin.
Gentamycin-resistant T1 plants were moved to soil and genotyped by PCR for the
presence of the PEX12 cDNA and the genomic pex12-1 mutation. Homozygous lines
were identified in the T3 generation and characterized.
2.1.2.4 Other transgenic lines
Wild type transformed with GFP-PTS1 was described previously (Zolman and
Bartel, 2004), and mutants were crossed with the same transgenic plant for comparison.
Wild type carrying PMDH1-GFP (Pracharoenwattana et al., 2007), wild type carrying
GFP-isocitrate lyase (ICL) driven by the endogenous ICL promoter (Lingard et al.,
2009), pex4-1 transformed with 35S:PEX4 or PEX4 driven by the endogenous promoter
(Zolman et al., 2005), and wild type overexpressing PEX7 (Ramón and Bartel, 2010)
were previously described and are listed in Table 2.2.
2.1.3 Plant growth conditions
Seeds were surface-sterilized using 3 – 4% NaOCl and 0.1% Triton X-100 for 10
minutes, washed at least twice with sterile water, suspended in 0.1% (w/v) agar (VWR;
Cat No 90000-762), and stratified at 4°C in the dark for 1 to 3 days.
Seeds were sown on 0.5% sucrose-supplemented plant nutrient media (Haughn
and Somerville, 1986) solidified with 0.6% (w/v) agar (VWR; Cat No 90000-762) and
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incubated for 2 – 4 weeks at 22°C in constant white light. Established seedlings were
moved to soil (BWI, Sungro Metro-Mix® 366; Cat No TX366) for propagation. Plants
were grown in constant white light at 22°C for 12 – 16 weeks and watered twice a week.
2.1.4 Plant nutrient medium
Plant nutrient medium (Haughn and Somerville, 1986) contains 2.5 mM KxH(3x)PO4,

5 mM KNO3, 2 mM MgSO4, 2 mM Ca(NO3)2, 52 µM ferric EDTA, 70 µM

H3BO3, 14 µM MnCl2, 0.5 µM CuSO4, 1 µM ZnSO4, 0.2 µM Na2MoO4, 10 µM NaCl,
and 0.01 µM CoCl. Bacto agar (VWR; Cat No 90000-762) was added to a final
concentration of 0.6% (w/v) or 1% (w/v).
2.1.5 Morphological assays
Wild-type and mutant seedlings were grown for the indicated lengths of time.
Representative seedlings were laid on a thin layer of 0.6% agar for imaging. For adult
morphology, the healthiest-looking seedlings were moved to soil and watered twice a
week. Representative plants were cut in between rosette leaves and roots. Cut adult
plants were laid on a black fabric for photography.
2.1.6 β-oxidation phenotypic assays
Wild-type and mutant seeds were grown on plant nutrient medium (Haughn and
Somerville, 1986) solidified with 0.6% (w/v) agar with the indicated concentrations of
sucrose and IBA. The 100 mM IBA stock solution was dissolved in ethanol. Equal
volumes of ethanol were added to mock plates for normalizing ethanol effects, although
we did not observe growth effects at the tested ethanol concentrations (0.01 – 0.03%
[v/v]). For physiological assays involving IBA, light was filtered through yellow longpass filters to reduce photochemical breakdown of auxin (Stasinopoulos and Hangarter,
1990).
Plates for dark-grown hypocotyl assays were incubated at 22°C in constant
yellow-filtered light for 1 day to promote germination and then wrapped in two layers of
aluminum foil for an additional 4 or 5 days. 30 µM IBA was used in dark-grown assays.
Plates for light-grown root assays were incubated at 22°C in constant yellow-
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filtered light for 7 or 8 days. 10 µM IBA was used in light-grown root assays.
For lateral root assays, seeds were sown on 0.5% sucrose-supplemented plant
nutrient media and grown at 22°C for 4 – 5 days in constant yellow-filtered light after
which seedlings were transferred to plates with or without 10 µM IBA for an additional 4
days in constant yellow-filtered light.
Lateral root assays were also done without transferring. Seeds were grown on
0.5% sucrose-supplemented plant nutrient media with 7 or 9 µM IBA. Plates were
incubated at 22°C in constant yellow-filtered light for 8 days.
For length measurements, seedlings were removed from the agar, and roots or
hypocotyls were measured to the nearest millimeter with a ruler. For lateral root assays,
root lengths of seedlings were measured with a ruler and then transferred to a drop of
water on a slide without coverglass. Lateral roots that had emerged from the epidermis
were observed and counted using a dissecting microscope.
2.2 Forward-genetic screens
2.2.1 Ethyl methanesulfonate mutagenesis and nomenclature
Wild type, wild type carrying GFP-PTS1, wild type carrying pICL:GFP-ICL, and
wild type carrying PMDH1-GFP were incubated in 0.24% (v/v) ethyl methanesulfonate
(EMS; Sigma M-0880) for 16 hours at room temperature in the dark (Normanly et al.,
1997). Seeds were then washed with water four times and resuspended in 0.1% (v/v)
agar. Roughly 625 M1 seeds were dispensed on moistened soil for each pool. Progeny
from the mutagenized M1 plants (M2 seeds) were collected, cleaned, and stored at 4°C
until use. Wild type and wild type carrying GFP-PTS1 were mutagenized by Lucia
Strader. Wild type carrying pICL:GFP-ICL was mutagenized by Matthew Lingard.
Wild type carrying PMDH1-GFP was mutagenized by Mauro A. Rinaldi.
A modified mutagenesis protocol was developed for mutants that required an
exogenous carbon source for efficient germination. pex5-1 and pex5-10 (~10,000 seeds
each) were incubated in 0.24% (v/v) EMS for 16 hours at room temperature in the dark.
Mutagenized seeds then were surface sterilized by incubation in 1.5% NaOCl with 0.01%
Triton X-100 for 5 minutes, washed with sterile water 4 times, and resuspended in 0.5 L
0.5% sucrose-supplemented liquid plant nutrient media with 0.1% (v/v) agar in a 2 L
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Erlenmeyer flask. This solution was incubated in constant white light at room
temperature with ~100 rpm rotation for 3 days (pex5-1) to 3 weeks (pex5-10). M1
seedlings were distributed on moistened soil in 16 5”x5” pots (~625 seedlings/pot) and
grown to give M2 seeds. M2 seeds were collected, cleaned, and stored at 4°C until use.
pxa1-1 (~10,000 seeds) was mutagenized using 0.24% (v/v) EMS with the similar
process as pex5-10 mutagenesis. However, fewer than 625 M1 seedlings survived, so the
progeny M2 seeds were collected as the M2-1 pool. pxa1-1 (~10,000 seeds) was
mutagenized again using 0.2% (v/v) EMS and 16 pools (M2-2 to M2-17) of M2 seeds
were collected, cleaned, and stored at 4°C until use. Collection and cleaning of pxa1-1
M2 seeds was done by undergraduate researcher Christine Luk.
Pools of mutagenized seeds used for forward-genetic screens are listed in Table
2.5. Approximately 5,000 seeds (0.1 g) per pool were distributed using warm, melted
0.6% agar on 3 – 6 150-mm diameter screening plates.
2.2.2 pxa1-1 (CS) suppressor screen
pxa1-1 fails to germinate without external carbon sources (Zolman et al., 2001).
Seventeen pxa1-1 M2 pools were screened on plant nutrient media with 0.05% sucrose,
which is one-tenth of our standard sucrose concentration. Screening plates were grown in
constant white light to select putative CS mutants with improved growth. M2 CS mutants
were moved to soil to give M3 seeds. Growth on plant nutrient media with no sucrose,
0.05% sucrose, 0.5% sucrose, and 0.5% sucrose with IBA were tested in the M3
generation. M3 seedlings were also collected to genotype the original pxa1-1 mutation.
The CS screen is being continued by undergraduate researcher Christine Luk.
2.2.3 pex5-10 (FTS) suppressor screen
The pex5-10 mutant fails to germinate without external carbon source
supplements (Zolman et al., 2005) and is resistant to the lateral root promoting effect of
IBA (Ramón and Bartel, 2010). Nine mutagenized pex5-10 pools were screened using
several strategies. No suppressors were recovered after growing mutagenized pex5-10 on
plant nutrient media with no sucrose, so M2 pex5-10 pools were screened on plant
nutrient media with 0.05% sucrose to select putative FTS mutants. Mutants were moved
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to soil, genotyped for pex5-10 mutation, and propagated. Root growth of M3 FTS
mutants was tested on plant nutrient media with no sucrose, 0.05% sucrose, 0.5%
sucrose, and 0.5% sucrose with IBA. M3 FTS seedlings were also collected for
immunoblotting.
Mutagenized pex5-10 pools were also screened on 0.5% sucrose-supplemented
plant nutrient media with 9 µM IBA. Mutagenized pex5-10 seeds were grown on vertical
screening plates solidified by 1% (w/v) agar and putative FTS mutant with restored
lateral rooting were selected. Primary and lateral root growth of M3 FTS mutants on
0.5% sucrose-supplemented plant nutrient media with 0 or 9 µM IBA were tested. M3
seedlings were collected for immunoblotting and genotyping for the pex5-10 mutation.
This lateral rooting restoration screen for FTS mutants was done by undergraduate
researcher Khushali Patel.
2.2.4 Salt and IBA (SB) screen
Two undergraduate researchers (Mario Aragon and Sammira Rouhani) and I
screened 32 pools of mutagenized wild type carrying GFP-PTS1 on 0.5% sucrosesupplemented plant nutrient media containing 100 mM NaCl and 12 µM IBA. Plates
were grown under yellow-filtered light for 7 – 9 days, and putative M2 SB mutants with
elongated roots were selected and propagated. M3 seeds were retested on plant nutrient
media supplemented with no sucrose, 0.5% sucrose, or 0.5% sucrose and IBA with and
without 100 mM NaCl. M3 seedlings were collected for immunoblotting to characterize
potential molecular defects. The same pools of mutagenized seeds had been screened by
Mauro Rinaldi in a microscopy-based screen (Rinaldi et al., 2016), so promising SB
mutants were genotyped for mutations found in the corresponding pools. The M3
characterization was mostly conducted by Khushali Patel and Sammira Rouhani.
Khushali Patel and I screened another 32 pools of mutagenized wild type carrying
PMDH1-GFP on 0.5% sucrose-supplemented plant nutrient media containing 100 mM
NaCl and 2 – 3 µM 2,4-DB. The first 15 pools were screened under yellow-filtered light
for elongated roots, and the remaining 17 pools were grown under yellow-filtered light
for 1 day followed by 4 days in the dark for elongated hypocotyls. The M3
characterization was done as for the mutagenized GFP-PTS1 pools, and was mostly
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conducted by Khushali Patel and Sammira Rouhani.
2.2.5 pex5-1 (TS) suppressor screen
pex5-1 mutants have fewer lateral roots when grown on IBA (Zolman et al.,
2000). Ten pools of mutagenized pex5-1 were screened on 0.5% sucrose-supplemented
plant nutrient media with 7 µM IBA. Plates were solidified with 1% agar (w/v) and
grown vertically under yellow-filtered light for 7 – 8 days. Putative M2 TS mutants with
lateral roots were selected and propagated. About 500 M2 TS mutants were selected, so
rather than obtaining quantitative data on the entire set, M3 seeds were first grown on
0.5% sucrose-supplemented plant nutrient media with 7 µM IBA, and if majority of the
M3 population produced lateral roots, the TS lines were further quantified for lateral
rooting on 0.5% sucrose-supplemented plant nutrient media with or without 7 µM IBA.
M3 seedlings also were collected for immunoblotting.
2.2.6 Benzylhydrazine target (YT) screen
Benzylhydrazine conferred IBA resistance to wild type and high concentration of
benzylhydrazine decreased root growth. Sixteen pools of mutagenized wild type carrying
GFP-PTS1 were screened on 0.5% sucrose-supplemented plant nutrient media with 50 –
75 µM benzylhydrazine. Putative M2 YT mutants with elongated roots were selected and
propagated. M3 seeds were first tested on 0.5% sucrose-supplemented plant nutrient
media with or without 50 µM benzylhydrazine. A promising YT21 mutant was wholegenome sequenced, which revealed an ein2 (Ethylene-Insensitive 2) mutation. Mutations
in ethylene-related genes confer slight resistance to the IBA inhibitory effect (Zolman et
al., 2000) but still were enhanced by benzylhydrazine. Therefore, I set aside YT mutants
that like ein2 were highly resistant to the ethylene precursor 1-aminocyclopropane-1carboxylic acid (ACC) and changed the M3 characterization strategy to grow M3 seeds on
0.5% sucrose-supplemented plant nutrient media containing 0 or 10 µM IBA with 0 or 25
µM benzylhydrazine. M3 YT mutants that were resistant to the benzylhydrazineconferred IBA resistance were further studied.
2.3 Chemical-genetic screen
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2.3.1 Chemical library acquisition
We obtained chemical libraries from the John S. Dunn Gulf Coast Consortium for
Chemical Genomics and used the chemical distribution robot at Dr. Clifford Stephan’s
laboratory at Texas A&M Health Science Center, Houston Texas.
The stock library contains chemicals at 10 mM in 96-well plates, and the chemical
vehicle is DMSO. 3 µL of 10 mM stock chemicals were diluted with 9 µL DMSO to
give the intermediate plates at 2.5 mM chemicals. 1 µL of 2.5 mM chemical was then
mixed with 49 µL sterile water to give the screening plates, which have final
concentrations of 50 µM chemical in 2% DMSO. Chemical library acquisition was
assisted by Sarah Ratzel, Kim Gonzalez, and Dr. Clifford Stephan and his research
associates, including Nghi Nguyen and Yong Sung Park.
2.3.2 Chemical libraries
Two chemical libraries were used in this work. The Microsource Spectrum
Collection Library is a 25-plate library and contains 1,040 drugs that reached clinical
trials, 800 natural products and derivatives, and 160 toxic substances. The Maybridge
HitFinder Collection Library contains diverse 14,400 drug-like compounds in 180 96well plates.
2.3.3 Chemical screening process
Wild-type seeds were sterilized and suspended in solution containing 2X liquid
plant nutrient media, 1% (w/v) sucrose, and 0.1% (w/v) agar. Roughly 5,000 seeds (0.1g)
were suspended in 60 mL of the solution and used for 10 – 13 screening plates. Seeds
were stratified in this solution at 4°C in the dark for 1 – 2 days. IBA (20 µM for lightgrown and 30 µM for dark-grown assays) was added into the seed solution prior to
dispensing into the chemical library plates. 50 µL of IBA-containing seed solution was
added to each well, which contained 50 µL chemicals. The final screening solution (100
µL) had 2 – 10 wild-type seeds, 1X liquid plant nutrient media, 0.5% sucrose, 0.05%
agar, 25 µM screening compound, 1% DMSO, and 10 or 15 µM IBA.
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The Microsource Spectrum Collection Library was screened in 10 µM IBA under
yellow-filtered light for 8 days. Chemicals that conferred IBA-resistant root elongation
to wild type were purchased and further studied.
The Maybridge HitFinder Collection Library was screened in 15 µM IBA. Plates
were grown under yellow-filtered light for 1 day followed by 4 days in the dark.
Chemicals that conferred IBA-resistant hypocotyl elongation to wild type were selected.
A secondary screen was conducted in 24-well plates: 5 µL of chemicals (2.5 mM) from
the intermediate dilution of the library plates were mixed with 500 µL plant nutrient
media solidified with 0.6% (w/v) agar and supplemented with 0.5% sucrose and 10 µM
IBA or 1.5 µM 2,4-DB. Plates were grown under yellow-filtered light for 7 – 8 days.
Chemicals that conferred both IBA and 2,4-DB resistance were purchased for further
investigation.
2.3.4 Auxin specificity of lead compounds
Wild type were grown on plant nutrient media solidified with 0.6% agar
supplemented with 0.5% sucrose and various auxins, including 10 µM IBA, 80 nM IAA,
2 µM 2,4-DB, 80 nM 2,4-D, and 100 nM NAA. The auxin specificity experiments were
done in 12-well plates, with 2 mL media in each well. Plates were grown under yellowfiltered light for 8 days.
2.4 Genetic analysis
2.4.1 DNA preparation
2.4.1.1 Rapid DNA preparation for PCR amplification
Genomic DNA was prepared as described (Klimyuk et al., 1993; Celenza et al.,
1995) with slight modification. Whole 5 – 8-day-old seedlings or ~0.5 x 0.5 cm leaf
tissues were collected in 1.7 mL tubes and put on dry ice. Prechilled pestles were used to
grind tissues into fine powder. 10 µL of 0.5 M NaOH were added to each tube and
incubated at 100°C for 30 seconds. 100 µL of buffer containing 200 mM pH 8.0 Tris and
1 mM EDTA were then used to neutralize to give the DNA samples. 2 – 3 µL DNA was
used as PCR templates for a 30 µL reaction.
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2.4.1.2 High-quality DNA preparation for whole-genome sequencing
Seeds were grown on 0.5% (w/v) sucrose-supplemented plant nutrient media
covered with sterile filter paper. Genomic DNA was purified as described (Thole et al.,
2014). Seedlings were collected, blotted to remove excess moisture, and ground in liquid
nitrogen into fine powder using ceramic mortars and pestles. Plant tissue powder was
transferred into preheated (65°C) 7 mL Buffer S [110 mM Tris pH 8.0, 55 mM EDTA pH
8.0, 1.54 M NaCl, 1.1% (w/v) CTAB] and vortexed to homogenize. Sodium dodecyl
sulfate (20% SDS, 0.7 mL) was added and the tube was incubated at 65°C for at least 2
hours. A chloroform and isoamylalcohol mix (24:1) then was added to the 14 mL mark
and the tube was inverted slowly for 15 minutes. The tube was centrifuged at 3000 rpm
for 20 minutes and the top aqueous phase was transferred to a new 15 mL tube. The
chloroform extraction steps were done twice. Isopropanol (0.6X of the aqueous phase
volume) was then added and the tube was inverted for 2 minutes until no schlieren lines
were visible. The tube was centrifuged at 3000 rpm for 5 minutes and the supernatant
was discarded. Tris (4 mL, 10 mM, pH 8.0) was added and the tube was stored overnight
at 4°C.
The tube was incubated at 45°C water bath to dissolve DNA, and 2 µL 20 mg/mL
RNaseA (Ribonuclease A; Sigma, R4875) was added and incubated at 37°C for 1 hour.
Chloroform (8 mL) was then added and the tube was inverted for 10 minutes. The tube
was centrifuged at 3000 rpm for 15 minutes and the aqueous phase was transferred to a
new 15 mL tube. Sodium acetate (0.1X of the aqueous phase volume; 3 M, pH 5.2) was
added into the solution and mixed. Ethanol (2X of the volume; 95%, ice-cold) was added
and the tube gently was mixed for at least 2 minutes until no schlieren lines were visible.
The tube was centrifuged at 2000 rpm for 20 minutes and the supernatant was discarded.
Ethanol (3 mL; 70%) was added into the tube for 1 minute. The DNA pellet was pressed
by using pipet tips, the tube was centrifuged at 2000 rpm for 30 seconds, and the released
liquid was discarded. The steps to dehydrate DNA were repeated until the size was
reduced to 0.1 fold as the original pellet. The tube with DNA was put into 37°C without
the cap for 20 minutes, and 10 mM Tris (50 – 200 µL, pH 8.0) was added to dissolve the
DNA.
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Genomic DNA quality and quantity were inspected by using a NanoDrop
spectrophotometer and the DNA concentration was adjusted to 500 – 1000 µg/mL.
When using this high-quality DNA for PCR reactions, 1 µL DNA was added into 49 µL
sterile water, and 2 – 3 µL of the diluted DNA was used as PCR template for a 30 µL
reaction.
2.4.2 Gene sequencing
Specific gene fragments (~1 kb) were amplified using PCR and sequenced (Lone
Star Labs, Houston Texas) using the forward and reverse PCR primers.
Whole-genome sequencing was performed at the Washington University Genome
Technology Access Center using Illumina HiSeq 2000. Because EMS induces G-to-A or
C-to-T transitions in Arabidopsis (Greene et al., 2003), Joseph Faust developed a script to
identify such mutations. Insertions and deletions, mutations in mitochondrial or
chloroplastic DNA, mutations in non-coding or regulatory regions, mutations causing
synonymous codon changes, and non-EMS point mutations were set aside. Homozygous
and heterozygous mutations in coding sequences (non-synonymous), splicing
donor/acceptor, and introns were retained. Peroxisome-related genes with EMSconsistent mutations were prioritized for further investigation.
2.5 Protein analysis
2.5.1 Immunoblotting
2.5.1.1 Electrophoresis, transfer, antibody incubation
Extracts from seedlings grown on 0.5% sucrose-supplemented plant nutrient
media in the indicated growth conditions were processed for immunoblotting. Frozen
seedlings were ground with plastic pestles in 1.7 mL tubes, and two volumes of 2X
sample buffer (500 mM Tris pH 8.0, 4% [w/v] lithium dodecyl sulfate, 1 mM EDTA,
20% [w/v] glycerol, 0.44 mM Coomassie blue G250, 0.332 mM phenol red) were added.
Tubes with protein extracts were vortexed. Supernatants after centrifugation (4°C,
13,200 rpm, 5 minutes) were transferred to new tubes, and dithiothreitol (DTT) was
added to 50 µM final concentration. Samples were heated at 100°C for 5 minutes. Equal
volumes of samples, Cruz markers (Santa Cruz Biotech, sc-2035), and pre-stained
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markers (New England Biolabs, P7708S) were loaded onto NuPAGE or Bolt 10% (w/v)
Bis-Tris gels (Invitrogen) and electrophoresed in 50 mM MOPS free acid, 50 mM Tris
base, 0.1% (w/v) SDS, 1 mM EDTA. Proteins were transferred to Hybond-ECL
nitrocellulose membranes (Amersham Hybond ECL, RPN303D) in transfer buffer (25
mM Bicine, 25 mM Bis-Tris, 1 mM EDTA, 0.05 mM Chlorobutanol, 10% [v/v]
methanol) at 24V for 45 minutes prior to blocking in 8% non-fat dry milk in Trisbuffered saline with Tween-20 (20 mM Tris pH 7.5, 150 mM NaCl, 0.1% [v/v] Tween20). Membranes were incubated overnight with the indicated antibodies listed in Table
2.6 diluted in blocking buffer. Membranes were rinsed 3 times for 5 minutes with Trisbuffered saline with Tween-20, and corresponding horseradish peroxidase-linked goat
anti-rabbit, rat, or mouse antibodies (1:5000 in blocking buffer, Santa Cruz
Biotechnology sc-2030, 2032, 2031, respectively) were incubated at 4°C for 4 – 6 hours.
Membranes were rinsed 3 times for 5 minutes with Tris-buffered saline with Tween-20,
and antibodies were visualized by Western Bright ECL substrate (Advansta K-12045)
and exposed on autoradiography film (Genesee 30-810C). Films were scanned in a
flatbed scanner to obtain images.
2.5.1.2 MG132 treatment
A proteasome inhibitor, MG132, was used to dissect proteasome involvement in
protein accumulation. About 50 seedlings at the indicated ages were transferred to 750
µL 0.5% sucrose-supplemented liquid plant nutrient media with 50 µM MG132 or the
same volume of DMSO in 12-well plates. Plates were wrapped in aluminum foil and
incubated at the indicated temperature for 24 hours. Seedlings were collected, blotted to
remove excess moisture, and processed for immunoblotting.
2.5.1.3 Sequential leaf sample collection
Seeds were grown on 0.5% sucrose-supplemented plant nutrient media at least 1
cm apart from each other, and plates were incubated in constant white light at 22°C for
15 days. The third and forth true leaves, the first and second true leaves, and cotyledons
were separately pooled from 10 to 15 individuals. Leaves and cotyledons were processed
for immunoblotting.

49

2.5.2 Native immunoblotting
Seeds were placed on 0.5% sucrose-supplemented plant nutrient media, and the
plates were grown in constant white light for 8 days. Seedlings were collected, blotted to
remove excess moisture, and stored at -80°C until use. Frozen seedlings were ground in
1.7 mL tubes with plastic pestles, and corresponding volume of 4X NativePAGETM
sample buffer (50 mM Bis-Tris, 141 mM HCl, 10% [w/v] glycerol, 50 mM NaCl, and
0.001% [w/v] Ponceau S) with 1% n-dodecyl β-D-maltoside (DDM) was added. The
tubes were put on ice for 15 minutes to solubilize proteins. After centrifugation (13,200
rpm at 4°C for 5 minutes), supernatants were transferred to new tubes and Coomassie G250 was added to final concentration as 0.5% (w/v).
Equal volumes of NativeMarkTM unstained protein standard and extracts were
loaded onto NativePAGETM Novex Bis-Tris gels and electrophoresed at 4°C in Dark
Blue Cathode Buffer (50 mM Bis-Tris, 50 mM Tricine, 0.02% Coomassie G-250) until
the dye front was one third into the gel. Light Blue Cathode Buffer (50 mM Bis-Tris, 50
mM Tricine, 0.002% Coomassie G-250) was used to finish the electrophoresis.
Proteins transfer and antibody incubation were as described in the
immunoblotting section.
2.5.3 Organelle fractionation
Equal weights (750 mg) of 5-day-old dark-grown seedlings were cut with scissors
in 1 mL ice-cold fractionation buffer (150 mM pH 7.6 Tris, 100 mM sucrose, 10 mM
KCl, 1 mM EDTA, 1 mM DTT, 1 mM phenylmethyl sulfonyl fluoride [from a freshly
made stock in isopropanol], 16.7 µL plant protease inhibitor cocktail [Sigma P9599], 1
mM N-ethylmaleimide [from a freshly made stock in ethanol]) on ice for 5 minutes. The
chopped tissue and buffer were transferred to a 1 mL Dounce homogenizer (VWR
62400-595), homogenized for 20 strokes, and filtered through a ~3 x 3 cm Miracloth
(Calbiochem). Extracts were cleared by a low-speed centrifugation (50 x g, 10 minutes)
to give homogenates. After a high-speed centrifugation (15,300 x g, 20 minutes), the
supernatants were removed. The pellets were resuspended and spun at high speed
(15,300 x g, 20 minutes) to separate the wash supernatants and final pellets.
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Corresponding volumes of 4X loading buffer were added, and equal volumes of each
fraction were used for electrophoresis and immunoblotting with the indicated antibodies.
2.5.4 Pull-down assay
Seeds were grown on 0.5% sucrose-supplemented plant nutrient media in constant
white light for 5 days. About 200 seedlings were then incubated in 10 µM MG132 in the
dark for 2 hours. The seedlings were blotted to remove excess moisture, ground into
powder in liquid nitrogen, and 500 µL lysis buffer (10 mM pH 7.5 Tris, 150 mM NaCl,
0.5 mM EDTA, 0.5% [v/v] Triton X-100, 10 mM iodacetamide, 1 mM PMSF, 5.25 µL
plant protease inhibitor cocktail [Sigma P9599]) was added. After centrifugation (13,500
rpm, 10 minutes, 4°C), the supernatant was transferred to new tubes. About 35 µL
supernatant was mixed with 35 µL of 2X sample buffer; this was used as input on
subsequent immunoblots. Anti-HA affinity matrix (30 µL per sample; Sigma
11815016001) was resuspended in 500 µL dilution buffer (10 mM pH 7.5 Tris, 150 mM
NaCl, 0.5 mM EDTA) and spun at 1800 rpm for 2 minutes at 4°C. The matrix
equilibration steps were done three times. The supernatant then was added into
equilibrated anti-HA affinity matrix and the tubes were mixed for 1 – 3 hours at 4°C.
Centrifugation (1350 rpm, 2 minutes, 4°C) was performed to separate supernatant and
pellet. About 35 µL supernatant was set aside and mixed with 35 µL of 2X sample
buffer; this was used as unbound. The pellet was washed with 500 µL dilution buffer
twice and spun at 1350 rpm for 2 minutes at 4°C. Anti-HA affinity matrix with bound
proteins was suspended in 50 µL 2X sample buffer and incubated at 100°C for 10
minutes. Anti-HA affinity matrix was separated by centrifugation (1800 rpm, 2 minutes,
4°C) and the supernatant was used as bound.
2.5.5 PEX4 antibody development
A rabbit antiserum was generated against a peptide from near the C-terminus of
PEX4 (C126-N141, CDSGNLLRSGDVRGFN) and affinity purified by Bethyl
Laboratories (Montgomery, TX). This antibody recognized an ~18 kDa protein in
immunoblots of wild-type seedling extracts that was not detected in pex4-2, which carries
an intronic G-to-A mutation 18 base pairs upstream of the fourth exon of PEX4.
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2.6 Confocal microscopy analysis
Wild type and mutants carrying GFP-PTS1 were mounted in water under a cover
glass (Fisherbrand 12-544-E). GFP fluorescence was detected using a Carl Zeiss
LSM710 laser scanning confocal microscope equipped with a META spectral detector.
Tissues were imaged using a 40X oil immersion objective. GFP was excited with a 488
nm argon laser, and GFP emission was collected between 493 nm and 530 nm.
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Primer names

LB1-SAIL
ATG7-24

ATG7-23
ATG7-Tsp45I

LB1-SALK
CAT2-2

CAT2-1
CAT2-2

LB1-SALK
R005

R005
R006

EIN2-1
EIN2-BsmAI

LB1-SALK
LON2-17

LON2-17
LON2-16

R814-1
R814-2

R123-PED1-F
R123-PED1-R

PED1-007
PED1-DpnII

Genotyping marker

atg7-3

ATG7

cat2-1

CAT2

deg15-1

DEG15

ein2-1

lon2-2

LON2

ped1-4

ped1-5

ped1-7
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GAAATTCCAGCCAAGTAAGTGATG
CGTAGCTTTGTAAGTAATTATTACCGA

GCTGCGTTCTATGCTGGTTTC
GCTGCGTTCTATGCTGGTTTC

TGAGGGTCTGTCGCTATCTTTTCT
AGTTCTGACAGCCACGGTTTCT

TGATTCCTTACCATATGGGCCAACACAGTCC
AGTCTTGTTCTCGGTATTGCATTGGGGGTAG

CAAACCAGCGTGGACCGCTTGCTGCAACTC
TGATTCCTTACCATATGGGCCAACACAGTCC

TTCTCCATGCTAACAATCTTCTCCACAGG
AGAGTTGGATGTAAAGTACTCTACGTCT

CCTCCCTGTGGTGATGATTTATGAAGCC
TGGCCATGAAGTTAGCGTTGTGTG

CAAACCAGCGTGGACCGCTTGCTGCAACTC
CCTCCCTGTGGTGATGATTTATGAAGCC

TTCTTACAACTCTCCCTTCTTCACCACCAAC
ACAAGATCAAAGTTCCCCTGCATACAAAG

CAAACCAGCGTGGACCGCTTGCTGCAACTC
ACAAGATCAAAGTTCCCCTGCATACAAAG

GTTGCCATGTCTAATCCAGTCAGG
GTTGCCATGTCTAATCCAGTCAGG

GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC
GTTGCCATGTCTAATCCAGTCAGG

Primer sequences

Table 2.3 PCR-based genotyping markers used in this thesis.

DpnII

AluI

HinfI

-

-

BsmAI

-

-

-

-

-

-

Restriction
enzyme

125

90, 265

105, 218

350

-

158

487

-

~500

-

539

100

90, 157, 108

105, 163, 55

-

~350

186

-

246

-

~600

-

Product size
Mutant or
Wild type
transgene
~350

Primer names

PED1-16
PED1-17

PEX2-18
PEX2-DpnII

PEX4-A
PEX4-B

PEX4-16
PEX4-dCAPS-RsaI

PEX5-B
PEX5-32

LB1-SALK
PEX5-21

PEX5-21
PEX5-3

F10O3-7
F10O3-T

PEX6-19
PEX6-AvaII

PEX6-3F1
PEX6-3R2

PEX6-4F
PEX6-4R

PEX7-N8
PEX7-Tsp45I

PEX10-11
PEX10-PstI

Genotyping marker

ped1-96

pex2-1

pex4-1

pex4-2

pex5-1

pex5-10

PEX5

pex6-1

pex6-2

pex6-3

pex6-4

pex7-2

pex10-2
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CGTTGAAGTTGAATCGGAGGTAGAC
AATATAGTTTTGGTATTGTTCCTGCA

CTCCAGAAGCAGAAGCAAACACATCAC
CAATCCCACGCGGCGCGATTCGTTTGTCA

TTACAGGGAAAGGTTAGG
GCCTGAAACCAAGCATC

AACAGACCTGACTTGATTGAT
GTCAAAAACAAGAATCAGGAAG

AGGAACCTTTGATCTATACACCAGT
AGTGAATCACTCCCAAACCGCCCTGGTC

CAGACTTTACTGGCAAAAGCTGTGGCG
GCTTGCACCTATAATAAACAGATCCTGGG

GATATCAAATGCGACTCAAACACTGATGAC
GTCGTTGGCTGAATATTTTGTTCGGC

CAAACCAGCGTGGACCGCTTGCTGCAACTC
GATATCAAATGCGACTCAAACACTGATGAC

TCATCAATAATAAGTTCACCACGGCTCATCT
GTTGGACGACATATCTCTTTTCTGG

ATTCGGGTTGCTTCAGTTCG
CTTAGAAGATTCCCTTTTTTCCATAGCAAG

TGCATCTCTTTTTATAACAACCTTCTCC
GAACTAGAACCGAACGGGAACCAAACC

TGCGTTGCCTCCGTTGGTGGTCAG
CATACAGACCTGCTCAGAATCACCCGAT

ATCTGGGCTTCAGGCTGTTGCTGAT
TGCCTTTCTGTGCGAGTCAACCTA

Primer sequences

PstI

Tsp45I

HhaI

BstNI

AvaII

XhoI

-

-

EcoRI

RsaI

MnlI

DpnII

HinP1I

Restriction
enzyme

92

141

180,40

134, 38

62

270, 115

541

-

77,59,117

139

201, 91

65

120

170

220

172

91

385

-

405

77, 176

108,31

292

93

Product size
Mutant or
Wild type
transgene
305, 197
502

Primer names

PEX12-dCAPS-F
PEX12-dCAPS-HindIII-R

LB1-SALK
PEX13-1

PEX13-1
PEX13-2

PEX13-19
PEX13-HinfI

PEX14-A
PEX14-B

LB1-SALK
PED2-9

PED2-9
PED2-1

LB1-SALK
PEX14-6

PEX14-1
PEX14-2

PED2-1
PED2-AvaII

PEX14-17_NruI
PED2-2

PEX14-14-DdeI
PEX14-5

PEX14-12
PEX14-13

Genotyping marker

pex12-1

pex13-1

PEX13

pex13-4

pex14-1

pex14-2

PEX14

pex14-3

PEX14

pex14-6

pex14-11

pex14-12

pex14-17
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AATCAATATCTTATTGAAGTGAG
GCTGCAGCTACAGCTTCTTCAG

CATTAAACTCGTATTCTCTCTTATTCTCA
GCGCCGCTGTTGTTGTCTCGTATCC

ACAGGCAGCTTTTCTCTCTCGGTTTCGCG
CTTAATGGCCTAACCATTTTATCCCAC

CATCCTCATCATCTCTCATCAT
GAAATAATGATTAGAAGGTGTAAATTGGAC

GGCGCCCCCTCATCCAAAGTCATAC
TCCGTGGATCTAGGGTTTTTCTGTTGC

CAAACCAGCGTGGACCGCTTGCTGCAACTC
GCCGCCCAATCCAAACCAACCACTA

GCTTGCTGAACCTCATTAGCAGGCTTAGTAGCC
CATCCTCATCATCTCTCATCATCGAGATTC

CAAACCAGCGTGGACCGCTTGCTGCAACTC
GCTTGCTGAACCTCATTAGCAGGCTTAGTAGCC

GTGATCATTTCTGGACTTTTCTTGCTTGTTC
GTAACTAGACCCTCCATGACTCCCGATAAG

CTTATAGATCAAAACACACAGGCCTTTCACATG
AAGCATACGCAGTACAAATCTTGCTGATT

AGAATTCAATAAATCGAGACCCTAAAAT
TATAGGGGCTGATACATAATAACCTAAAA

CAAACCAGCGTGGACCGCTTGCTGCAACTC
AGAATTCAATAAATCGAGACCCTAAAAT

AGCTTGGTTACTGCCTTTTT
AACAGAAAGCTCTTCATTCCCACTAAGCT

Primer sequences

AvaII

DdeI

NruI

AvaII

-

-

-

-

HindIII

HinfI

-

-

HindIII

Restriction
enzyme

70, 89

26, 113

243

150

563

-

~500

-

71, 158

180

285

-

159

139

27, 216

180

-

~400

-

~600

71, 139

211

-

300

Product size
Mutant or
Wild type
transgene
201
171, 30

Primer names

PEX26-1 MseI F
PEX26-9

T5J17-24
T5J17-25

R109-1
R109-AvaII

35S-F
GFP-1

35S-F
GFP-1

PEX4-24
PEX4-25

PEX5-38
PEX5-39

35S-F
PEX7-22

PEX12-CFP-F
PEX12-CFP-R

ICL-1
ICL-2

Genotyping marker

pex26-1

pxa1-1

pxn-4

35S:GFP-PTS1

35S:PMDH1-GFP

35S:PEX4c

35S:PEX5

35S:PEX7

35S:PEX12-CFP

pICL:GFP-ICL
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GGCTGCATCTTTCTCTGTCC
ATCTCGTTCGAAGCATAGCC

TGTTGTTTCAGGTGGGAGGTG
GAATAAGCATCAGAGCAGCAAAGA

GGATGACGCACAATCCCACTATCCTTCG
AGGCGTGACTCGTAGAATGGACTG

TGAAGACCAACAGATAAGG
CCCATTGGAGGCATAGG

GATTCTTGACCAAGATATTCCAT
ATAGCTCTACACACAGACTGAAG

GGATGACGCACAATCCCACTATCCTTCG
TTGAAAAGCATTGAACACCATAAGAGAAAGT

GGATGACGCACAATCCCACTATCCTTCG
TTGAAAAGCATTGAACACCATAAGAGAAAGT

CGGAGCTGTGGCGAAACTCGG
AATCATTTTCAGAATCGCGTCCAATGGTC

ATGGGAGTCACTTTCATAACCTCATCTCAA
CCATCAATCAGCCTTAGCTCCAAGGAATGG

GATGCTACACTAAACTGTCTATTTTA
CATCATTCTTTTCATTACCCAACGACTTCTT

Primer sequences

-

-

-

-

-

-

-

AvaII

SmlI

MseI

Restriction
enzyme

299

284

-

264

200

-

-

196, 29

150

183

284, 186

158

168

200, 118

~500

321

225

180

Product size
Mutant or
Wild type
transgene
154
128, 26

CAAAATCCTGAAGTGGCTCTGTAG
ATTTCGATTTCGTTTTTGTG

LCS1127-1
LCS1127-2
T14L22-L7
T14L22-L8
SNP10592-1
SNP10592-D1
SEC238-1
SEC238-2
SEC241-1
SEC241-PvuII
SEC244-1
SEC244-AvaII
SEC245-1
SEC245-RsaI
SEC246-1
SEC246-RsaI
nga6172-1
nga6172-2
F22F7-3
F22F7-4
SEC304-1
SEC304-RsaI

T14L22
(At1g51913)

SNP10592
(At1g69250)

SEC238
(At2g18950)

SEC241
(At2g20770)

SEC244
(At2g25095)

SEC245
(At2g28360)

SEC246
(At2g32340)

nga172
(At3g03340)

F22F7
(At3g05520)

SEC304
(At3g06654)
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CAAAAATTCCAAGAAGAGTACAAGAGGAC
TAGAAAAAGAACAGTAGAGTAATTTGAGTA

GTGATGCATGAACCTGATCTTAAATCCTAC
CTGATATCTACATGCAACACTCTTATGCTG

TACATCCGAATGCCATTGTTCCTATCATTG
AGCACATCAAGCTGCTTCCTTATAGCGTCC

TTTACCTGTTCCGCCAATCACTCCTC
GAACCTGCGTCGCTATCTGCTTCCTCCGTA

CTGCAGCTTCGTTTCTAGGATATTTGGTCAT
CTATAAGAATTGAAGAAAGGCGATGAAGTA

TAAAAATAGTAAACTTGTCCCGATAAA
GTCGATAGATTCACGGACGTATTAGAAAGG

CAACTCAAACTTATTCACCATCAAACAACAA
TATCTCTTCCTTGACATGGTCGACCCAGCT

GAGTTCTGCGTTGTGATTCGAGTAAAGTTG
GAAAACCTGTAAAACGCATCTAACGAGTC

AGCGACGGCAACCTAAAAAAGTAAAG
AGGTTCAAGCACATTGATGATACTCTGTA

GAAAAATTAAAGCCCAACC
CACCCGCAAACACAACAACC

Primer sequences

Primer names

Mapping marker
(nearest gene)
LCS1127
(At1g32130)

Table 2.4 PCR-based recombinant mapping markers used in this thesis.

RsaI

EcoRV

-

RsaI

RsaI

AvaII

PvuII

DdeI

RsaI

HinfI

Restriction
enzyme
TaqI

156

130, 320

170

114

116

197

177

145, 69

115

~700

206

Col

128

450

150

141

144

225

204

214

144

~450, ~250

138

Ler

Table 2.5 Summary of pools of mutagenized seeds and genetic backgrounds.
Screen

Screening purpose

Mutagenized pool used (# of pools screened)

CS

pxa1-1 suppressor

pxa1-1 (17)

FTS

pex5-10 suppressor

pex5-10 (9)

SB

salt and IBA resistance

wild type carrying GFP-PTS1 (32);
wild type carrying PMDH1-GFP (32)

TS

pex5-1 suppressor

pex5-1 (10)

YT

benzylhydrazine target

wild type carrying GFP-PTS1 (16)
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Table 2.6 Summary of antibodies used in this thesis.
Target

Predicted
size (kDa)

Antigen
host

Dilution

(Reference) or [Vendor]

APX3

31

rabbit

1:1000

(Corpas et al., 1994;
Lisenbee et al., 2003)

ATG7

77

rabbit

1:1000

(Doelling et al., 2002)

CAT

57

rabbit

1:20000

(Kunce et al., 1988)

GFP

varies

mouse

1:100

[Santa Cruz Biotechnology,
sc-9996]

HA

varies

rat

1:100

[Roche 3F10]

HSC70

71

mouse

1:100000

[Stressgen SPA-817]

HPR

42

rabbit

1:10000

[Agrisera AS111797]

ICL

64

rabbit

1:1000

(Maeshima et al., 1988)

mitochondrial
ATP synthase

56

mouse

1:2000

[MitoScience MS507]

MLS

64

rabbit

1:25000

(Olsen et al., 1993)

PED1

49, 45

rabbit

1:5000 –
1:10000

(Lingard et al., 2009)

PEX1

124

rabbit

1:250

(Rinaldi, 2016)

PEX2

38

rabbit

1:500

(Burkhart et al., 2014)

PEX4

18

rabbit

1:100

(Kao and Bartel, 2015)

PEX5

81

rabbit

1:100

(Zolman and Bartel, 2004)

PEX6

103

rabbit

1:800

(Ratzel et al., 2011)

PEX7

35

rabbit

1:800

(Ramón and Bartel, 2010)

PEX10

43

rabbit

1:500

(Burkhart et al., 2014)

PEX13

31

rabbit

1:100

(Woodward et al., 2014)

PEX14

56

rabbit

1:10000

[Agrisera AS08 372]

PMDH2

39, 34

rabbit

1:2000 –
1:5000

(Pracharoenwattana et al.,
2007)
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End of Chapter 2

60

CHAPTER 3: GENETIC INTERACTIONS BETWEEN PEROXIN12 AND OTHER
PEROXISOME-ASSOCIATED UBIQUITINATION COMPONENTS
Parts of this chapter (Figure 3.1 – 3.8 and 3.12) have been published (Kao et al., 2016).
3.1 Introduction
Peroxisome-associated ubiquitination machinery is involved in recycling PEX5 to
enable further rounds of cargo recruitment after cargo delivery (Thoms and Erdmann,
2006). PEX5 ubiquitination is best understood in yeast. In Saccharomyces cerevisiae,
Pex5 is monoubiquitinated through the action of the peroxisome-tethered ubiquitinconjugating enzyme Pex4 and the peroxisomal ubiquitin-protein ligase Pex12 (Platta et
al., 2009) and returned to the cytosol with the assistance of a peroxisome-tethered
ATPase complex containing Pex1 and Pex6 (Grimm et al., 2012). S. cerevisiae Pex5 also
can be polyubiquitinated and targeted for proteasomal degradation (Kiel et al., 2005).
The cytosolic ubiquitin-conjugating enzyme Ubc4 cooperates with the peroxisomal
ubiquitin-protein ligase Pex2 to polyubiquitinate Pex5 (Platta et al., 2009). Pex10 also
has ubiquitin-protein ligase activity (Williams et al., 2008; Platta et al., 2009; El
Magraoui et al., 2012), but whether Pex10 directly ubiquitinates Pex5 is controversial.
Pex10 promotes Ubc4-dependent Pex5 polyubiquitination when Pex4 is absent (Williams
et al., 2008); however, Pex10 is not essential for Pex5 mono- or polyubiquitination (Platta
et al., 2009) but rather enhances both Pex4/Pex12- and Ubc4/Pex2-mediated
ubiquitination (El Magraoui et al., 2012). Recycling of the PTS2 receptor PEX7 is less
understood, although the Pex5 recycling pathways are implicated in shuttling and
degrading Pex7 in Pichia pastoris (Hagstrom et al., 2014).
Although PEX5 ubiquitination has not been directly demonstrated in plants, the
implicated peroxins are conserved in Arabidopsis, and several have been connected to
PEX5 retrotranslocation. The three Really Interesting New Gene (RING) peroxins
(PEX2, PEX10, and PEX12) from Arabidopsis each possesses in vitro ubiquitin-protein
ligase activity (Kaur et al., 2013). Null mutations in the RING peroxin genes confer
embryo lethality in Arabidopsis (Hu et al., 2002; Schumann et al., 2003; Sparkes et al.,
2003; Fan et al., 2005; Prestele et al., 2010), necessitating other approaches to study the
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in vivo functions of these peroxins. Expressing RING peroxins with mutations in the Cterminal zinc-binding RING domains (ΔZn) confers matrix protein import defects for
PEX2-ΔZn and photorespiration defects for PEX10-ΔZn but no apparent defects for
PEX12-ΔZn (Prestele et al., 2010). Targeting individual RING peroxins using RNAi
confers β-oxidation deficiencies and impairs PTS1 cargo import (Fan et al., 2005; Nito et
al., 2007). A screen for delayed peroxisomal matrix protein degradation (Burkhart et al.,
2013) uncovered a missense pex2-1 mutant and a splicing pex10-2 mutant that both
display PTS1 import defects (Burkhart et al., 2014), suggesting roles in regulating the
PTS1 receptor, PEX5. A missense pex12 mutant (aberrant peroxisome morphology 4,
apm4) has defects in β-oxidation and PTS1 import and increased membrane-associated
PEX5 (Mano et al., 2006). These findings highlight the essential roles of the RING
peroxins in Arabidopsis development and peroxisomal functions, but the RING peroxin
interactions and the individual roles of the RING peroxins in PEX5 retrotranslocation
remain incompletely understood.
In this chapter, I describe a missense pex12-1 mutant recovered from a forwardgenetic screen for β-oxidation deficient mutants. The pex12-1 mutant displayed severe
peroxisomal defects, including reduced growth, β-oxidation deficiencies, matrix protein
import defects, and inefficient processing of PTS2 proteins. Comparing single and
double mutants with impaired RING peroxins revealed that each RING peroxin
contributes to complex stability and influences PEX5 accumulation. Furthermore,
decreasing PEX4 function ameliorated pex12-1 defects, suggesting that the Glu-to-Lys
substitution in pex12-1 lures ubiquitination, perhaps by pex12-1 itself, leading to PEX4dependent degradation of the mutant protein.
3.2 Isolation of a mutant defective in PEX12
To identify genes important for peroxisome function, Wendell Fleming and
Meredith Ventura screened the progeny of ethyl methanesulfonate (EMS)-mutagenized
seeds for mutants displaying elongated IBA-resistant hypocotyls (HR) in the dark
(Strader et al., 2011) and assessed the resultant putative mutants for incomplete
processing of PTS2 proteins to enrich for mutants defective in peroxins rather than βoxidation enzymes. Meredith Ventura mapped the causal lesion in one such mutant
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Figure 3.1 Identification of pex12-1.
(A) The causal mutation in an IBA-resistant mutant was mapped to an interval on the top
of chromosome 3 that included PEX12 (At3g04460). The number of recombinants at
each marker over the number of chromosomes assayed is indicated. A schematic of the
PEX12 gene with exons indicated as rectangles and introns as lines is shown above the
portion of exon 4 containing the pex12-1 mutation.
(B) Whole-genome sequencing identified a missense mutation in PEX12. Gene
identifiers are shown at their positions on the five Arabidopsis chromosomes for genes
containing homozygous mutations consistent with EMS mutagenesis in introns (gray
text) or in exons and resulting in nonsynonymous amino acid changes (black or blue
text). The seven genes with mutations within the chromosome 3 mapping interval
defined in panel A are indicated with asterisks.
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(C) PEX12 protein diagram with predicted transmembrane domains (TMD) in dark blue,
the RING domain in purple, and the position of the pex12-1 Glu171 to Lys substitution in
light blue.
(D) PEX12 amino acid alignment with the positions of the pex12-1, apm4 (Mano et al.,
2006), and a T-DNA insertion line (Salk_013612) confering embryo lethality (Fan et al.,
2005). The MegAlign program (Clustal W; DNASTAR) was used to compare
Arabidopsis thaliana (At) PEX12 with orthologs from Oryza sativa (Os10g0467200;
NP_001064809.1), Physcomitrella patens (XP_001757098.1), Homo sapiens
(O00623.1), and Saccharomyces cerevisiae (NP_013739.1). Identical residues in three or
more sequences are boxed in black; chemically similar residues are highlighted in gray.
The predicted transmembrane domains are marked in dark blue, and the RING domain is
highlighted in purple.
(Data for this figure were collected by Meredith Ventura [panel A] and Wendell Fleming
[panel B].)
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(HR390) to a region on the top of chromosome 3 (Figure 3.1A). Sequencing the genomic
DNA prepared from backcrossed mutant lines identified seven homozygous EMSconsistent intronic or non-synonymous coding-sequence mutations in the mapping
interval (Figure 3.1B), including a mutation in PEX12 (At3g04460). HR390 was named
pex12-1. This missense mutation in exon 4 would cause a Glu-to-Lys substitution at
position 171 in the pex12-1 protein (Figure 3.1C and D). Although Glu171 is not in a
highly conserved region of the PEX12 protein, it is intriguing that the previously
described apm4 mutant (Mano et al., 2006) carries an Arg-to-Lys substitution just one
residue upstream (Figure 3.1D), indicating that an ectopic Lys residue is not tolerated in
this region of PEX12.
3.3 The pex12-1 mutant displays severe peroxisome defects
Wendell Fleming compared the phenotypes of pex12-1 to mutants defective in
other peroxins implicated in recycling or degrading the PTS1 cargo receptor, PEX5.
PEX12 is part of a peroxisomal membrane complex of three RING-family ubiquitinprotein ligases (PEX2, PEX10, PEX12; Fan et al., 2005; Mano et al., 2006; Kaur et al.,
2013; Burkhart et al., 2014) that together with the PEX4 ubiquitin-conjugating enzyme
are implicated in the PEX5 ubiquitination that allows retrotranslocation by the PEX1 and
PEX6 ATPases. Mutations in PEX2, PEX4, PEX6, PEX10, or PEX12 can cause
peroxisomal defects ascribed to impaired PEX5 recycling and consequent defects in
matrix protein import (Zolman and Bartel, 2004; Zolman et al., 2005; Mano et al., 2006;
Burkhart et al., 2013).
Wild-type seedling growth is fueled by peroxisomal β-oxidation of seed storage
lipids (Graham, 2008) and is similar with or without an exogenous carbon source such as
sucrose (Figure 3.2A and B). Mutants with defective peroxisomes that inefficiently
metabolize fatty acids display reduced growth that can be partially ameliorated by
providing sucrose (Hayashi et al., 1998; Zolman et al., 2000; Zolman et al., 2001). As
previously reported (Zolman and Bartel, 2004; Zolman et al., 2005; Burkhart et al.,
2014), some mutants defective in peroxisomal ubiquitin-dependent machinery, pex4-1
and pex6-1, displayed growth defects without sucrose whereas pex2-1 and pex10-2
resembled wild type in this assay (Fig 3.2A and B). Wendell Fleming found that pex12-1
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Figure 3.2 pex12-1 seedlings display severe peroxisome-related physiological defects.
(A) pex12-1 seedlings are resistant to the inhibitory effects of IBA on dark-grown
hypocotyl elongation. Seedlings were grown under yellow-filtered light for 1 day
followed by 5 days in the dark with the indicated supplements. Mean hypocotyl lengths
and standard deviations are shown (n ≥ 15).
(B) pex12-1 seedlings are resistant to the inhibitory effects of IBA on light-grown
primary root growth. Seedlings were grown under yellow-filtered light for 7 days with
the indicated supplements. Mean root lengths and standard deviations are shown (n ≥
15).
(C) pex12-1 seedlings are resistant to the stimulatory effects of IBA on light-grown
lateral root formation. Five-day-old light-grown seedlings were moved to 0.5% sucrosesupplemented plant nutrient media with or without IBA and grown for 4 days. Mean
lateral roots per millimeter root length and standard deviations are shown (n ≥ 13).
(Data for this figure were collected by Wendell Fleming.)
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displayed more prominent growth defects without sucrose than other available mutants in
the peroxisomal ubiquitination machinery (Figure 3.2A and B).
Peroxisomes also house phytohormone β-oxidation, providing a second assay to
evaluate peroxisome function (Zolman et al., 2000). In wild type, IBA treatment inhibits
cell elongation (Strader et al., 2011) because IBA is β-oxidized to IAA (Strader et al.,
2010), resulting in short dark-grown hypocotyls (Figure 3.2A) and light-grown roots
(Figure 3.2B). Mutants with impaired peroxisomes have slowed IBA-to-IAA conversion
(Strader et al., 2010) and display resistance to the inhibitory effects of IBA on root and
hypocotyl elongation (Zolman et al., 2000; Strader et al., 2011). Wendell Fleming found
that pex12-1 exhibited nearly complete IBA resistance in these assays, similar to pex6-1
(Figure 3.2A and B; Zolman and Bartel, 2004). In contrast, pex10-2 and pex4-1 roots
were moderately IBA resistant, and pex2-1 showed only slight IBA resistance (Figure
3.2A and B; Zolman et al., 2005; Burkhart et al., 2014). IBA-derived IAA also
stimulates lateral root formation in wild type (Zolman et al., 2000; Strader et al., 2011).
Like pex6-1, pex12-1 was completely resistant to IBA-induced lateral root production
whereas pex2-1, pex10-2, and pex4-1 showed intermediate resistance in this assay (Figure
3.2C).
Peroxisome-related physiological defects are often associated with defects in
matrix protein import, which can be evaluated by immunoblotting or microscopy. After
import into the organelle, PTS2 proteins are proteolytically cleaved by the DEG15
protease to remove the N-terminal PTS2-containing region (Helm et al., 2007;
Schuhmann et al., 2008). The molecular mass shift between full-length and cleaved
PTS2 cargo can be monitored by immunoblotting as a proxy for matrix protein import
(Figure 3.3; Woodward and Bartel, 2005a). Because DEG15 is a PTS1 protein
(Reumann, 2004) and because the two cargo receptors are interdependent in plants
(Hayashi et al., 2005; Woodward and Bartel, 2005a; Ramón and Bartel, 2010), robust
PTS2 processing requires both PTS1 and PTS2 import. Unlike wild-type seedlings,
which fully process thiolase and peroxisomal malate dehydrogenase (PMDH), mutants
defective in components of the peroxisomal ubiquitin-dependent machinery display
various degrees of impaired processing (Zolman et al., 2005; Mano et al., 2006; Ratzel et
al., 2011; Burkhart et al., 2014); pex2-1 and pex6-1 accumulated high levels of PMDH
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precursor and detectable thiolase precursor whereas pex10-2 and pex4-1 displayed minor
defects in this assay (Figure 3.3A). Wendell Fleming found that pex12-1 seedlings also
accumulated PTS2-containing precursor proteins, displaying more severe defects than the
previously characterized mutants defective in peroxisomal ubiquitination machinery
(Figure 3.3A). For all mutants assayed, PMDH processing appeared to be more severely
impaired than thiolase processing (Figure 3.3A). This difference may reflect varying
import efficiencies of different PTS2 cargo proteins or varying stabilities of mislocalized
cytosolic PTS2-containing proteins.
Wendell Flemining used a peroxisomally-targeted green fluorescent protein
(GFP-PTS1) to directly visualize matrix protein import in pex12-1. Unlike the typical
punctate GFP-PTS1 fluorescence observed in wild type (Figure 3.3B), cytosolic GFPPTS1 fluorescence in cotyledon epidermal cells in pex12-1 seedlings was detected
(Figure 3.3C), suggesting a nearly complete block of PTS1 cargo import into
peroxisomes.
The extreme defects in seedling growth, IBA responsiveness, PTS2 processing,
and PTS1 cargo import (Figure 3.2 and 3.3) suggested that the pex12-1 mutation severely
impairs peroxisome function, and so I decided to confirm that the pex12-1 mutation was
causal and undertake an analysis of how pex12-1 impacts levels of other peroxin proteins
and functioning of other peroxin mutants.
3.4 pex12-1 defects are rescued by PEX12-CFP
To confirm that the pex12-1 mutation was responsible for the observed defects, I
transformed a construct expressing PEX12-CFP driven by the cauliflower mosaic virus
35S promoter (Fan et al., 2005) into pex12-1 and characterized physiological and
molecular phenotypes of the transformed lines. I generated five independent pex12-1
35S:PEX12-CFP lines and found that PTS2-processing of PMDH and thiolase were fully
restored in four lines (Figure 3.4A). These lines also were sucrose independent and
displayed substantially restored IBA responsiveness (Figure 3.4B). The C2 line, which
accumulated less PEX12-CFP compared to other transformants, incompletely rescued
PTS2 processing (Figure 3.4A) and IBA responsiveness (Figure 3.4B), suggesting that
the threshold level of PEX12-CFP necessary for function was not achieved in this line.
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Figure 3.3 pex12-1 seedlings inefficiently process PTS2-containing proteins and display
matrix protein import defects.
(A) Extracts of 7-d-old light-grown seedlings were processed for immunoblotting with
the indicated antibodies. Thiolase and peroxisomal malate dehydrogenase (PMDH) are
synthesized as precursors (p); the N-terminal PTS2-containing region is cleaved to give
the mature (m) forms after import into peroxisomes. HSC70 was used to monitor protein
loading. The positions of molecular mass markers (in kDa) are indicated on the right.
(B, C) A transgene expressing peroxisomally-targeted green fluorescent protein (GFPPTS1) was introduced into wild type (B) and pex12-1 (C). Cotyledon epidermal cells
from 4-day-old light-grown seedlings were imaged for GFP using confocal microscopy.
Scale bar is 50 µm.
(Data for this figure were collected by Wendell Fleming.)
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Figure 3.4 Molecular and physiological defects of pex12-1 are rescued by a 35S:PEX12CFP transgene.
(A) Extracts of 8-day-old wild type, pex12-1, and pex12-1 35S:PEX12-CFP T3 lines were
processed for immunoblotting with antibodies to GFP (to detect PEX12-CFP), thiolase
and PMDH (to monitor PTS2 processing), and HSC70 (to monitor loading). PEX12-CFP
reactivity from a previous probing remains visible in the HSC70 panel.
(B) Wild type, pex12-1, and pex12-1 35S:PEX12-CFP T3 lines were grown under yellowfiltered light for 1 day followed by 4 days in the dark on plant nutrient media with the
indicated treatments. Mean hypocotyl lengths and standard deviations are shown (n ≥
10).
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This successful complementation confirmed that the pex12-1 mutation caused the
peroxisome-related defects that we observed.
3.5 RING peroxin defects destabilize PEX10 and elevate peroxisomal cargo receptor
levels
In yeast and mammals, the three RING peroxins interact with each other
(Okumoto et al., 2000; Hazra et al., 2002), and disruption of any one RING peroxin can
decrease the stability of the RING peroxin complex (Hazra et al., 2002; Agne et al., 2003;
Okumoto et al., 2014). However, this phenomenon had not been demonstrated in plants.
I was unable to monitor PEX12 levels in pex12-1 because we lacked a PEX12 antibody.
However, I was able to monitor PEX10 levels in the various mutants to assess whether
the plant RING peroxins exhibit interdependence. I found that not only pex10-2
(Burkhart et al., 2014) but also pex12-1 and pex2-1 seedlings had low PEX10 levels, with
the pex12-1 mutant showing several fold more marked PEX10 reduction than pex2-1
(Figure 3.5A). PEX10 levels were restored in the complementing pex12-1 35S:PEX12CFP lines (Figure 3.5C), indicating that the reduced PEX10 levels in the pex12-1 mutant
were attributable to the pex12-1 mutation. I concluded that both PEX12 and PEX2 are
important for PEX10 accumulation in Arabidopsis. In contrast to the reduced PEX10
levels in the RING peroxin mutants, I found nearly wild-type PEX10 levels in the pex6-1
mutant and slightly elevated PEX10 levels in the pex4-1 mutant (Figure 3.5A),
suggesting that PEX4 might directly or indirectly contribute to PEX10 turnover.
Although RING peroxins interact with each other, they have distinct functions
(Okumoto et al., 2000; Prestele et al., 2010; Burkhart et al., 2014). S. cerevisiae Pex12,
assisted by the Pex4 ubiquitin-conjugating enzyme, is implicated in monoubiquitinating
Pex5 to allow Pex5 recycling back to the cytosol for further rounds of cargo delivery
(Platta et al., 2009). S. cerevisiae Pex2 coupled with Ubc4 is involved in
polyubiquitinating Pex5, which targets Pex5 for proteasomal degradation (Platta et al.,
2009). S. cerevisiae Pex10 appears to assist both Pex2 and Pex12 in these roles (El
Magraoui et al., 2012). In Arabidopsis pex4, pex6, and pex12 mutants, PEX5 is retained
in the peroxisomal membrane, indicating that PEX5 recycling is defective (Mano et al.,
2006; Ratzel et al., 2011; Kao and Bartel, 2015). This defect in PEX5 retrotranslocation
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Figure 3.5 Mutations in RING peroxins result in PEX10 destabilization and elevated
levels of the receptor peroxins PEX5 and PEX7.
(A) Extracts of 4-day-old light-grown seedlings were processed for immunoblotting with
antibodies recognizing PEX10 or HSC70 (to monitor loading). The positions of
molecular mass markers (in kDa) are indicated on the right. Numbers below bands
indicate PEX10/HSC70 ratios normalized to the wild-type ratio. Light yellow banner
indicates samples from 4-day-old light-grown seedlings.
(B) Extracts of 8-day-old light-grown seedlings were processed for immunoblotting with
antibodies recognizing PEX5, PEX7, or HSC70 (to monitor loading). Numbers below
bands indicate PEX5/HSC70 or PEX7/HSC70 ratios normalized to the wild-type ratio.
Yellow banner indicates samples from 8-day-old light-grown seedlings.
(C) Extracts of 4-day-old light-grown seedlings were processed for immunoblotting with
antibodies recognizing GFP (to monitor PEX12-CFP), PEX10, or HSC70 (to monitor
loading). HSC70 reactivity from a previous probing remains visible in the PEX12-CFP
panel.
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is accompanied by increased PEX5 degradation in pex6-1 (Zolman and Bartel, 2004;
Ratzel et al., 2011; Kao and Bartel, 2015). I used immunoblotting to evaluate PEX5
levels and found that the RING peroxin mutants, especially pex12-1, displayed slightly
elevated PEX5 levels (1.3 – 2.2 fold; Figure 3.5B), suggesting that the Arabidopsis RING
peroxin complex normally contributes to PEX5 degradation.
Pex7 degradation is promoted by Pex5 recycling in P. pastoris (Hagstrom et al.,
2014). I found that mutations in peroxisomal ubiquitin-dependent machinery resulted in
slightly elevated PEX7 levels (1.4 – 2.6 fold; Figure 3.5B). This elevation might reflect
reduced RING complex-mediated PEX7 degradation or might be an indirect consequence
of elevated PEX5 levels in most of these mutants, as PEX5 and PEX7 are interdependent
in plants (Hayashi et al., 2005; Woodward and Bartel, 2005a; Ramón and Bartel, 2010).
3.6 Genetic interactions between RING peroxins
To explore the genetic interactions between RING peroxins, I constructed double
mutants of pex12-1 with pex2-1 and pex10-2. Although pex2-1 resembles wild type in
most physiological assays (Figure 3.2A and B; Burkhart et al., 2014), pex2-1 markedly
exacerbated pex12-1 defects (Figure 3.6 and 3.7). Elongation of dark-grown hypocotyls
(Figure 3.6A) and light-grown roots (Figure 3.6C and 3.7A) were much further impaired
in the pex12-1 pex2-1 double mutant compared to either single mutant even when sucrose
was provided. In addition, the pex12-1 pex2-1 double mutant failed to germinate without
sucrose supplementation, and IBA at the concentrations used did not inhibit elongation of
pex12-1 pex2-1 hypocotyls or roots in the dark or in the light, respectively (Figure 3.6A
and C).
The pex10-2 mutant also exacerbated pex12-1 physiological defects, reducing
IBA responsiveness and hypocotyl growth without sucrose in the dark (Figure 3.6A) and
reducing light-grown root growth with sucrose (Figure 3.6C and 3.7A). Even though the
pex10-2 single mutant displays more apparent physiological defects than pex2-1 (Figure
3.2, 3.6A and C; Burkhart et al., 2014), pex12-1 pex10-2 seedling growth was less
impaired than growth of pex12-1 pex2-1 seedlings (Figure 3.6A and C and 3.7A).
When grown for 2 weeks on sucrose-supplemented media, the pex12-1, pex2-1,
pex10-2, and pex4-1 single mutants displayed smaller rosettes than wild type but
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Figure 3.6 Combining pex12-1 with mutations in other RING peroxins exacerbates
peroxisomal defects.
(A) Wild type and mutants were grown on plant nutrient media with the indicated
supplements under yellow-filtered light for 1 day followed by 4 days in the dark. Mean
hypocotyl lengths and standard deviations are shown (n ≥ 14).
(B) Extracts of 5-day-old dark-grown seedlings were processed for immunoblotting with
antibodies to thiolase (to monitor PTS2 processing) and HSC70 (to monitor loading).
The dark gray banner indicates samples from 5-day-old dark-grown seedlings.
(C) Wild type and mutants were grown on plant nutrient media with the indicated
supplements under yellow-filtered light for 8 days. Mean root lengths and standard
deviations are shown (n ≥ 16).
(D) Extracts of 8-day-old light-grown seedlings were processed for immunoblotting with
antibodies to thiolase and PMDH (to monitor PTS2 processing) and HSC70 (to monitor
loading).
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Figure 3.7 Mutations in two RING peroxin genes result in severe growth and molecular
defects.
(A) RING peroxin double mutants showed synergistic growth defects as 2-week-old plants.
Seedlings were grown on plant nutrient media with 0.5% sucrose. Representative 2-weekold individuals were selected for imaging. Scale bar is 1 cm.
(B) RING peroxin double mutants showed synergistic growth defects as 6-week-old plants.
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Two-week-old plants were moved to soil and grown for additional 4 weeks. Plants were
grown in constant light and watered twice a week. Representative 6-week-old individuals
were selected for imaging. Scale bar is 5 cm.
(C - F) Single RING peroxin mutants had elevated PEX5 levels, especially in pex12-1 and
pex2-1, and double mutants showed higher PEX5 levels compared to single mutants.
Thiolase and PMDH PTS2-processing defects were worsened in RING peroxin double
mutants.
(C) Extracts of 4-day-old light-grown seedlings were processed for immunoblotting, and
duplicate membranes (top three panels; bottom three panels) were probed with the
indicated antibodies. Numbers below bands indicated PEX5/HSC70 and PEX7/HSC70
ratios normalized to the wild-type ratio.
(D) Extracts of 4-day-old light-grown seedlings were processed for immunoblotting and
probed with the indicated antibodies. Numbers below bands indicate PEX10/HSC70 ratios
normalized to the wild-type ratio. pex2-1 35S:PEX10 (2) was used as an overexpressing
PEX10 control (Burkhart et al., 2014).
(E) Extracts of 5-day-old dark-grown seedlings were processed for immunoblotting, and
duplicate membranes (top three panels; bottom two panels) were probed with the indicated
antibodies. Numbers below bands indicated PEX5/HSC70 and PEX7/HSC70 ratios
normalized to the wild-type ratio.
(F) Extracts of 8-day-old light-grown seedlings were processed for immunoblotting with
the indicated antibodies.
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relatively normal root elongation (Figure 3.7A) whereas the pex6-1 mutant displayed
smaller and paler rosettes (Zolman and Bartel, 2004) as well as reduced root growth
(Figure 3.7A). I found that the three double mutants, including the previously
characterized pex2-1 pex10-2 double mutant (Burkhart et al., 2014), all exhibited
synergistically reduced rosette sizes and root growth (Figure 3.7A). I observed similar
trends in 6-week-old plants; despite the severe seedling peroxisomal defects (Figure 3.2
and 3.3), mature pex12-1 plants resembled pex2-1 and pex10-2 plants, displaying only
slightly reduced plant size, whereas pex6-1 was more impaired (Figure 3.7B). Unlike the
corresponding single mutants, all three RING peroxin double mutants were quite small as
mature plants (Figure 3.7B) and produced limited numbers of seeds.
I examined whether the exacerbated physiological defects in the double mutants
were accompanied by worsened PTS2 protein processing. Indeed, both pex12-1 pex2-1
and pex12-1 pex10-2 accumulated more unprocessed precursor thiolase proteins than the
single mutants when grown in the dark (Figure 3.6B and 3.7E) or the light (Figure 3.6D
and 3.7C and F). PMDH was already almost fully unprocessed in 8-d-old light-grown
pex12-1 seedlings (Figure 3.6D and 3.7F), but 4-d-old light-grown pex12-1 seedlings
displayed an incomplete defect, allowing me to detect worsened PMDH processing
defects in the pex12-1 pex2-1 and pex12-1 pex10-2 double mutants (Figure 3.7C). As
with the physiological defects, pex2-1 more dramatically worsened the pex12-1 PTS2processing defects than pex10-2 (Figure 3.7C and F). Although the pex2-1 pex10-2
double mutant displayed heightened defects in processing thiolase (Figure 3.7C and E)
and PMDH (Figure 3.7C and F) compared to the pex2-1 or pex10-2 single mutants, these
defects were not as extreme as the pex12-1 pex2-1 double mutant (Figure 3.7C, E, and F).
Because the RING peroxin single mutants displayed elevated PEX5 and PEX7
levels (Figure 3.5B), I compared levels of these peroxins in the double and single
mutants. Similar to 8-d-old light-grown seedlings (Figure 3.5B), PEX5 levels were
elevated two- to three-fold in 4-d-old light grown pex4-1 and RING peroxin mutants but
markedly diminished in pex6-1 (Figure 3.7C). PEX5 levels in the three double mutants
were elevated similarly to the single mutants (Figure 3.7C). In 5-d-old dark-grown
seedlings, PEX5 levels were slightly elevated in pex12-1 and pex2-1 and in the three
double mutants but were not elevated in the pex10-2 single mutant (Figure 3.7E). PEX7
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levels generally mirrored PEX5 levels: in mutants with elevated PEX5, PEX7 levels were
elevated as well (Figure 3.5B and 3.7C and E). This elevation suggests that PEX7, like
PEX5, may be subject to ubiquitin-dependent degradation upon recycling. However,
even though PEX5 levels were markedly reduced in the pex6-1 mutant, PEX7 levels were
not reduced (Figure 3.5B and 3.7C and E), indicating that PEX7 is not necessarily subject
to excessive degradation in conditions that trigger PEX5 degradation.
I also examined PEX10 levels in the double mutants. The low levels of PEX10 in
the pex12-1 and pex10-2 single mutants were further reduced in the pex12-1 pex10-2
double mutant (Figure 3.7D), suggesting that the residual pex10-2 protein was
destabilized when PEX12 function was reduced. In contrast, combining pex12-1 or
pex10-2 with pex2-1 did not appear to reduce PEX10 levels below levels in the pex12-1
or pex10-2 single mutants (Figure 3.7D).
3.7 Reducing PEX4 functions ameliorates pex12-1 defects
The three Arabidopsis RING peroxins are ubiquitin-protein ligases with autoubiquitination capabilities in vitro (Kaur et al., 2013). Because the Glu171Lys mutation
causing pex12-1 defects was in a relatively nonconserved region of the protein lacking
other Lys residues (Figure 3.1D), I speculated that the ectopic lysine in the mutant protein
might be subject to ubiquitination, triggering pex12-1 protein degradation and consequent
peroxisome-related defects. Because Pex4 assists Pex12 in monoubiquitinating Pex5 in
S. cerevisiae (Platta et al., 2009), I hypothesized that Arabidopsis PEX4 might provide
the ubiquitin to the responsible ligase. To test this hypothesis, I used two pex4 mutants, a
missense pex4-1 allele with moderate peroxisome-related defects (Zolman et al., 2005)
and an intronic pex4-2 allele with minor peroxisome-related defects and reduced PEX4
protein levels (Kao and Bartel, 2015).
I found that introducing the pex4-1 or pex4-2 mutants into pex12-1 allowed longer
hypocotyl growth without sucrose (Figure 3.8D), suggesting that pex12-1 fatty acid βoxidation efficiency improved when PEX4 function was reduced. Although the pex12-1
pex4-1 double mutant showed similar IBA responsiveness as pex12-1 and pex4-1 (Figure
3.8A and D), the pex12-1 pex4-2 double mutant displayed only slight IBA resistance in
the dark, similar to pex4-2 (Figure 3.8D), suggesting that slightly reducing PEX4
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Figure 3.8 pex12-1 defects are suppressed by impairing the PEX4 ubiquitin-conjugating
enzyme.
(A) Wild type and mutants were grown on plant nutrient media with the indicated
supplements under yellow-filtered light for 8 days. Mean root lengths and standard
deviations are shown (n ≥ 22).
(B) pex4 mutations improve thiolase and PMDH PTS2 processing in light-grown pex12-1
seedlings. Extracts of 8-day-old light-grown seedlings were processed for
immunoblotting with the indicated antibodies.
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(C) pex4 mutations restore PEX10 levels in pex12-1. Extracts of 4-day-old light-grown
seedlings were processed for immunoblotting, and duplicate membranes (top two panels;
bottom two panels) were probed with the indicated antibodies.
(D) pex4 mutations improve pex12-1 growth on medium lacking sucrose. Wild type and
mutants were grown on plant nutrient media with the indicated supplements under
yellow-filtered light for 1 day followed by 4 days in the dark. Mean hypocotyl lengths
and standard deviations are shown (n ≥ 22).
(E) pex4-2 improves thiolase PTS2 processing in dark-grown pex12-1 seedlings.
Extracts of 5-day-old dark-grown seedlings were processed for immunoblotting with the
indicated antibodies.
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function improved IBA β-oxidation in pex12-1. Similarly, pex4-2 improved PTS2
processing of thiolase in dark-grown pex12-1 seedlings (Figure 3.8E), and both pex4-1
and pex4-2 markedly improved PTS2 processing of both thiolase and PMDH in lightgrown pex12-1 seedlings (Figure 3.8B and C). Finally, I found that both pex4 mutants
dramatically increased PEX10 levels in pex12-1 (Figure 3.8C). The partial rescue of
pex12-1 physiological and PTS2-processing defects that accompanied impairment of a
ubiquitin-conjugating enzyme implies that excessive ubiquitination contributes to pex121 phenotypic defects.
3.8 Reducing PEX4 function ameliorates pex2-1 defects
In addition to pex12-1, two other pex mutations generate an ectopic Lys as the
causal lesion: pex13-4 carries a Glu234Lys substitution in the C-terminal region of the
protein (Woodward et al., 2014) and pex2-1 carries an Arg161Lys substitution in the
region prior to the transmembrane domain (Burkhart et al., 2014), analogous to the
location of the pex12-1 mutation. Because these mutations might also lead to
ubiquitination and degradation of the mutant protein, I tested if reducing PEX4 function
ameliorated the defects of these mutants. Similar to the amelioration of pex12-1, I found
that pex4-1 and pex4-2 alleviated the PMDH PTS2-processing defects of pex2-1 (Figure
3.9B and D). Unlike the suppression of pex12-1 sucrose dependence, however, pex4-1
exacerbated IBA resistance and sucrose dependence of pex2-1 (Figure 3.9A). Because
the weak pex4-2 allele also fully rescued the PMDH processing defects of pex2-1 (Figure
3.9D) and because pex4-2 rescued pex12-1 physiological defects more effectively than
pex4-1 (Figure 3.8D), it would be interesting to examine physiological phenotypes in the
pex4-2 pex2-1 mutant.
Unlike the restoration of PTS2 processing of pex12-1 and pex2-1, I found that
pex4-1 exacerbated the thiolase PTS2-processing defects of pex13-4 (Figure 3.9B and D).
pex4-1 also worsened the physiological and molecular defects of pex7-2 (Figure 3.9A, B,
and D), which carries a Thr124Ile substitution (Ramón and Bartel, 2010). Thus reducing
PEX4 functions did not universally ameliorate pex mutants, even if an ectopic Lys
residue was present. Interestingly, pex4-1 increased the accumulation of precursor
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thiolase in pex13-4 without reducing the amount of processed thiolase (Figure 3.9B),
suggesting that PEX4 promotes precursor thiolase degradation in the cytosol.
Because pex4 mutations restored PEX10 levels in the pex12-1 mutant (Figure
3.8C), I hypothesized that pex4-1 might also restore RING complex stability in the pex21 mutant. Using pex2-1 35S:PEX2 and pex10-2 35S:PEX2 overexpressing PEX2 controls
(Burkhart et al., 2014) to validate the anti-PEX2 antibody, I detected a protein migrating
at the PEX2 molecular mass just below a strong cross-reacting band in wild type (Figure
3.9C). This putative PEX2 band appeared to be slightly less abundant in pex2-1 (Figure
3.9C), suggesting that the pex2-1 protein was destabilized. In pex4 and pex4 pex2-1
double mutants, the putative PEX2 band was more intense (Figure 3.9C), suggesting that
pex2-1 was stabilized. Thus it appears that PEX4 can promote the degradation of not
only PEX10, but also PEX2 in the RING peroxin complex.
Our PEX4 antibody was generated against a peptide near the C-terminus of
PEX4. An ~18 kDa protein was recognized in wild type and was not detected in pex4-2
(Figure 3.9D). In addition, slightly reduced pex4-1 protein levels and a ~26 kDa protein
were recognized in extracts of mutants with the pex4-1 mutation (Figure 3.9D). This ~26
kDa protein was likely a modified PEX4, and the ~8 kDa modification could be
ubiquitin, since PEX4 is a ubiquitin-conjugating enzyme. This ~26 kDa protein
recognized by PEX4 antibody sometimes can be detected in wild type but is more intense
in pex4-1 (data not shown), suggesting that this modification might subject PEX4 to
degradation and that this degradation rate was elevated in pex4-1.
3.9 Assaying age-dependent PTS2-processing reveals distinct patterns of PTS2processing defects in various pex mutants
Because accumulating evidence suggests that PEX5 retention is detrimental to
peroxisome functions (Ratzel et al., 2011; Burkhart et al., 2014; Kao and Bartel, 2015), I
was interested in characterizing peroxisome functions as seedlings matured. Because
some pex mutants are developmentally delayed, however, immunoblotting of wholeseedling extracts on a particular day after germination results in samples with different
ratios of tissue types. For example, the leaf to cotyledon mass ratio of a 15-d-old wildtype seedling is higher than that of a15-d-old pex6-1 seedling, which develops leaves
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Figure 3.9 Mutations in PEX4 ameliorate the PTS2-processing defects of pex2-1 and
pex12-1, which encode proteins with an ectopic Lys residue.
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(A) Wild type and mutants were grown on plant nutrient media with the indicated
supplements under yellow-filtered light for 1 day followed by 4 days in the dark. Mean
hypocotyl lengths and standard deviations are shown (n ≥ 9).
(B) Extracts of 8-day-old light-grown seedlings were processed for immunoblotting with
antibodies to thiolase and PMDH (to monitor PTS2 processing) and HSC70 (to monitor
loading).
(C) pex4 mutations result in elevated PEX2 and restore pex2-1 levels in pex4 pex2-1
double mutants. Extracts of 8-day-old light-grown seedlings were processed for
immunoblotting with antibodies to PEX2 and HSC70 (to monitor loading). An asterisk
indicates a cross-reacting band. pex2-1 35S:PEX2 (2) and pex10-2 35S:PEX2 (1)
accumulate elevated PEX2 levels (Burkhart et al., 2014) and were used to determine the
electrophoretic mobility of PEX2.
(D) Extracts of 8-day-old light-grown seedlings were processed, and duplicate
membranes (top four panels; bottom four panels) were probed with the indicated
antibodies.
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more slowly than wild type. To address this disparity, I developed a systematic assay to
compare peroxisome proteins across tissue ages rather than seedling ages. I collected
specific leaves from 15-day-old light-grown seedlings: the third and fourth true leaves
were collected as “new leaves,” the first and second leaves were collected as “older
leaves,” and cotyledons were collected (Figure 3.10A). Tissue from 10 to 15 seedlings
was pooled for each genotype to minimize effects of any growth heterogeneity.
In 15-day-old wild-type seedlings, I found that the matrix proteins thiolase and
PMDH remained easily detected in all tissues tested, whereas the PEX5, PEX10, and
PEX14 peroxins appeared to be more abundant in younger than older tissues (Figure
3.10B and C). This decline in import peroxin abundances suggests that peroxisomes may
lose import capacity over time.
I found several patterns of tissue-dependent processing defects when examining
various peroxin mutants. The pex4-1, pex2-1, and pex10-2 mutants displayed clear
PMDH PTS2-processing defects in 7/8-d-old seedlings (Figure 3.3, 3.6D, and 3.7F) and
in younger leaves of 15-d-old seedlings (Figure 3.10B), but these defects were absent or
much less apparent in 15-day-old cotyledons (Figure 3.10B and C). This restoration of
processing in older cotyledons suggests that either the detrimental PEX5 was removed
from the peroxisome membrane or peroxisomes with the detrimental membrane-bound
PEX5 were degraded, allowing eventual import and processing of PTS2 proteins.
lon2-2 displayed a similar pattern; new leaves accumulated higher levels of
precursor PMDH (Figure 3.10C). LON2 is a peroxisomal protease, and dysfunctional
LON2 results in heightened pexophagy (Farmer et al., 2013), which could also be
inferred from the decreased thiolase levels in all three tissues (Figure 3.10C).
In contrast to the pex4-1, pex2-1, and pex10-2 mutants, the PMDH PTS2processing defects in pex12-1, pex6-1, and pex14-1 remained similar in the three samples
(Figure 3.10B and C), suggesting that peroxisomes in these mutants did not recover
substantial import capacity over time. Interestingly, the appearance of thiolase PTS2processing defects was ameliorated over time in pex6-1 but not in pex12-1. This
experiment did not distinguish whether this apparent restoration results from import over
time in pex6-1 or failure to degrade the PTS2-containing thiolase precursor in the cytosol
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of pex12-1. The latter possibility would imply that PEX12 (like PEX4, see section 3.8
above) is necessary for this degradation.
The pex13-4 mutant displayed a third pattern of PTS2-processing defects. In
pex13-4, precursor PMDH accumulated in the 15-d-old cotyledons, but was almost
undetectable in both newer and older leaves (Figure 3.10C). It is possible that PEX13
importance is less in leaves compared to cotyledons, perhaps explaining why pex13-4
adult plants are healthier than pex14 mutants, despite having similarly severe seedling
defects (Woodward et al., 2014). It would be interesting to examine GFP-PTS1
localization in these tissues and mutants to see if the three phenotypic classes of PTS2
processing are reflected in matrix protein import.
3.10 PEX4 and autophagy promote PEX10 degradation
Because PEX10 accumulated in 4-d-old pex4-1 seedlings (Figure 3.5A), but is
difficult to detect in extracts from older seedlings (data not shown), I examined PEX10 in
various leaves of 15-d-old seedlings. Indeed, pex4-1 showed detectable PEX10, whereas
it was hard to detect PEX10 in wild type (Figure 3.10B). When I did detect PEX10 in
wild type, it was more abundant in newer leaves than older leaves or cotyledons (Figure
3.10C). Like in pex4-1, PEX10 accumulated in atg7-3 and pex14-1 mutants (Figure
3.10C), suggesting that autophagy may heighten PEX10 degradation, and that PEX14
might be necessary for this autophagy. Like PEX10, peroxisomal ascorbate peroxidase
(APX3) levels also were elevated in atg7-3, pex4-1, and pex14-1 mutants (Figure 3.10C).
As I saw when immunoblotting whole seedling extracts (Figure 3.7C and E),
PEX5 levels were slightly elevated in pex4-1 and RING peroxin mutants, decreased in
pex6-1 (Figure 3.10B), and unchanged in lon2-2, pex13-4, and pex14-1 (Figure 3.10C).
PEX14 levels in wild type and mutants were mostly resembled HSC70, which was used
to monitor protein loading (Figure 3.10B).
3.11 MG132 treatment implicates proteasomes in degradation of PEX10, a modified
PEX13, and PEX14
Because RING peroxin mutants had low PEX10 levels, and because PEX4 and
autophagy appeared to promote RING peroxin degradation, I examined the involvement
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Figure 3.10 PEX4 and autophagy are implicated in PEX10 degradation.
(A) The third and forth true leaves (newer leaves; N), the first and second true leaves
(older leaves; O), and cotyledons (C) were collected from 10 to 15 15-day-old lightgrown seedlings. Photographs illustrate the sample collecting process.
(B, C) pex4-1, pex14-1, and atg7-3 mutants showed higher PEX10, thiolase, and APX3
levels. Extracts from the samples described in panel A were processed for
immunoblotting. Membranes were serially probed with the indicated antibodies; labels in
smaller gray font indicate remaining signal from a previous probing. In panel B, PEX10
is only clearly visible in pex4-1 seedlings (red asterisk).
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Figure 3.11 PEX10, modified PEX13, PEX14, and thiolase precursor accumulate
following MG132 treatment.
Wild type and mutants were grown on 0.5% sucrose-supplemented plant nutrient media
for 3 days. Three-day-old light-grown seedlings were transferred to liquid plant medium
supplemented with the vehicle control (DMSO) or 50 µM MG132. Seedlings were
incubated at 22°C in darkness for an additional 24 hours. Seedlings were collected and
processed for immunoblotting on replicate blots (A-D) with the indicated antibodies.
HSC70 was used to monitor loading. The positions of molecular mass markers (in kDa)
are indicated on the right.
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of the proteasome in peroxin accumulation by treating seedlings with the proteasome
inhibitor MG132 for 24 hours. I found that levels of APX3 (Figure 3.11A), PMDH
(Figure 3.11D), and mature thiolase (Figure 3.11D) were largely unchanged by MG132
treatment, suggesting that these peroxisomal proteins were not subject to extensive
proteasomal degradation. MG132 treatment did slightly elevate precursor thiolase in
mutants with thiolase processing defects (Figure 3.11D), consistent with the idea that this
precursor may be subject to ubiquitin dependent degradation in the cytosol.
I found that PEX10 levels were increased by MG32 treatment of wild type, pex41, RING peroxin mutants, and atg7-3 (Figure 3.11B), suggesting that the proteasome also
was involved in PEX10 degradation. PEX10 ran as a doublet in wild type, and pex10-2
and pex12-1 mutants accumulated predominantly the bottom, lower molecular weight
band (Figure 3.5A and 3.11B). MG132 treatment increased levels of both PEX10 bands
in wild type, pex4-1, pex2-1, and atg7-3 (Figure 3.11B). In contrast, MG132 increased
the levels of lower PEX10 band but did not restore the top band in the pex10-2 and
pex12-1 mutants (Figure 3.11B).
Like PEX10, I found that PEX1 and PEX6 levels were slightly elevated by
MG132 treatment (Figure 3.11A). Moreover, PEX14 levels were dramatically increased
by MG132 treatment (Figure 3.11D) in all genotypes tested. This elevation suggests that
PEX14 is continuously degraded by the proteasome.
In contrast to the dramatic elevation of PEX14, the other docking peroxin,
PEX13, did not accumulate following MG132 treatment of wild type (Figure 3.11C).
PEX13 migrates as doublet in pex13-4 (Woodward et al., 2014), and I observed that
PEX13 also ran as doublet in pex4-1 and RING peroxin mutants (Figure 3.11C).
Intriguingly, MG132 increased the levels of more slowly migrating PEX13 band in pex41 and RING peroxin mutants (Figure 3.11C), suggesting that the top PEX13 band was
targeted for proteasomal degradation in these ubiquitination machinery mutants.
I also noted that peroxisomal membrane proteins (APX3, PEX10, PEX13,
PEX14) were slightly elevated in the atg7 mutant compared to wild type (Figure 3.11),
consistent with the idea that seedling peroxisomes are turned over by autophagy (Farmer
et al., 2013; Kim et al., 2013b; Shibata et al., 2013).
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3.12 Conclusions and discussion
Peroxisome-associated ubiquitination machinery is involved in peroxisomal
matrix protein receptor retrotranslocation and maintaining peroxisome functions in yeast
(Platta et al., 2014). In plants, however, the genetic interactions among RING peroxins
and how RING peroxins influence cargo receptor translocation are incompletely
understood. An Arabidopsis pex12-1 mutant was identified from a forward-genetic
screen for mutants with IBA-resistant hypocotyl elongation in the dark (Strader et al.,
2011). Severe peroxisomal defects were conferred by the pex12-1 mutation, including
impaired fatty acid and IBA β-oxidation (Figure 3.2), inefficient matrix protein import
(Figure 3.3), and reduced growth (Figure 3.7A and B). Similarly, the previously
described apm4 allele of pex12 displays reduced growth that is ameliorated by sucrose,
resistance to the IBA analog 2,4,-dichlorophenoxybutyric acid, and inefficient import of
PTS1 and PTS2 proteins into peroxisomes (Mano et al., 2006).
I combined pex12-1 with mutations in the other two RING peroxins, pex2-1 and
pex10-2 (Burkhart et al., 2014), to investigate the genetic interactions among RING
peroxins. I found that double mutants defective in any two RING peroxins displayed
worsened peroxisomal defects compared to the single mutants (Figure 3.6 and 3.7). This
result is consistent with distinct functions for each RING peroxin, which also is suggested
by previous findings that neither overexpressing PEX2 in the pex10-2 mutant nor
overexpressing PEX10 in the pex2-1 mutant ameliorates peroxisomal defects (Burkhart et
al., 2014). Interestingly, the pex12-1 pex2-1 double mutant displayed more severe
defects than the pex12-1 pex10-2 double mutant, even though the pex2-1 single mutant is
less impaired than the pex10-2 single mutant. If as in other systems, Arabidopsis PEX12
monoubiquitinates PEX5 for recycling and PEX2 polyubiquitinates PEX5 for
degradation, then the synergistic pex12-1 pex2-1 double mutant phenotypes imply that a
defect in PEX5 recycling is particularly deleterious in the absence of a mechanism for
PEX5 degradation and vice versa. This synergy also implies that despite very low
PEX10 levels (Figure 3.7D), more RING peroxin complex function remains in pex12-1
pex10-2 than in the pex12-1 pex2-1 mutant. PEX10 function in PEX5 ubiquitination is
controversial; S. cerevisiae Pex10 enhances activities of the other two RING peroxins (El
Magraoui et al., 2012) whereas mammalian PEX10 displays ubiquitin-protein ligase
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activity and is needed for PEX5 ubiquitination (Okumoto et al., 2014). My results
suggest that as in S. cerevisiae, Arabidopsis PEX10 assists in but is not the predominant
ubiquitin-protein ligase involved in PEX5 ubiquitination.
Intriguingly, pex12-1 and apm4 (Mano et al., 2006) carry Glu-to-Lys or Arg-toLys substitutions, respectively, in adjacent residues in a relatively non-conserved region
of PEX12 that is N-terminal to the first predicted transmembrane domain (Figure 3.1D).
The residues mutated in pex12-1 and apm4 are in a 49-residue stretch lacking Lys
residues (Figure 3.1D). The ectopic Lys residues in the pex12-1 and apm4 proteins
would be on the cytosolic surface of the peroxisome along with the catalytic RING
domains (Kaur et al., 2013). I hypothesize that pex12-1 (and apm4) is a self-destructive
protein. Ubiquitin provided by PEX4 might allow pex12-1 auto-ubiquitination on the
ectopic Lys residue, which might prompt pex12-1 degradation, destabilization of the
RING complex, and degradation of other RING peroxins (Figure 3.12). An Arabidopsis
PEX12 antibody would be useful for testing this hypothesis directly. Because we lacked
such an antibody, I explored the downstream predictions of this hypothesis using a
PEX10 antibody. Indeed, I found reduced PEX10 levels in all three single RING peroxin
mutants (Figure 3.5A and 3.7D), indicating that disrupting PEX12 or PEX2 can lead to
PEX10 degradation, like in yeast and mammals (Hazra et al., 2002; Agne et al., 2003;
Okumoto et al., 2014). I found even lower PEX10 levels in the pex12-1 pex10-2 double
mutant, further validating that functional PEX12 promotes PEX10 accumulation. Unlike
the low PEX10 levels observed in RING peroxin mutants, PEX10 levels were increased
in pex4 (Figure 3.5A, 3.7D, 3.8C, and 3.10B and C) and atg7-3 mutants (Figure 3.10C
and 3.11A), and pex4 mutants fully restored PEX10 levels in the pex12-1 mutant (Figure
3.8C). This PEX4-dependent RING peroxin degradation suggests the presence of a
quality-control system on the peroxisomal membrane to recognize and eliminate
dysfunctional peroxisomal components, and that both autophagy and proteasome could
be involved in this degradation. The restored PEX10 levels in pex12-1 pex4 might be an
indirect consequence of stabilizing pex12-1 protein, which promotes PEX10 stability.
Alternatively or in addition, PEX4 could play a direct role in destabilizing other RING
peroxin complex members when one member is absent or dysfunctional. The
development of specific antibodies to PEX12 will be useful to distinguish among these
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possibilities and to test whether the similar apm4 mutation also encodes a self-destructive
ligase.
Ubiquitin-protein ligases might be prone to self-destructive alleles. Intriguingly,
the pex2-1 mutation, like pex12-1 and apm4, results in an ectopic Lys residue
(Arg161Lys) just N-terminal to the first predicted transmembrane domain (Burkhart et
al., 2014). Like PEX10 levels in pex12-1, reducing PEX4 activity also appeared to
restore pex2-1 levels in the pex2-1 mutant (Figure 3.9C). Moreover, reducing PEX4
function fully restored PTS2 processing in pex2-1 (Figure 3.9B and D). Mysteriously,
this restoration was accompanied by heightened physiological defects in pex2-1 pex4-1
compared to either parent (Figure 3.9A), hinting that the pex2-1 protein is not fully
functional even when its levels are restored. Because pex2-1 showed decreased PEX10
accumulation (Figure 3.5A and 3.7D), and because reducing PEX4 function elevated
pex2-1 protein levels (Figure 3.9C), it would be interesting to examine PEX10 levels in
the pex2-1 pex4 double mutants to see if elevated pex2-1 protein stabilize the RING
complex.
The similarity of ectopic Lys residues of pex12-1 and pex2-1 raises another
possibility to explain the synergistic defects observed in the pex12-1 pex2-1 double
mutant; perhaps the pex12-1 and pex2-1 proteins effectively compete with PEX5 as
ubiquitination substrates, limiting the amount of PEX4-provided ubiquitin available to
modify PEX5.
The phenotypes of pex13-4, which also has a Lys substitution (Woodward et al.,
2014), were not alleviated by reducing PEX4 (Figure 3.9A, B, and D), suggesting that the
amelioration by pex4 may be exclusive to ubiquitin-protein ligase mutants. Interestingly,
pex4-1 pex13-4 displayed elevated precursor thiolase levels (Figure 3.9B and D) that
were not accompanied by a corresponding reduction in mature thiolase, suggesting that
cytosolic thiolase precursor was unstable and degraded. Indeed, PMDH precursor levels
often appeared higher than thiolase precursor levels when the mature forms were
comparable (Figure 3.3, 3.7C and F, 3.8B, and 3.9B and D). Furthermore, treatment with
the proteasome inhibitor MG132 elevated thiolase precursor levels in pex mutants (Figure
3.11D). My data suggest that when peroxisomal import is slowed, PEX4 promotes
proteasome-dependent degradation of cytosolic precursor thiolase.
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Several peroxins were also elevated by MG132 treatment. PEX10 ran as a
doublet in wild type, pex4-1, and atg7-3, and MG132 treatment increased both PEX10
bands (Figure 3.11B). Interestingly, RING peroxin mutants accumulated only the bottom
PEX10 band, and MG132 treatment also increased this bottom PEX10 band (Figure
3.11B). It remains unclear which post-translational modification is added to PEX10 and
which form of PEX10 is more prone to degradation, since MG132 treatment increased
levels of both PEX10 forms (Figure 3.11B). PEX10 was hard to detect in 15-day-old
wild type but was detected in pex4-1, pex14-1, and atg7-3 (Figure 3.10B and C); hence,
PEX10 degradation might involve PEX4, PEX14, autophagy, and the proteasome. Since
PEX10 is a peroxisomal membrane protein, PEX10 degradation could be an indirect
result of pexophagy. However, levels of other peroxisomal membrane proteins did not
mirror PEX10 levels; for example, wild-type APX3 levels were detected in all RING
peroxin mutants (Figure 3.11A). I hypothesize that PEX10 may be a novel substrate of
the peroxisome-associated ubiquitination machinery. PEX4 is likely involved in
degrading PEX10, but the corresponding ubiquitin-protein ligase remains unknown, since
all RING peroxin mutants accumulate less PEX10 (Figure 3.5A, 3.7D, and 3.11A). A
forward-genetic screen using fluorescently labeled PEX10 to identify proteins involved in
PEX10 degradation could provide more insights.
Although PEX13 appears as a single band in wild-type extracts, PEX13 appears
as a doublet in pex13-4 (Woodward et al., 2014) and RING peroxin mutants (Figure
3.11C). Moreover, pex4-1 accumulated only the top band of the doublet (Figure 3.11C).
Unlike PEX10, which both PEX10 forms were elevated by MG132 treatment, the bottom
PEX13 band present in wild type and atg7-3 were not increased by MG132 treatment
(Figure 3.11C). In contrast, the top PEX13 band accumulated following MG132
treatment in pex4-1 and RING peroxin mutants (Figure 3.11C), suggesting that the higher
molecular weight-PEX13 is subject to ubiquitination and degradation.
PEX14 levels were greatly increased by MG132 treatment (Figure 3.11D),
suggesting that PEX14 has a high turnover rate. During early seedling development,
peroxisomes enlarge and peroxisome numbers increase; peroxisome size peaks at 4 days
after germination (Mano et al., 2002; Rinaldi et al., 2016), which was the seedling age of
the MG132 experiment. It is possible that the high PEX14 turnover was due to rapid
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peroxisome transitions during early development; MG132 treatment on older seedlings
might help support or refute this hypothesis. Alternatively, PEX14 could be targeted to
the proteasome together with the PTS1 cargo. However, PEX14 levels did not always
mirror PEX5 levels (data not shown). PEX14 has been implicated in both early
peroxisome biogenesis (van der Zand et al., 2012) and pexophagy (Zutphen et al., 2008).
The proteasome-dependent degradation of PEX14 found in this chapter hints an
additional level of PEX14 regulation.
The topology and composition of the peroxisome-associated ubiquitination
machinery resembles the ER-associated degradation (ERAD) machinery (Gabaldón et al.,
2006; Schlüter et al., 2006; Schliebs et al., 2010). Unlike ERAD, which degrades a
variety of misfolded ER proteins, PEX5 was until recently the only validated substrate of
the peroxisome-associated ubiquitination machinery. However, PEX2 can target
mammalian peroxisomes for autophagy by ubiquitinating not only PEX5, but also a
peroxisomal membrane protein (Sargent et al., 2016). Intriguingly, the Arabidopsis pex21 and pex10-2 mutants were identified in a forward genetic screen selecting for delayed
degradation of the peroxisomal matrix protein isocitrate lyase (Burkhart et al., 2013;
Burkhart et al., 2014). Moreover, ubiquitinated isocitrate lyase and several other
peroxisomal matrix proteins were found in a proteomic study (Kim et al., 2013a),
consistent with the possibility that the peroxisome-associated ubiquitination machinery
might also retrotranslocate peroxisomal matrix substrates. The single and double RING
peroxin mutants described here could be useful in learning whether any of the
peroxisome-associated ubiquitin-protein ligases ubiquitinate isocitrate lyase or other
peroxisomal proteins.
S. cerevisiae Pex12 is involved in monoubiquitinating Pex5 for recycling (Platta
et al., 2009). PEX5 membrane association is heightened in the apm4 allele of pex12
(Mano et al., 2006), similarly implicating Arabidopsis PEX12 in PEX5 retrotranslocation.
I found elevated PEX5 levels in the Arabidopsis pex12-1 mutant (Figure 3.5B and 3.7C
and E), implying that PEX12 also contributes to PEX5 degradation. This contribution
could be direct or could be an indirect consequence of a PEX12 role in stabilizing PEX10
(Figure 3.5A, 3.7D, and 3.8C) or PEX2, as I also detected elevated PEX5 levels in pex102 and pex2-1 mutants (Figure 3.5B and 3.7C). Alternatively, the polyubiquitination that
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directs PEX5 to the proteasome could require initial monoubiquitination provided by
PEX12.
Although a recycling-defective GFP-PEX7 fusion promotes degradation of native
PEX7 in Arabidopsis (Cui et al., 2013), little else is known about PEX7 degradation in
plants. I found that mutants with elevated PEX5 levels (pex12-1, pex2-1, pex10-2, and
pex4-1) also displayed increased PEX7 levels (Figure 3.5B and 3.7C and E), suggesting
that impairing PEX5 recycling can slow PEX7 degradation. Mammalian PEX7 recycling
requires PEX5 and the ATP-dependent PEX5 recycling machinery (Rodrigues et al.,
2015), and Pex7 degradation is promoted by Pex5 recycling in P. pastoris (Hagstrom et
al., 2014). Interestingly, PEX7 levels were not decreased in the pex6-1 mutant (Figure
3.5B and 3.7C and E), which displays decreased PEX5 levels that can be partially
restored by inhibiting the proteasome (Kao and Bartel, 2015) or by reducing PEX2
(Burkhart et al., 2014) or PEX4 (Ratzel et al., 2011) function. Although the elevated
PEX7 levels in RING peroxin mutants hint at a role for ubiquitination in PEX7
degradation, the mismatch between PEX5 and PEX7 levels in the pex6-1 mutant (Figure
3.5B and 3.7C and E) suggests that PEX7, unlike PEX5, is not subject to ubiquitindependent degradation when PEX5 retrotranslocation is stalled in pex6-1. It is possible
that the topology of PEX5 and PEX7 during matrix protein docking and translocation
explains this difference; the N-terminal domain of mammalian PEX5 remains exposed to
the cytosol where it can be subject to ubiquitination (Gouveia et al., 2003), but at least
part of mammalian PEX7 is protease protected in the peroxisomal matrix (Rodrigues et
al., 2014).
Interestingly, I detected slightly different PEX5 and PEX7 accumulation in
various mutants depending on the growth conditions. In 4-d-old light-grown seedlings,
pex2-1 accumulated more PEX5 than pex12-1 (Figure 3.7C) whereas in 5-d-old darkgrown seedlings, pex12-1 had more PEX5 than pex2-1 (Figure 3.7E). Perhaps PEX2assisted PEX5 degradation is more prevalent in light- than in dark-grown plants. Lightdependent differences in PEX5 levels are also described for pex7 mutants, which show
reduced PEX5 levels that are more apparent in light-grown seedlings (Ramón and Bartel,
2010). Our findings do not explain the low PEX5 levels in pex7 mutants (Ramón and
Bartel, 2010) because low PEX5 levels in pex7-1 are not restored in the pex2-1 pex7-1
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double mutant (Burkhart et al., 2014). Hence, the low PEX5 levels in pex7 mutants may
reflect impacts of light on cytosolic PEX5 rather than the direct involvement of RING
peroxin-mediated ubiquitination of PEX5 in the peroxisomal membrane.
The newly developed assay to systematically characterize peroxisome functions
in leaves of different ages from plants of the same age (Figure 3.10A) provides a way to
directly compare peroxisome populations in plant cells of different ages. PEX5 and
PEX14 levels were less abundant in older tissue (Figure 3.10B and C), suggesting that
peroxisomes may lose import capacity in older tissues or that peroxisome import may be
less important than maintaining existing peroxisomes. Using PTS2-processing as a
parameter, the tested mutants can be categorized into three groups. The first group
includes pex4-1, pex2-1, pex10-2, and lon2-2, in which younger tissues showed the worst
PTS2-processing defects (Figure 3.10B and C). PEX5 levels were elevated in pex4-1,
pex2-1, and pex10-2, and PEX5 displays increased membrane association in pex4-1
(Ratzel et al., 2011; Kao and Bartel, 2015). Perhaps the detrimental membraneassociated PEX5 contributes to the PTS2-processing defects, and with less peroxisomal
import with age, the phenotype was alleviated. This hypothesis can be tested by directly
monitoring GFP-PTS1 or PTS2-GFP in leaves of different ages to see if import capacity
reflects the PTS2 processing. The second group includes pex12-1, pex6-1, and pex14-1,
in which all tested tissues showed similar PTS2-processing defects (Figure 3.10 B and
C). These persistent PTS2-processing defects were consistent with the poor adult
morphology in pex6-1 (Figure 3.7B) and pex14-1 (Woodward et al., 2014), whereas
pex12-1 showed intermediate adult morphology (Figure 3.7B). It is possible that the
pex12-1, pex6-1, and pex14-1 mutations confer defects in addition to receptor shuttling;
hence, aging may not be able to rescue those defects. The last group includes pex13-4,
which only displayed PTS2-processing defects in cotyledons (Figure 3.10C). The nearly
complete PTS2-processing displayed by pex13-4 leaves explains the disparate adult
morphology between pex13-4 and pex14 mutants (Woodward et al., 2014). This tissuespecific PTS2-processing defect hints a potentially diverse PEX5 docking mechanism. It
is possible that in cotyledons, PEX5 docking requires both PEX13 and PEX14, whereas
in leaves, PEX14 is more important for PEX5 docking. This hypothesis can be tested
using other loss-of-function pex13 alleles or by examining PEX5-PEX13 and PEX5-
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PEX14 interactions in these tissues.
Defective peroxisomes or β-oxidation underlie human peroxisome biogenesis
disorders. Affected patients display developmental delays and neurological defects, and
there is no cure (Braverman et al., 2016). PEX12, PEX2, and PEX10 mutations are found
in about 4-9%, 1-4%, and 3-5% of peroxisome biogenesis disorder patients, respectively
(Steinberg et al., 1993; Ebberink et al., 2011). Unlike Arabidopsis PEX12 (Kaur et al.,
2013), mammalian PEX12 does not appear to have ubiquitin ligase activity but promotes
PEX10 activity (Okumoto et al., 2014). However, the elevated PEX5 levels seen in our
Arabidopsis pex12-1, pex10-2, and pex2-1 mutants (Figure 3.5B and 3.7C and E) also are
observed in fibroblasts from patients with RING peroxin mutations, including
complementation group 3 (CG3; pex12), CG7 (pex10), and CG10 (pex2) (Dodt and
Gould, 1996). Isolation of genetic or chemical suppressors of the Arabidopsis RING
peroxin mutants described here might be informative for further understanding of the
roles of these peroxins in plants as well as the etiology of these disorders.
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Figure 3.12 A working model of peroxisome-associated ubiquitination machinery in wild
type (left) and the pex12-1 mutant (right).
Peroxins are numbered ovals. In wild type, the PEX5-PEX7-cargo complex docks at the
peroxisome and delivers cargo into the matrix. The PEX4 ubiquitin-conjugating enzyme
is suggested to work with the PEX2, PEX10, and PEX12 RING peroxins to ubiquitinate
PEX5, which allows PEX5 (and PEX7) retrotransloaction by the PEX1-PEX6 ATPase
complex for further rounds of cargo recruitment or proteasomal degradation. Although
ubiquitination of PEX5 has not been directly shown in Arabidopsis, it is demonstrated in
yeast (reviewed in Platta et al., 2014) and is inferred from the low PEX5 levels in the
pex6-1 mutant (Zolman and Bartel, 2004) that can be restored by treatment with a
proteasome inhibitor (Kao and Bartel, 2015) and in pex6-1 pex4-1 (Ratzel et al., 2011)
and pex6-1 pex2-1 (Burkhart et al., 2014) double mutants. The elevated PEX5 levels in
pex2, pex10, and pex12 mutants (this work) also support the hypothesis that PEX5 is a
substrate of these ubiquitin-protein ligases. Decreasing PEX4 function partially
ameliorates pex12-1 defects, consistent with the possibility that the pex12-1 ectopic Lys
substitution (K) is ubiquitinated, leading to pex12-1 degradation, RING peroxin complex
destabilization, peroxisomal retention of receptors, and severe matrix protein import
defects.
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CHAPTER 4: ELEVATED GROWTH TEMPERATURE DECREASES LEVELS OF THE PEX5
PEROXISOME-TARGETING SIGNAL RECEPTOR AND AMELIORATES DEFECTS OF

ARABIDOPSIS MUTANTS WITH AN IMPAIRED PEX4 UBIQUITIN-CONJUGATING ENZYME
This chapter has been published (Kao and Bartel, 2015).
4.1 Introduction
Fully folded or oligomerized proteins can be post-translationally imported into the
peroxisomal matrix by the peroxisomal import machinery (McNew and Goodman, 1994).
PEX5 recognizes and delivers proteins carrying peroxisome targeting signal type 1
(PTS1) (Chowdhary et al., 2012). The PEX5 receptor-cargo complexes translocate cargo
with the assistance of docking peroxins (PEX13, PEX14); this importomer forms
transient pores on the peroxisomal membrane to deliver cargo into the peroxisome matrix
(Walton et al., 1995; Meinecke et al., 2010).
After cargo delivery, PEX5 is recycled from the membrane back to the cytosol
with the assistance of a peroxisome-tethered ubiquitin-conjugating enzyme (PEX4;
tethered by PEX22) (van der Klei et al., 1998; Zolman et al., 2005) and RING-finger
peroxins (PEX2, PEX10, PEX12) (Platta et al., 2009; Burkhart et al., 2014). In yeast,
PEX4 and PEX12 monoubiquitinate PEX5 for recycling and further rounds of cargo
delivery whereas UBC4 and PEX2 polyubiquitinate PEX5, which targets PEX5 for
proteasomal degradation (Thoms and Erdmann, 2006). Ubiquitinated PEX5 is
recognized and removed from the peroxisomal membrane by a complex of the PEX1 and
PEX6 ATPases (Zolman and Bartel, 2004; Platta et al., 2005; Goto et al., 2011) and
PEX26, which recruits the PEX1-PEX6 heterohexamer to the peroxisome (Fujiki et al.,
2008; Goto et al., 2011; Nashiro et al., 2011).
Peroxisomes also can import proteins bearing N-terminal PTS2 nonapeptides
(R[L/I/Q]X5HL). PTS2 proteins are recognized and imported by PEX7 (Woodward and
Bartel, 2005a; Lazarow, 2006). PEX5 and PEX7 are interdependent in plants (Hayashi et
al., 2005; Woodward and Bartel, 2005a; Ramón and Bartel, 2010) and mutually enhance
cargo-receptor interactions in mammals (Kunze et al., 2014). In mammals, damaged
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PEX7 can be ubiquitinated and degraded by the proteasome (Miyauchi-Nanri et al.,
2014), but the mechanism by which undamaged PEX7 is recycled remains unclear.
Ubiquitin modification can target PEX5 for recycling or degradation (Thoms and
Erdmann, 2006). Moreover, accumulating evidence suggests that balancing PEX5
targeting and retrotranslocation is important for normal peroxisome function (Ratzel et
al., 2011; Burkhart et al., 2014). In this chapter, I demonstrate that elevated growth
temperature reduces PEX5 levels in mutants defective in PEX5 recycling. I implicate
proteasomal degradation rather than autophagy in this decrease. I hypothesize that
reducing overall PEX5 levels relieves the detrimental effects of membrane-associated
PEX5 in pex4-1 and ameliorates the associated physiological defects.
4.2 Growth at elevated temperature ameliorates the peroxisomal defects of pex4-1
Peroxisomal fatty acid β-oxidation provides fixed carbon and energy to
germinating Arabidopsis seedlings (Theodoulou and Eastmond, 2012). Peroxisomal
mutants that inefficiently perform β-oxidation fail to germinate or grow less vigorously
(Hayashi et al., 1998; Zolman et al., 2000). These defects can be partially reversed by
supplementing the growth medium with a fixed carbon source, such as sucrose, which
bypasses the need for β-oxidation. As a result, peroxisomal mutants have shorter
hypocotyls or do not germinate without sucrose when grown at normal temperature
(22°C; Figure 4.1G).
To examine the effect of temperature on mutants with impaired peroxisome
function, I surveyed peroxisome-defective mutants for sucrose dependence at normal
(22°C) and elevated (28°C) growth temperatures. I tested mutants defective in matrix
protein receptors (pex5-1, pex7-2) (Zolman et al., 2000; Ramón and Bartel, 2010),
receptor docking (pex13-4, pex14-1) (Monroe-Augustus et al., 2011; Woodward et al.,
2014), and receptor recycling (pex4-1, pex2-1, pex10-2, pex6-1) (Zolman and Bartel,
2004; Zolman et al., 2005; Burkhart et al., 2014). Growth at 28°C increased dark-grown
hypocotyl lengths (Figure 4.1G) but did not markedly alter sucrose dependence in wild
type or most peroxisome-defective mutants tested (Figure 4.1A, G). Interestingly, I
found that high temperature ameliorated the sucrose dependence of dark-grown pex4-1
seedlings (Figure 4.1A). At 22°C, pex4-1 hypocotyls were shorter without sucrose
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Figure 4.1 High temperature ameliorates physiological defects and reduces PEX5 levels
of pex4-1.
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(A) Physiological consequences of growth temperature on pex mutants. Wild type and
mutant seeds were pre-incubated under yellow-filtered light for 1 day prior to sowing on
plant nutrient media with or without 0.5% sucrose. Plates were placed under yellowfiltered light at 22°C for 1 day followed by 4 days in the dark at 22 or 28°C. Hypocotyl
lengths of seedlings grown on plant nutrient media were normalized to the corresponding
mean of 0.5% sucrose treatment. Means of normalized dark-grown hypocotyl lengths
and standard deviations are shown (n ≥ 17).
(B) Extracts of dark-grown seedlings from 0.5% sucrose-supplemented plant nutrient
media in panel A were processed for immunoblotting. The membrane was serially
probed with the indicated antibodies. HSC70 was used to monitor protein loading. The
positions of molecular mass markers (in kDa) are indicated on the right. Band intensities
were quantified using ImageJ; levels of PEX5 or PEX4 were normalized to the
corresponding HSC70 band prior to normalizing to the 22°C wild-type band to give the
listed numbers.
(C-F) Wild type and pex4-1 seeds were pre-incubated under yellow-filtered light at 22°C
for 1 day prior to sowing on 0.5% sucrose-supplemented plant nutrient media with or
without 30 µM IBA (C), 1.2 µM IAA (D), 2 µM 2,4-DB (E), or 600 nM 2,4-D (F).
Plates were placed under yellow-filtered light at 22°C for 1 day followed by 4 days in the
dark at 22 or 28°C. Dark-grown hypocotyl lengths were normalized to the corresponding
mean of 0.5% sucrose treatment. Means of normalized dark-grown hypocotyl lengths
and standard deviations are shown (n ≥ 12).
(G) Hypocotyl lengths used to generate panel A. Mean hypocotyl lengths and standard
deviations are shown (n ≥ 17).
(H) Hypocotyl lengths used to generate panel C to F. Mean hypocotyl lengths and
standard deviations are shown (n ≥ 12).
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supplementation; however, at 28°C, pex4-1 hypocotyls were similarly long with or
without sucrose (Figure 4.1G). This restoration of sucrose independence by growth at
high temperature was specific to pex4-1; the sucrose dependence of pex5-1, pex7-2,
pex14-1, pex2-1 and pex10-2 was unchanged or very slightly exacerbated at high
temperature, and pex13-4 did not germinate without sucrose at either temperature (Figure
4.1A, G). I therefore focused on the pex4-1 mutant to elucidate the molecular changes in
peroxisome function that accompany growth at high temperature.
In addition to fatty acids, indole-3-butyric acid (IBA) is β-oxidized in
peroxisomes to indole-3-acetic acid (IAA), which inhibits cell elongation (Zolman et al.,
2000; Strader et al., 2010; Strader and Bartel, 2011). Similarly, the synthetic auxin
precursor 2,4-dichlorophenoxybutyric acid (2,4-DB) is β-oxidized in peroxisomes to 2,4dichlorophenoxyacetic acid (2,4-D) (Hayashi et al., 1998). Consequently, wild-type
hypocotyls are short following growth on IBA or 2,4-DB whereas peroxisomal mutants
often have longer hypocotyls (Strader et al., 2011) (Figure 4.1C, E, H). Like sucrose
dependence (Figure 4.1A), I found that growth at high temperature partially restored IBA
(Figure 4.1C) and 2,4-DB (Figure 4.1E) responsiveness to the pex4-1 mutant. To
determine whether this restored IBA responsiveness stemmed from improved peroxisome
function or generally increased responsiveness to auxin, I tested the response of pex4-1 to
IAA and 2,4-D, which do not require peroxisomal chain shortening for biological
activity. I found that pex4-1 responded like wild type to both IAA (Figure 4.1D) and 2,4D (Figure 4.1F) at both normal and elevated growth temperatures. I concluded that
growth at elevated temperature improves peroxisome-related physiology in the pex4-1
mutant.
The Arabidopsis pex4-1 mutation alters a conserved proline residue and impairs
PEX4 function (Zolman et al., 2005), but the impact of this mutation on PEX4 levels has
not been reported. I validated an antibody that had been raised to Arabidopsis PEX4
(Figure 4.2C). I examined PEX4 levels in our various mutants following growth at
normal or elevated temperatures. I detected PEX4 in all of the mutants grown at 22°C
and found PEX4 levels were generally reduced following growth at high temperature
(Figure 4.1B). In the pex4-1 mutant grown at 22°C, pex4-1 protein levels were reduced
compared to wild type (Figure 4.1B), suggesting that the Pro123Leu substitution
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destabilizes the pex4-1 protein. pex4-1 levels were further reduced in pex4-1 grown at
28°C (Figure 4.1B), indicating that high temperature did not ameliorate pex4-1
physiological defects by restoring pex4-1 protein levels back to wild-type PEX4 levels.
In yeast, the PEX5 PTS1 receptor is retrotranslocated from the peroxisomal
membrane by the PEX1-PEX6 ATPase complex following ubiquitination by the PEX2PEX10-PEX12 ubiquitin-protein ligase complex assisted by the PEX4 ubiquitinconjugating enzyme (Collins et al., 2000; Thoms and Erdmann, 2006). In Arabidopsis,
mutation of these receptor-recycling peroxins can result in PEX5 destabilization, as in the
pex6-1 mutant (Zolman and Bartel, 2004), in excessive PEX5 membrane association
suggestive of inefficient retrotranslocation, as in the pex4-1 mutant (Ratzel et al., 2011)
and a pex12 mutant (Mano et al., 2006), or in elevated PEX5 levels, as in the pex2-1,
pex10-2, and pex12-1 mutant (Kao et al., 2016). Moreover, Arabidopsis pex7 mutants
display reduced PEX5 levels accompanied by PTS1 import defects in light-grown but not
dark-grown seedlings (Ramón and Bartel, 2010). I used immunoblotting to examine
PEX5 levels in our panel of mutants and found that all of the dark-grown mutants except
pex6-1 accumulated detectable levels of PEX5 when grown at 22°C (Figure 4.1B).
However, PEX5 levels were clearly reduced following growth in the dark at high
temperature in several mutants (Figure 4.1B), especially in pex7-2 and in the receptorrecycling mutants (pex4-1, pex2-1, and pex10-2). I confirmed that PEX4 is needed to
maintain PEX5 levels at elevated growth temperature by using an intronic pex4 mutant
(pex4-2). Although pex4-2 did not display obvious physiological defects (Figure 4.3A,
B, D), I found similar high temperature-induced PEX5 reduction in both pex4-1 and
pex4-2 (Figure 4.3C).
4.3 Overexpressing PEX5 exacerbates the peroxisomal defects of pex4-1
Because PEX5 is inefficiently retrotranslocated from the peroxisomal membrane
in pex4-1 (Ratzel et al., 2011), and because both sucrose dependence and PEX5 levels
were reduced in pex4-1 following growth at elevated temperature (Figure 4.1A, B), I
tested whether overexpressing PEX5 using the constitutive cauliflower mosaic virus
(CaMV) 35S promoter might exacerbate pex4-1 defects. Whereas overexpressing PEX5
in wild type did not confer IBA resistance or sucrose dependence in dark-grown
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Figure 4.2 The physiological and molecular phenotypes of pex4-1 are rescued by
expressing PEX4.
(A, B) Seedlings were grown as in the legend of Figure 4.1. Lines of constitutive PEX4
expression [pex4-1 (PEX4c)] or endogenous expression [pex4-1 (PEX4g)] restore the
IBA responsiveness and growth without external carbon source (Zolman et al., 2005).
Normalized dark-grown hypocotyl lengths and standard deviations are shown (n ≥ 18).
(C) Extracts of dark-grown seedlings from 0.5% sucrose-supplemented medium were
processed for immunoblotting. The membrane was serially probed with the indicated
antibodies. HSC70 was used to monitor protein loading. The positions of molecular
mass markers (in kDa) are indicated on the right.
(D) Hypocotyl lengths used to generate panel A and B. Mean hypocotyl lengths and
standard deviations are shown (n ≥ 18).
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Figure 4.3 Overexpressing PEX5 but not PEX7 worsens the peroxisomal defects of
pex4-1.
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(A, B) Seedlings were grown as in the legend of Figure 4.1. Means of normalized darkgrown hypocotyl lengths and standard deviations are shown (n ≥ 18). PEX5 was
overexpressed in wild type and pex4-1 using the 35S:PEX5 construct (Zolman and Bartel,
2004). PEX7 was overexpressed in wild type using the 35S:PEX7a construct (Ramón
and Bartel, 2010) and in pex4-1 using the 35S:PEX7 construct (Woodward and Bartel,
2005a).
(C) Extracts of dark-grown seedlings from 0.5% sucrose-supplemented plant nutrient
media were processed for immunoblotting. The membrane was serially probed with the
indicated antibodies. Thiolase is synthesized as a PTS2-containing precursor (p) and
cleaved in the peroxisome into a mature (m) form. HSC70 was used to monitor protein
loading. The positions of molecular mass markers (in kDa) are indicated on the right.
Band intensities were quantified using ImageJ; levels of PEX5 were normalized to the
corresponding HSC70 band prior to normalizing to the 22°C wild-type band to give the
listed numbers.
(D) Hypocotyl lengths used to generate panel A and B. Mean hypocotyl lengths and
standard deviations are shown (n ≥ 18).
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seedlings (Figure 4.3A, B, D), I found that overexpressing PEX5 increased the IBA
resistance (Figure 4.3B) and heightened the thiolase PTS2 processing defect (Figure
4.3C) of dark-grown pex4-1 seedlings, again suggesting a key role for PEX5 levels or
localization in pex4-1 physiological defects. Growth at elevated temperature only
partially ameliorated the increased IBA resistance and PTS2 processing defects of pex4-1
35S:PEX5 (Figure 4.3B, C) and failed to rescue the sucrose dependence of pex4-1
35S:PEX5 (Figure 4.3A). In contrast, overexpressing PEX7, the PTS2 matrix protein
receptor, did not worsen pex4-1 defects but rather appeared to rescue the mild thiolase
PTS2-processing defect of pex4-1 at 22°C (Figure 4.3C). Overexpression of either PEX5
or PEX7 did not markedly alter levels of PEX14 or peroxisomal ascorbate peroxidase
(APX3), two peroxisomal membrane proteins (Figure 4.3C).
To determine whether PEX5 levels were affected by PEX4 overexpression, I
compared PEX5 levels in pex4-1 seedlings transformed with a genomic copy of PEX4 or
a PEX4 cDNA driven from the CaMV 35S promoter (Zolman et al., 2005). As
previously shown (Zolman et al., 2005), both constructs fully rescued the sucrose
dependence and IBA resistance of dark-grown pex4-1 seedlings (Figure 4.2A, B, D).
Moreover, the IBA sensitivity, sucrose independence, and PEX5 levels in these lines also
resembled wild type following growth at 28°C, despite the excess PEX4 that accumulated
in the 35S:PEX4 line (Figure 4.2C). These results suggest that PEX4 is not limiting for
PEX5 degradation in wild type.
4.4 Physiological and molecular defects of pex4-1 are enhanced by mutations in
PEX5
Because overexpressing PEX5 exacerbated pex4-1 mutant defects and because
growth at high temperature ameliorated pex4-1 mutant defects while reducing PEX5
levels, I assessed how reducing PEX5 function through mutation would affect pex4-1
mutant defects. Two Arabidopsis pex5 mutants have been described: the missense pex51 allele (Zolman et al., 2000) specifically disrupts PTS2 import (Woodward and Bartel,
2005a) whereas the pex5-10 T-DNA insertion allele (Zolman et al., 2005) expresses
reduced levels of a truncated PEX5 product and disrupts both PTS1 and PTS2 import
(Khan and Zolman, 2010; Ramón and Bartel, 2010). I found that the pex4-1 pex5-1
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double mutant was more sucrose dependent (Figure 4.4A) and IBA resistant (Figure
4.4B) than either single mutant and that these defects were not ameliorated by growth at
elevated temperature (Figure 4.4A, B). Similarly, combining pex4-1 with pex5-10
resulted in seedlings that, like pex5-10, remained fully sucrose dependent (Figure 4.4A)
and IBA resistant (Figure 4.4B) and were more impaired than pex5-10 when grown with
sucrose supplementation (Figure 4.4D). Moreover, the germination defect of pex5-10
(Khan and Zolman, 2010) was exacerbated by pex4-1; double mutant seedlings
germinated less efficiently than pex5-10 when incubated at 22°C and generally failed to
germinate when incubated at 28°C, so I could not assess IBA responsiveness or sucrose
dependence of pex4-1 pex5-10 at elevated temperature.
Immunoblotting revealed that growth at high temperature further reduced levels
of the truncated pex5-10 protein but seemed to reduce the thiolase PTS2 processing
defect in pex5-10 (Figure 4.4C). Despite the enhanced physiological defects displayed by
the double mutants (Figure 4.4A, B), combining pex4-1 with pex5-1 or pex5-10 did not
dramatically alter the thiolase PTS2 processing defects (Figure 4.4C).
4.5 Growth at reduced temperature exacerbates the peroxisomal defects of pex4-1
Because high temperature alleviated the pex4-1 physiological defects, I tested
whether reduced growth temperature would intensify these defects. Although growth at
15°C did not appear to enhance the sucrose dependence of pex4-1 (Figure 4.5A), I found
that pex4-1 seedlings grown at 15°C were more IBA resistant than seedlings grown at
22°C (Figure 4.5B, D) whereas wild-type seedlings displayed robust IBA responsiveness
when grown at 15°C (Figure 4.5B). Similarly, the PTS2 processing defect of pex4-1 was
more apparent following growth at reduced temperature (Figure 4.5C). Overexpressing
PEX5 exacerbated pex4-1 defects and growing at reduced temperature further worsened
the thiolase PTS2 processing defects of pex4-1 (Figure 4.5C). Moreover, PEX5 levels,
which did not vary markedly in wild-type seedlings grown at different temperatures,
showed a clear negative correlation with growth temperature in the pex4-1 mutant, with
more PEX5 protein accumulating at cooler temperatures and less PEX5 accumulating at
elevated growth temperatures (Figure 4.5C).
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Figure 4.4 Peroxisomal defects of pex4-1 are exacerbated by the pex5-1 and pex5-10
mutations.
(A, B) Seedlings were grown as in the legend of Figure 4.1. Means of normalized darkgrown hypocotyl lengths and standard deviations are shown (n ≥ 7). No bars are shown
for pex4-1 pex5-10 at 28°C because of extremely poor germination rate (one seed
germinated on 0.5% sucrose-supplemented plant nutrient medium out of approximately
100 seeds plated; none germinated without sucrose or with 30 µM IBA).
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(C) Extracts of dark-grown seedlings from 0.5% sucrose-supplemented plant nutrient
media were processed for immunoblotting, and duplicate membranes (top four panels;
bottom two panels) were serially probed with the indicated antibodies. Thiolase is
synthesized as a PTS2-containing precursor (p) and cleaved in the peroxisome into a
mature (m) form. HSC70 was used to monitor protein loading. The positions of
molecular mass markers (in kDa) are indicated on the right.
(D) Hypocotyl lengths used to generate panel A and B. Mean hypocotyl lengths and
standard deviations are shown (n ≥ 7).
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Figure 4.5 Low temperature worsens the peroxisomal defects of pex4-1.
(A, B) Seedlings were grown as in the legend of Figure 4.1, and plates were grown in the
dark at 15, 22, 28, or 32°C with or without 0.5% sucrose (A) or 30 µM IBA (B). Means
of normalized dark-grown hypocotyl lengths and standard deviations are shown (n ≥ 20).
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(C) Extracts of dark-grown seedlings from 0.5% sucrose-supplemented plant nutrient
media were processed for immunoblotting, and duplicate membranes (top two panels;
bottom four panels) were serially probed with the indicated antibodies. Thiolase is
synthesized as a PTS2-containing precursor (p) and cleaved in the peroxisome into a
mature (m) form. HSC70 was used to monitor protein loading. The positions of
molecular mass markers (in kDa) are indicated on the right.
(D) Hypocotyl lengths used to generate panel A and B. Mean hypocotyl lengths and
standard deviations are shown (n ≥ 20).
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4.6 PEX5 is more membrane associated in pex4-1; high temperature does not rescue
this defect
Certain mutants defective in receptor-recycling peroxins, including pex4-1 and
pex6-1, display an elevated fraction of membrane-associated PEX5 (Ratzel et al., 2011).
I hypothesized that high temperature might increase membrane fluidity and allow more
efficient PEX5 retrotranslocation in the pex4-1 mutant, thus explaining the observed
physiological rescue. To test this idea, I used cellular fractionation coupled with
immunoblotting to monitor PEX5 localization in seedlings grown at 22 or 28°C. As
expected, the PEX14 membrane peroxin was fully membrane associated in wild type and
pex4-1 at either growth temperature (Figure 4.6). As previously observed in light-grown
seedlings (Ratzel et al., 2011), I found that in extracts from dark-grown wild-type
seedlings, PEX5 was mostly soluble following growth at 22°C and that pex4-1 had a
higher fraction of membrane-associated PEX5 (Figure 4.6). I further found that growth
at elevated temperature (28°C) did not notably alter PEX5 membrane association in wild
type. Moreover, high temperature did not rescue the high membrane-associated PEX5
defect in pex4-1; rather, the PEX5 pellet-to-supernatant ratio was elevated further when
pex4-1 was grown at high temperature (Figure 4.6). I concluded that the physiological
rescue observed following growth of pex4-1 at high temperature did not result from
restoration of PEX5 retrotranslocation from the peroxisomal membrane.
PEX7 recognizes and delivers PTS2 cargo, but the PEX7 recycling mechanism is
not well understood. Unlike PEX5 levels, PEX7 levels (Figure 4.3) or membrane
association (Figure 4.6) did not noticeably change following growth at elevated
temperature.
4.7 High temperature-induced PEX5 reduction in pex4-1 is not due to autophagy
Because growth at elevated temperature reduced overall PEX5 levels in the pex41 mutant, I explored the molecular basis of this reduction. I first tested for the
involvement of autophagy in PEX5 degradation. In macroautophagy, an isolation
membrane selectively engulfs specific or general cellular components for ultimate
degradation in the vacuole (Li and Vierstra, 2012). ATG7 is required for lipidation of the
ubiquitin-like ATG8 that marks the isolation membrane (Li and Vierstra, 2012) and is
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Figure 4.6 PEX5 is more membrane associated in pex4-1; high temperature does not
rescue this defect.
Seedlings were grown as in the legend of Figure 4.1. Extracts from dark-grown seedlings
grown at 22°C or 28°C were cleared by a low-speed centrifugation to give homogenates
(H). After a high-speed centrifugation, supernatants (S) were removed, and pellets were
resuspended and spun at high speed to separate the wash supernatants (W) and final
pellets (P). Equal volumes of each fraction were processed for immunoblotting by
sequential incubation of the membrane with the indicated antibodies. PEX14 and
mitochondrial (mito) ATP synthase are integral membrane proteins; HSC70 is mainly
cytosolic. The positions of molecular mass markers (in kDa) are indicated on the right.
Band intensities were quantified using ImageJ. For each sample, the supernatant, pellet,
and wash were normalized to the corresponding homogenate to give the listed numbers.
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Figure 4.7 High temperature-induced PEX5 reduction in pex4-1 does not require
autophagy.
Plants were grown as in the legend of Figure 4.1. Extracts of dark-grown seedlings from
0.5% sucrose-supplemented plant nutrient media were processed for immunoblotting.
The membrane was serially probed with the indicated antibodies. HSC70 was used to
monitor protein loading. The positions of molecular mass markers (in kDa) are indicated
on the right. Band intensities were quantified using ImageJ. The levels of PEX5 or
PEX4 were normalized to the corresponding HSC70 band prior to normalizing to the
22°C wild-type band to give the listed numbers.
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thus required for autophagy of peroxisomes (pexophagy) (Farmer et al., 2013). I found
that preventing autophagy by crossing pex4-1 to the atg7-3 null allele (Lai et al., 2011)
did not increase PEX5 accumulation in pex4-1 at either growth temperature (Figure 4.7),
suggesting that high temperature-induced PEX5 reduction in pex4-1 does not require
autophagy.
4.8 MG132 treatment implicates ubiquitin-dependent proteasomal degradation in
regulating PEX5 levels
In yeast, ubiquitinated PEX5 is retrotranslocated from the membrane by the
PEX1-PEX6 ATPase complex for recycling, but if this retrotranslocation is slowed,
ubiquitination promotes PEX5 degradation by the proteasome (Kragt et al., 2005; Thoms
and Erdmann, 2006). A role for the proteasome in Arabidopsis PEX5 degradation has
not been directly demonstrated but is implied by the reduced PEX5 levels found in the
Arabidopsis pex6-1 mutant (Zolman and Bartel, 2004). To test proteasomal involvement
in Arabidopsis PEX5 degradation, I used a proteasome inhibitor, MG132, to slow
ubiquitin-dependent proteasomal degradation (Genschik et al., 1998; Yang et al., 2004).
I found that PEX5 levels were similarly elevated following a 24-hour MG132 treatment
at both normal and elevated temperature in wild type (Figure 4.8), suggesting that PEX5
can normally be degraded in a proteasome-dependent manner. PEX5 levels in pex4-1
grown at either normal or elevated temperature were also increased by MG132 treatment
(Figure 4.8), suggesting that the proteasome contributes to PEX5 degradation in pex4-1
as well. Interestingly, the relative increase in PEX5 levels following MG132 treatment
was greater in pex4-1 grown at elevated temperature than in wild type, suggesting that
PEX5 degradation by the proteasome is enhanced in pex4-1 mutants grown at elevated
temperature. In contrast to PEX5 levels, the levels of PEX7 were largely unchanged in
this experiment (Figure 4.8), demonstrating that not all peroxins were similarly sensitive
to MG132 treatment.
I also observed that the PTS2-containing precursor of thiolase accumulated to
higher levels in pex4-1 and pex6-1 mutants following MG132 treatment (Figure 4.8).
This result suggests that mislocalized cytosolic thiolase can be degraded by the
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Figure 4.8 PEX5 degradation is reduced following treatment with the MG132
proteasome inhibitor.
Wild type and mutants were preincubated under yellow-filtered light at 22°C for 1 day.
Plates were placed in yellow light at 22°C for 1 day followed by 3 days in the dark at
22°C. Seedlings were transferred to 0.5% sucrose-supplemented liquid plant nutrient
media with the vehicle control (DMSO) or 50 µM MG132. Seedlings were incubated at
22 or 28 °C for an additional 24 hours. Extracts of dark-grown seedlings were processed
for immunoblotting. The membrane was serially probed with the indicated antibodies.
Thiolase is synthesized as a PTS2-containing precursor (p) that is cleaved in the
peroxisome to the mature (m) form. HSC70 was used to monitor protein loading. The
positions of molecular mass markers (in kDa) are indicated on the right. Band intensities
were quantified using ImageJ. The levels of PEX5 and PEX7 were normalized to the
corresponding HSC70 band prior to normalizing to the 22°C non-MG132-treated wildtype band to give the listed numbers.
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proteasome or that the matrix protein import defects of these mutants were worsened by
MG132 treatment.
4.9 Conclusions and discussion
PEX4 is a ubiquitin-conjugating enzyme tethered to the peroxisome by PEX22
(Zolman et al., 2005). PEX4 is necessary for peroxisomal matrix protein import,
probably via its role in ubiquitinating the PEX5 matrix protein receptor, which allows
efficient retrotranslocation of PEX5 from the membrane by the PEX1-PEX6 ATPase
complex (Figure 4.9A) (Platta et al., 2007). The Arabidopsis pex4-1 mutant is caused by
a Pro123Leu missense mutation and displays a variety of phenotypes suggestive of
peroxisome deficiencies, including sucrose dependence, IBA resistance, inefficient PTS2
processing (Zolman et al., 2005), PTS1 import defects (Burkhart et al., 2014), and
elevated membrane-associated PEX5 (Ratzel et al., 2011). Mounting evidence suggests
that PEX5 lingering in the membrane is harmful to peroxisome physiology. For example,
overexpressing PEX5 confers sucrose dependence and enhances PTS2 processing defects
in Arabidopsis pex10-2, a mutant defective in one of the RING-finger peroxins (Burkhart
et al., 2014). Furthermore, slightly reducing levels of PEX13, which assists in docking
PEX5 at the membrane (Woodward et al., 2014), ameliorates the physiological defects of
pex4-1 (Ratzel et al., 2011). In this chapter, I found that overexpressing PEX5
exacerbated the sucrose dependence, IBA resistance, and PTS2 processing defects of the
pex4-1 mutant (Figure 4.3, 4.5). These findings are consistent with the hypotheses that
the PEX4 ubiquitin-conjugating enzyme normally promotes PEX5 retrotranslocation
from the peroxisomal membrane and that PEX5 impairs peroxisome physiology if not
promptly removed from the membrane after cargo delivery.
Various environmental stimuli can affect peroxisome numbers and functions in
plant cells. For example, cadmium and salinity treatments induce production of reactive
nitrogen species in peroxisomes (Corpas et al., 2004; Corpas et al., 2009; Corpas and
Barroso, 2014). Slightly elevated temperature is associated with increased peroxisome
numbers in Norway spruce (Picea abies L. Karst.) (Kivimaenpaa et al., 2014) and salt
(NaCl) stress promotes peroxisome proliferation in Arabidopsis roots (Mitsuya et al.,
2010). However, the interplay of the environment on peroxisomes in plants with
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compromised peroxisome function remains largely unexplored. In this chapter, I found
that PEX5 levels are reduced following growth of receptor recycling mutants at elevated
temperature (Figure 4.1B), suggesting that the activity of the receptor recycling
machinery might be temperature-dependent.
I found that growth at elevated temperature rescued the sucrose dependence of
dark-grown pex4-1 seedlings (Figure 4.1A) and ameliorated the pex4-1 thiolase PTS2processing defect (Figure 4.3C, 4.5C) whereas growth at decreased temperature had
opposite effects (Figure 4.5). PEX4 levels decreased at high temperature (Figure 4.1B,
4.4C, 4.5C), suggesting that the observed phenotypic rescue was not due to restoration of
PEX4 levels in the mutant. Importantly, the elevated ratio of membrane-associated
versus cytosolic PEX5 in pex4-1 was not corrected by growth at high temperature (Figure
4.6), indicating that high temperature did not restore pex4-1 enzymatic activity or
increase membrane fluidity to facilitate PEX5 retrotranslocation. Reduced overall PEX5
levels accompanied the amelioration of pex4-1 physiological defects at high temperature
(Figure 4.1 – 4.5), further supporting the conclusion that membrane-associated PEX5
impairs peroxisome function in pex4-1. Blocking autophagy did not prevent the high
temperature-induced PEX5 reduction in pex4-1 (Figure 4.7), suggesting that PEX5 was
not degraded by autophagy at high temperature in pex4-1. In contrast, using MG132 to
slow ubiquitin-dependent proteasomal degradation restored PEX5 levels in pex4-1 grown
at high temperature to wild-type levels (Figure 4.8). Interestingly, proteasomal
degradation also can contribute to heat stress resistance in rice (Li et al., 2015).
Together, our data are consistent with a model in which high temperature promotes
ubiquitin-dependent proteasomal degradation of PEX5 in pex4-1, which reduces
membrane-associated PEX5 and relieves pex4-1 physiological defects (Figure 4.9).
In yeast, the PTS1 cargo receptor PEX5, together with the docking peroxin
PEX14, forms transient pores in the peroxisomal membrane to deliver cargo into
peroxisomes (Meinecke et al., 2010). PEX4 assists the RING-finger peroxins in
ubiquitinating PEX5 (Platta et al., 2014), allowing PEX5 to be returned to the cytosol and
thereby removing the membrane pore. How PEX5 topology changes as it cycles between
a soluble protein in the cytosol and an integral protein in the peroxisomal membrane is
not known. Moreover, it is not clear why overexpressing PEX5 worsens defects in
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certain peroxisomal mutants (this chapter and Burkhart et al., 2014). I speculate that the
excess membrane-associated PEX5 in pex4-1 (this chapter and Ratzel et al., 2011) might
still be in the pore conformation, altering peroxisome matrix pH, redox status, and/or
cofactor availability, thereby disrupting peroxisome metabolism and contributing to the
observed physiological defects in pex4-1.
Although high-temperature induced reductions in PEX5 levels were associated
with ameliorated pex4-1 peroxisomal defects (Figure 4.1 – 4.5), and although PEX5
overexpression (Figure 4.3) and low-temperature induced increases in PEX5 levels
(Figure 4.5) were associated with worsened pex4-1 defects, reducing PEX5 function by
mutation did not reduce pex4-1 defects. In fact, the pex4-1 pex5-1 and pex4-1 pex5-10
double mutants displayed exaggerated peroxisome-related physiological defects
compared to the parents (Figure 4.4A, B, D). This enhancement suggests that the pex5-1
and pex5-10 proteins, which do not efficiently import peroxisomal matrix proteins
(Zolman et al., 2000; Khan and Zolman, 2010; Ramón and Bartel, 2010), confer
additional detriment to peroxisome function when not efficiently retrotranslocated (i.e., in
a pex4-1 mutant). I expect that a pex5 mutation that reduces PEX5 protein levels without
otherwise impairing PEX5 function might ameliorate the peroxisomal defects of pex4-1,
as suggested by the finding that slightly reducing levels of the PEX13 docking peroxin
reduces the physiological defects of pex4-1 without notably impairing peroxisome
function (Ratzel et al., 2011).
Yeast PEX14 is required for pexophagy (Zutphen et al., 2008), and yeast mutants
lacking PEX4 display elevated PEX14 levels (van der Klei et al., 1998), consistent with
the possibility that PEX4 might directly or indirectly promote pexophagy as well. In
mammalian cells, PEX5 brings the tuberous sclerosis complex to the peroxisome, where
it regulates the mTORC pathway and autophagy to suppress tumor formation (Zhang et
al., 2013). The WXXX(F/Y) motif in the N-terminal region of PEX5 that binds PEX14
during PTS1 cargo delivery (Natsuyama et al., 2013; Lanyon-Hogg et al., 2014; Neuhaus
et al., 2014) is similar to the WXXL ATG8-binding sequence that targets proteins to the
autophagy machinery (Noda et al., 2010). Although pexophagy recently has been
described in Arabidopsis (Farmer et al., 2013; Kim et al., 2013b; Shibata et al., 2013), the
roles of individual plant peroxins in this process have not been reported. I found no
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evidence that pexophagy was generally induced in pex4-1; levels of the peroxisomal
membrane proteins PEX14 and APX3 were not reduced in pex4-1 (Figure 4.3C).
Interestingly, PEX4 protein was generally less abundant following growth at elevated
temperature (Figure 4.1B, 4.4C, 4.5C, 4.7), and blocking autophagy moderated this
decline and partially restored PEX4 levels in pex4-1 (Figure 4.7). These results suggest
that autophagy might contribute to PEX4 degradation at high temperature.
Human peroxisome biogenesis disorders (PBDs) are genetic diseases caused by
peroxin mutations and lack effective treatments. PBD patients have developmental
delays and neuropathies that often result in early mortality (Braverman et al., 2013).
Arabidopsis peroxisomal mutants share some molecular phenotypes with fibroblasts from
PBD patients. For example, both human cells with mutations in PEX6 (Dodt and Gould,
1996) and Arabidopsis pex6-1 mutants (Zolman and Bartel, 2004) have low PEX5 levels
(e.g., Figure 4.1B, 4.8). Interestingly, low temperature increases membrane-association
of PEX5 in normal human cells (Dodt and Gould, 1996) and increases peroxisomal
import in cells from a PBD patient carrying a PEX6 mutation (Imamura et al., 2000). It is
possible that low temperature slows PEX5 degradation and increases PEX5 levels in
PEX6-deficient cells. Here, I discovered that growth at high temperature reduced overall
PEX5 levels in the Arabidopsis pex4-1 mutant. Together, these results reinforce the idea
that therapies targeting PEX5 levels or localization might improve peroxisome
functioning in certain PBD patients.
My data suggest a model (Figure 4.9) in which PEX5 in the pex4-1 mutant lingers
on the peroxisomal membrane, which impairs peroxisomal functioning. When pex4-1
seedlings are grown at high temperature, overall PEX5 levels are reduced via an MG132inhibitable mechanism, presumably proteasomal degradation. This degradation reduces
PEX5 accumulation on the peroxisomal membrane. These results suggest that efficient
removal of PEX5 from the peroxisome after cargo delivery is needed not simply to make
PEX5 available for further import rounds but also to prevent the peroxisome dysfunction
that results from PEX5 lingering in the peroxisomal membrane.

122

Figure 4.9 A working model for high-temperature amelioration of pex4-1 physiological
defects.
(A) In wild type, PEX5 recognizes and delivers PTS1 cargo into peroxisomes. The
peroxisome-tethered ubiquitin conjugating enzyme (PEX4) and RING finger peroxins
(PEX2, PEX10, PEX12) collaborate to ubiquitinate PEX5. Ubiquitinated PEX5 is
recycled back to the cytosol by the PEX1-PEX6 ATPase complex.
(B) At normal growth temperature (22°C), mutations in PEX4 slow PEX5 recycling,
resulting in elevated membrane-associated PEX5, which contributes to pex4
physiological defects. These defects are amplified by PEX5 overexpression, implying
that these defects do not exclusively result from reduced matrix protein import.
(C) At high temperature (28°C), an unknown ubiquitination enzyme (question mark)
promotes ubiquitin-dependent PEX5 degradation, reducing overall PEX5 levels and
ameliorating pex4 defects.
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End of Chapter 4
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CHAPTER 5: ELUCIDATING PEROXISOMAL RETROTRANSLOCATION
Parts of this chapter (Figure 5.1 – 5.5) have been published (Burkhart et al., 2014) or
submitted for publication (Figure 5.8 and 5.9A; Gonzalez et al., 2017).
5.1 Introduction
The peroxisome-associated ubiquitination machinery is dedicated to shuttling the
PTS1 receptor PEX5 between the cytosol and peroxisomes. In Saccharomyces
cerevisiae, the peroxisome-tethered ubiquitin-conjugating enzyme Pex4 (Ubc10) coupled
with the ubiquitin-protein ligase Pex12 mono-ubiquitinate Pex5 (Platta et al., 2009),
which is pulled back to the cytosol by the AAA ATPase complex (Pex1-Pex6-Pex26).
Moreover, the cytosolic ubiquitin-conjugating enzyme Ubc4 works with Pex2 to polyubiquitinate Pex5 targeted for proteasome degradation (Platta et al., 2009). Pex10 is not
essential for Pex5 mono- or polyubiquitination (Platta et al., 2009) but rather enhances
both Pex4/Pex12- and Ubc4/Pex2-mediated ubiquitination (El Magraoui et al., 2012). In
Arabidopsis thaliana, PEX5 ubiquitination is not directly demonstrated but is implicated
by the excessive membrane-associated PEX5 in mutants (pex4, pex6, and pex12) with
defective peroxisome-associated ubiquitination machinery (Goto et al., 2011; Ratzel et
al., 2011; Kao et al., 2016). Conversely, pex6 mutants have low PEX5 levels (Zolman
and Bartel, 2004), presumably because of heightened proteasome degradation of PEX5
(Kao and Bartel, 2015) as outlined in the model shown in Figure 5.1A. Although a
working model is in place (Figure 5.1A), the interactions among the components of the
peroxisome-associated ubiquitination machinery remain incompletely understood.
In this chapter, I characterized mutants in peroxisomal ubiquitin-protein ligases
(pex2-1 and pex10-2) and the peroxisome tether of the AAA ATPase complex (pex26-1).
I combined pex26-1 with other pex mutants to provide insights into PEX5
retrotranslocation and potential novel substrates of the ubiquitination machinery.
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5.2 Peroxisome-associated ubiquitin-protein ligases have distinct roles in PEX5
retrotranslocation
A microscopy-based forward-genetic screen was conducted to identify proteins
involved in peroxisomal matrix protein degradation (Burkhart et al., 2013). The
glyoxylate cycle enzyme isocitrate lyase (ICL) is present during germination and early
development but is degraded as photosynthesis is established (Zolman et al., 2005;
Lingard et al., 2009). Matthew Lingard expressed GFP-ICL driven by the endogenous
ICL promoter in wild type to visualize ICL degradation (Figure 5.1B) and screened ethyl
methanesulfonate-mutagenized pICL:GFP-ICL seedlings to isolate persistent GFP-ICL
fluorescent (pfl) mutants.
Sarah Burkhart used recombination mapping to identify PEX2 and PEX10
mutations in pfl36 and pfl81, respectively. Persistent GFP-ICL fluorescence in lightgrown hypocotyls coupled with PMDH processing defects were used to map pfl36 to a
region at the bottom of chromosome 1 that contained PEX2 (At1g79810; Figure 5.1C).
Sequencing PEX2 from pfl36 genomic DNA revealed a missense mutation in exon four
that altered a conserved Arg to Lys (Figure 5.1D) in a predicted cytosolic domain prior to
the first predicted PEX2 transmembrane domain (Figure 5.1E and 5.2). pfl36 was
renamed as pex2-1.
Sarah Burkhart used resistance to the inhibitory effects of IBA to map pfl81 to a
region on the lower arm of chromosome 2 that contained PEX10 (At2g26350; Figure
5.1F). Sequencing PEX10 from pfl81 genomic DNA revealed a G-to-A mutation of the
last nucleotide of intron eight that is predicted to disrupt PEX10 splicing (Figure 5.1G).
pfl81 was renamed as pex10-2. The pex10-2 splicing variants were examined and
revealed two predominant transcripts: one transcript retained intron eight, which if
translated would result in encoding 28 amino acids followed by a stop codon, and the
other transcript was spliced one nucleotide after the wild-type splicing acceptor site,
which if translated would result in six out-of-frame amino acids followed by a stop
codon. Both splicing variants would encode a truncated pex10 protein without the
RING-finger domain (Figure 5.1H and 5.3).
pex2-1 and pex10-2 were novel viable mutants with typical peroxisome-related
defects, providing reagents to elucidate individual peroxin and overall peroxisome
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Figure 5.1 Recombination mapping of pfl36 and pfl81 reveals mutations in PEX2 and
PEX10.
(A) Peroxisomal matrix protein import requires assistance of peroxins (numbered).
Cargo receptors (PEX5 and PEX7) recognize PTS1 or PTS2 cargo proteins in the cytosol,
and the cargo-receptor complex dock on the peroxisomal membrane at the site of PEX13
and PEX14. After cargo delivery, PEX5 is ubiquitinated and returned to the cytosol for
further rounds of cargo import or degradation. In yeast, the RING finger peroxins
(PEX2, PEX10, and PEX12) form hetero-oligomers in different modes of PEX5
ubiquitination (reviewed in Platta et al., 2013).
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(B) GFP-ICL fluorescence is detected in both 5- and 7-d-old pex10-2 (pfl81) seedlings
carrying GFP-ICL driven by the endogenous ICL promoter (ICLp:GFP-ICL), whereas
GFP-ICL is detected in 5- but not 7-d-old wild-type ICLp:GFP-ICL seedlings.
Hypocotyls of light-grown seedlings were imaged for GFP fluorescence using confocal
microscopy. Scale bar is 20 µm.
(C) pfl36 was mapped to the bottom of chromosome 1 near the PEX2 gene using the
phenotypes of prolonged GFP-ICL fluorescence accompanied by PMDH processing
defects. The number of recombinants over the number of chromosomes scored is
indicated for each marker assayed.
(D) A gene diagram of PEX2 depicting exons as rectangles and introns as lines. A
missense mutation in the fourth exon of PEX2 in pfl36 (pex2-1) changes Arg 161 to Lys.
Three other pex2 alleles are indicated: pex2-2, ted3 (Hu et al., 2002), and the T-DNA
insertion allele Salk_033081 that confers embryo lethality (Hu et al., 2002).
(E) The locations of the lesions in viable pex2 alleles are indicated on a diagram
depicting the PEX2 protein domains, which include two predicted transmembrane
domains (TMD) and a C-terminal RING domain.
(F) pfl81 was mapped using the IBA resistance phenotype to an interval on the lower arm
of chromosome 2 that contained the PEX10 gene. The number of recombinants over the
number of chromosomes scored is indicated for each marker assayed.
(G) pfl81 (pex10-2) carries a predicted splicing acceptor mutation in the last nucleotide of
intron 8 in PEX10. Four other reported pex10 mutants are indicated on the gene diagram:
the pex10-1 T-DNA insertion allele (Schumann et al., 2003; Sparkes et al., 2003) and
three TILLING alleles, pex10-G93E, pex10-P126S, and pex10-W313* (Prestele et al.,
2010).
(H) The locations of the lesions in the two viable pex10 alleles are indicated on a diagram
depicting the PEX10 protein domains, which include two predicted transmembrane
domains (TMD) and a C-terminal RING domain. Experiments in this figure were
completed by Sarah E. Burkhart.
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Figure 5.2 Alignment of PEX2 proteins from various organisms.
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Arabidopsis (At) PEX2 (At1g79810) was aligned with homologs from Glycine max
(XP_003530138.1), Oryza sativa (Os05g0275700), Brachypodium distachyon
(XP_003573500.1), Selaginella moellendorffii (XP_002976539.1), Physcomitrella patens
(XP_001781834.1), Gallus gallus (NP_001008454.1), Danio rerio (XP_684073.2),
Homo sapiens (NP_000309.1), Caenorhabditis elegans (CAA92640.2), and
Saccharomyces cerevisiae (NP_012325.1). The alignment was generated using
Lasergene MegAlign (DNASTAR, Madison, WI) with the Clustal W default settings and
the Gonnet series protein weight matrix. Residues identical in at least six sequences are
shaded in black or purple; chemically similar residues are shaded in gray.
Transmembrane domains predicted using the ARAMEMNON database are indicated in
blue, metal-coordinating residues of the RING-finger domain are highlighted in purple,
and positions of Arabidopsis pex2 mutants are indicated in red.
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Figure 5.3 Alignment of PEX10 proteins from various organisms.
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Arabidopsis (At) PEX10 (At2g26350) was aligned with homologs from Glycine max
(XP_003544551.1), Oryza sativa (Os07g0608800), Brachypodium distachyon
(XP_003559973.1), Physcomitrella patens (XP_001777562.1), Gallus gallus
(NP_001185583.1), Danio rerio (NP_001005994.1), Homo sapiens (NP_722540.1),
Caenorhabditis elegans (NP_001021200.2), and Saccharomyces cerevisiae
(NP_010551.1). The alignment was generated using Lasergene MegAlign (DNASTAR,
Madison, WI) with the Clustal W default settings and the Gonnet series protein weight
matrix. Residues identical in at least five sequences are shaded in black or purple;
chemically similar residues are shaded in gray. Transmembrane domains predicted using
the ARAMEMENON plant membrane protein database are indicated in blue, metalcoordinating residues of the RING-finger domain are highlighted in purple, and positions
of Arabidopsis pex10 mutants are indicated in red.

132

functions. Arabidopsis PEX2 and PEX10 both are peroxisomal transmembrane proteins
with RING domains and ubiquitin-protein ligase activity in vitro (Kaur et al., 2013). In
yeast and Arabidopsis, PEX2-PEX10-PEX12 complex stability requires the presence of
all three proteins (Agne et al., 2003; Kao et al., 2016). To determine if the phenotypic
defects of pex2-1 and pex10-2 were caused by the identified mutations, I expressed
untagged and HA-tagged PEX2 or PEX10 driven by the strong cauliflower mosaic virus
35S promoter in the mutants.
Indole-3-butyric acid (IBA) is converted into indole-3-acetic acid (IAA) via
peroxisomal β-oxidation, and this IAA promotes lateral root formation (Zolman et al.,
2001); hence, mutants with impaired peroxisomes are less responsive to IBA-promoted
lateral rooting. pex2-1 produced fewer lateral roots when growing on media containing
IBA (Figure 5.4A). I found that expressing PEX2 or HA-PEX2 restored IBA-responsive
lateral rooting in pex2-1, whereas expressing PEX10 or HA-PEX10 did not alleviate this
defect (Figure 5.4A). Impaired peroxisome import often leads to incomplete processing
of PTS2 proteins (Zolman and Bartel, 2004), and pex2-1 accumulated unprocessed
precursor of peroxisomal malate dehydrogenase (PMDH; Figure 5.4B). I found that this
PMDH PTS2 processing defect also was fully rescued by expressing PEX2 or HA-PEX2
but not PEX10 or HA-PEX10 (Figure 5.4B).
The glyoxylate cycle enzyme ICL can be monitored not only by GFP-ICL
fluorescence (Figure 5.1B) but also by detection of ICL via immunoblotting. ICL was
greatly reduced in 5-day-old wild-type seedlings but remained detectable in 5-day-old
pex2-1 (Figure 5.4C). Another glyoxylate cycle enzyme, malate synthase (MLS),
showed a similar pattern as ICL in wild type, and pex2-1 also accumulated higher levels
of MLS in 5-day-old seedlings (Figure 5.4C). Expressing HA-PEX2 (but not HA-PEX10)
rescued the ICL/MLS retention phenotypes of pex2-1, confirming that pex2-1 was the
causal mutation. Interestingly, even though pex2-1 possessed low PEX10 levels (Figure
3.5A), increasing PEX10 was insufficient to compensate for pex2-1 defects.
A photorespiration-related enzyme, hydroxypyruvate reductase (HPR),
accumulates during photomorphogenesis, and HPR levels can be used to monitor the
timing of Arabidopsis seedling development (Lingard and Bartel, 2009). HPR levels
increased slightly in 3- to 5-day-old wild-type seedlings, and similar patterns were
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Figure 5.4 PEX2 (but not PEX10) rescues pex2-1 physiological and molecular defects.
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(A) Overexpressing PEX2 (but not PEX10) restored IBA-responsive lateral rooting to
pex2-1. Wild type and mutants were sown on 0.5% sucrose-supplemented plant nutrient
media. Plates were grown under yellow-filtered light for 4 days, and seedlings then were
transferred to the indicated media with or without 10 µM IBA for 4 additional days.
Mean number of lateral roots per mm root length and standard deviations are shown (n =
8). Lateral root density following IBA treatment was analyzed using one-way ANOVA
among genotypes. Different letters above bars represent significantly different means
(one-way ANOVA, P < 0.005).
(B) Expressing PEX2 (but not PEX10) rescued the PMDH PTS2-processing defect of
pex2-1. Extracts from 8-d-old light-grown seedlings were processed for immunoblotting,
and duplicate membranes (top four panels; bottom two panels) were serially probed with
the indicated antibodies. Peroxisomal malate dehydrogenase (PMDH) is synthesized as a
precursor (p); the N-terminal PTS2-containing region is cleaved to give the mature (m)
form after import into peroxisomes. The HA antibody detected both HA-PEX2 and HAPEX10. The PEX2 (or PEX10) antibody detected untagged and HA-tagged PEX2 (or
PEX10). A cross-reacting band that appears with the PEX2 antibody (Sparkes et al.,
2005) is marked with an asterisk. The positions of molecular mass markers (in kDa) are
indicated on the right. HSC70 was used to monitor loading.
(C) The ICL and MLS stabilization of pex2-1 was rescued by transgenic HA-PEX2 (but
not HA-PEX10). Extracts from 3- to 5-d-old seedlings were processed for
immunoblotting, and duplicate membranes (top three panels; bottom four panels) were
serially probed with the indicated antibodies. A cross-reacting band that appears with the
ICL antibody is marked with an asterisk. In panels A and B, two independent transgenic
lines (1 and 2) were examined for each transgene; panel C used the HA-PEX2 and HAPEX10 lines showing higher steady-state protein levels.
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Figure 5.5 PEX10 (but not PEX2) rescues pex10-2 physiological and molecular defects.

136

(A) Overexpressing PEX10 (but not PEX2) rescued the pex10-2 IBA resistance of darkgrown hypocotyls. Seeds were sown on plant nutrient media with the indicated
supplements. Plates were put under yellow-filtered light for 1 day followed by 5 days in
the dark for. Mean hypocotyl lengths and standard deviations are shown (n = 12).
Hypocotyl lengths following IBA treatment were analyzed using one-way ANOVA
among genotypes. Different letters above bars represent significantly different means
(one-way ANOVA, P < 0.005).
(B, C) The PTS2-processing defect and ICL stabilization of pex10-2 were rescued by
expressing HA-PEX10. Extracts from light-grown seedlings were processed for
immunoblotting as described in the legend to Figure 4. Triplicate membranes (top three
panels; middle two panels; bottom two panels) (B) and duplicate membranes (top three
panels; bottom four panels) were serially probed with the indicated antibodies. PEX10
levels decreased from 3 to 5 day, and pex10-2 had lower endogenous PEX10 levels even
on day 3. Peroxisomal malate dehydrogenase (PMDH) is synthesized as a precursor (p);
the N-terminal PTS2-containing region is cleaved to give the mature (m) form after
import into peroxisomes. The asterisks mark cross-reacting bands of the ICL or PEX2
antibodies. The positions of molecular mass markers (in kDa) are indicated on the right.
In panels A and B, two independent transgenic lines (1 and 2) were examined for each
transgene; panel C used the HA-PEX2 and HA-PEX10 lines showing higher steady-state
protein levels.
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observed in pex2-1 and pex2-1 expressing HA-PEX2 or HA-PEX10 (Figure 5.4C),
indicating that the pex2-1 mutation did not markedly slow development and thus the
ICL/MLS retention in pex2-1 was not caused by delayed growth.
pex10-2 also produced fewer lateral roots than wild type when grown on media
containing IBA (Figure 5.4A). In addition, pex10-2 showed resistance to the inhibitory
effects of IBA on dark-grown hypocotyl growth (Figure 5.5A). Peroxisomal fatty acid βoxidation provides energy for seed germination and early development, and impaired
peroxisomes inefficiently utilize the stored fatty acid result in reduced growth without
external carbon source supplementation (Zolman et al., 2008). pex10-2 dark-grown
hypocotyls were shorter without sucrose addition (Figure 5.5A), suggesting reduced
peroxisomal β-oxidation efficiency compared to wild type or pex2-1. I found that these
pex10-2 β-oxidation defects were rescued by expressing PEX10 or HA-PEX10 but not by
expressing PEX2 or HA-PEX2 (Figure 5.5A).
Similar to pex2-1, pex10-2 accumulated precursor PMDH and retained ICL/MLS
in 5-day-old seedlings; I found that these defect were rescued by expressing PEX10 or
HA-PEX10 but not PEX2 or HA-PEX2 (Figure 5.5B and C). This successful rescue
confirmed that the observed peroxisome-defective phenotypes were caused by the pex102 mutation. I found that a PEX2 antibody that detects overexpressed PEX2 did not
reliably detect endogenous PEX2 (Figure 5.5B; Sparkes et al., 2005), so we did not
determine whether pex10-2 had low PEX2 levels. However, expressing PEX2 or HAPEX2 did not rescue pex10-2 defects (Figure 5.5A – C), suggesting that the pex10-2
defects were not attributable to reduced PEX2 function. The observation that
overexpressing PEX2 did not rescue pex10-2 defects and overexpressing PEX10 did not
rescue pex2-1 defects support previous indications that PEX2 and PEX10 have distinct
roles in Arabidopsis (Schumann et al., 2003; Prestele et al., 2010) and other organisms
(Platta et al., 2013).
5.3 RING peroxins interact with each other in Arabidopsis
In Saccharomyces cerevisiae, the three components of the RING peroxin
complex, Pex2, Pex10, and Pex12, interact with each other (Agne et al., 2003; Platta et
al., 2009; El Magraoui et al., 2012). In mammals, Pex12 interacts with Pex10 (Chang et
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al., 1999). RING peroxin associations have not been directly examined in Arabidopsis
but because PEX2, PEX10, and PEX12 all contribute to complex stability (Kao et al.,
2016), these interactions are likely to be similar to yeast and mammals.
My complementation assays indicated that expressing either untagged or HAtagged proteins rescued the corresponding mutants, so I concluded that the N-terminal
HA tags did not interfere with PEX2 or PEX10 function. Therefore, I used an anti-HA
affinity matrix to pull down proteins interacting with HA-PEX2 or HA-PEX10 in wild
type and used untagged PEX2 or PEX10 to monitor non-specific binding to the anti-HA
affinity matrix. As expected, I was able to isolate HA-PEX2 and HA-PEX10 with the
anti-HA affinity matrix; HSC70 was not pulled down in either case (Figure 5.6). In
addition, I found that HA-PEX2 (but not untagged PEX2) pulled down PEX10 (Figure
5.6), suggesting that PEX2 and PEX10 interact in Arabidopsis.
5.4 Characterization of pex26-1 double mutants
The peroxisome-tethered AAA ATPase is composed of the PEX1-PEX6
heterohexamer and the tether PEX26 (Goto et al., 2011). A forward-genetic screen for
mutants with IBA-resistant hypocotyl elongation (Strader et al., 2011) gave rise to a
pex26-1 mutant, which Wendell Fleming determined was caused by a G-to-A mutation at
the end of intron four, altering the splicing acceptor site (Gonzalez et al., 2017).
The pex26-1 mutant showed typical peroxisome defects, including resistance to
the inhibitory effects of IBA on roots and hypocotyls (Figure 5.7A and C; Gonzalez et al.,
2017) and reduced growth without external carbon source addition (Figure 5.7A;
Gonzalez et al., 2017). However, pex26-1 plants resembled wild type at maturity, unlike
several pex6 mutants (Gonzalez et al., 2017). Because pex6 mutants exhibited severe
morphological defects (Zolman and Bartel, 2004), and because combining pex6 with
other pex mutants often results in lethality, I crossed pex26-1 to various pex mutants and
characterized the double mutants to elucidate the genetic interactions between various
peroxins.
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Figure 5.6 PEX10 binds to HA-PEX2
Anti-HA affinity matrix was used to precipitate proteins that bind to HA-tagged PEX2 or
PEX10. Extracts from 5-d-old light grown seedlings (input, I) were incubated with antiHA affinity matrix. Unbound (U) protein and affinity matrix were centrifugally
separated. The affinity matrix was washed and boiled in protein loading buffer to extract
proteins (bound, B) that bind to HA-PEX2 or HA-PEX10. Samples of 0.5% of input,
0.5% of unbound, and 20% of bound proteins were processed for immunoblotting with
the indicated antibodies. Transformants with untagged PEX2 or PEX10 were controls to
detect non-specific binding of the affinity matrix and proteins cross-reacting with the
antibodies. The positions of molecular mass markers (in kDa) are indicated on the right.
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5.4.1 Peroxisome docking is necessary for heightened PEX5 degradation in pex26-1
Mutations in peroxisomal import machinery, including receptor mutants (pex5-1
and pex7-2) and docking complex mutants (pex14-1 and pex13-4), result in resistance to
the inhibitory effects of IBA on hypocotyl and root elongation (Figure 5.7A and C;
Zolman et al., 2008; Ramon and Bartel, 2010; Monroe-Augustus et al., 2011; Woodward
et al., 2014). I found that pex26-1 exacerbated the physiological defects of pex5-1, pex72, and pex14-1 in dark-grown (Figure 5.7A) and light-grown (Figure 5.7C) seedlings.
pex13-4 is fully resistant to IBA, so we could not determine whether pex26-1 worsened
this defect (Figure 5.7A and C). However, pex26-1 did not reduce dark-grown hypocotyl
growth of pex13-4 on sucrose-supplemented medium, whereas pex26-1 reduced even
sucrose-supplemented growth of pex5-1, pex7-2, and pex14-1 (Figure 5.7A).
Because the PTS2 region is removed after peroxisomal import by the DEG15
PTS1 protein (Helm et al., 2007; Schuhmann et al., 2008), peroxisomal import efficiency
can be indirectly monitored by immunoblotting of PTS2 proteins. Although pex26-1
sometimes exhibited very slight PTS2 processing defects (Figure 5.8B), I did not always
detect these defects (Figure 5.7B and D, 5.8D). Despite the minimal processing defects
in the pex26-1 single mutant, I found that pex26-1 worsened the thiolase PTS2 processing
defects of pex5-1 and pex14-1 in dark-grown seedlings (Figure 5.7B). I also found that
pex26-1 increased thiolase precursor levels in dark-grown pex7-2 and pex13-4 (Figure
5.7B). However, processed thiolase levels remained unchanged in these mutants (Figure
5.7B), so it was unclear whether pex26-1 worsened thiolase import or increased thiolase
precursor stability in the cytosol in pex7-2 and pex13-4. In light-grown seedlings, pex261 worsened the thiolase PTS2 processing defect of pex14-1 and increased PMDH
precursor accumulation in pex14-1 and thiolase precursor accumulation in pex13-4
(Figure 5.7D). Although pex26-1 did not appear to change the thiolase PTS2 processing
defects of pex5-1 or pex7-2 (Figure 5.7D), the pex5-1, pex7-2, and pex13-4 single
mutants accumulated only PMDH precursor in light-grown seedlings (Figure 5.7D), so it
was hard to evaluate whether pex26-1 worsened the PMDH PTS2 processing defects.
pex26-1 had low PEX5 levels (Figure 5.7A and C; Gonzalez et al., 2017), like
pex6 mutants (Zolman and Bartel, 2004), presumably because proteasomal degradation of
PEX5 is heightened (Figure 5.9A; Kao and Bartel, 2015; Gonzalez et al., 2017). I found
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Figure 5.7 Mutations in PEX13 or PEX14 restore the PEX5 levels in pex26-1.
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(A, C) The pex26-1 mutant worsened the physiological defects of pex5-1, pex7-2, and
pex14-1. Wild type and mutants were grown on plant nutrient media with the indicated
supplements under yellow-filtered light for 1 day followed by 4 days in the dark (A) or
under yellow-filtered light for 8 days (C). Mean hypocotyl lengths (A) or root lengths
(C) and standard deviations are shown (n ≥ 13).
(B, D) Mutations in PEX13 or PEX14 restored PEX5 levels in pex26-1. The pex26-1
mutant worsened the PTS2-processing defects of the tested mutants. Extracts of 5-d-old
dark-grown seedlings (B) or 8-d-old light grown seedlings (D) were processed for
immunoblotting with antibodies to PEX5, thiolase (to monitor PTS2 processing) and
HSC70 (to monitor loading). Thiolase and PMDH are synthesized as precursors (p); the
N-terminal PTS2-containing regions are cleaved to give the mature (m) forms after
import into peroxisomes. The positions of molecular mass markers (in kDa) are indicated
on the right.
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Figure 5.8 Mutations in the peroxisome-associated ubiquitin-conjugating enzyme PEX4
and ubiquitin-protein ligases PEX2, PEX10, and PEX12 restore PEX5 levels of pex26-1.
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(A) pex2-1 ameliorated and pex4-1, pex10-2, and pex12-1 worsened the sucrose
dependence of pex26-1. Seedlings were grown as in the legend of Figure 7A. Mean
hypocotyl lengths and standard deviations are shown (n ≥ 11).
(B) pex2-1 ameliorated and pex4-1, pex10-2, and pex12-1 worsened pex26-1 thiolase
PTS2-processing defects in dark-grown seedlings, whereas pex2-1,,pex4-1, pex10-2, and
pex12-1 all restored PEX5 levels in pex26-1. Extracts of 5-d-old dark-grown seedlings
were processed for immunoblotting with the indicated antibodies. Thiolase is
synthesized as a precursors (p); the N-terminal PTS2-containing region is cleaved to give
the mature (m) form after import into peroxisomes. HSC70 was used to monitor loading.
The positions of molecular mass markers (in kDa) are indicated on the right.
(C) pex4-1, pex2-1, pex10-2, and pex12-1 all exacerbated the IBA-resistance of pex26-1
light-grown seedlings. Seedlings were grown as in the legend of Figure 7C. Mean root
lengths and standard deviations are shown (n ≥ 13).
(D) Extracts of 8-d-old light-grown seedlings were processed for immunoblotting with
the indicated antibodies. Thiolase and PMDH are synthesized as precursors (p); the Nterminal PTS2-containing region is cleaved to give the mature (m) form after import into
peroxisomes. HSC70 was used to monitor protein loading. The positions of molecular
mass markers (in kDa) are indicated on the right.
(E) Extracts of 4-d-old light-grown seedlings were processed for immunoblotting with
the indicated antibodies. An asterisk indicates a cross-reacting bands in the PEX10
exposure panel.
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that pex13-4 and pex14-1 restored PEX5 levels in pex26-1 (Figure 5.7B and D),
suggesting that docking on the peroxisome membrane was necessary to trigger
heightened PEX5 degradation in pex26-1. As expected, the low PEX5 level in pex7-2
(Figure 5.7B and D; Ramón and Bartel, 2010), was not increased by pex26-1 (Figure
5.7B and D), supporting the hypothesis that PEX7 stabilizes PEX5 in the cytosol
upstream of peroxisome docking.
The pex5-1 missense mutation is thought to disrupt PEX5-PEX7 interaction
because it has defective PTS2 import while maintaining normal PTS1 import (Woodward
and Bartel, 2005a). Interestingly, pex5-1 slightly increased PEX5 levels in pex26-1
(Figure 5.7B and D) and pex6-1 (Appendix 5B and D), suggesting that PEX5-PEX7
interaction promotes heightened PEX5 degradation in ATPase complex mutants.
Although PEX26 is the tether of the PEX1-PEX6 heterohexamer (Goto et al.,
2011), pex26-1 did not drastically change either PEX1 or PEX6 levels (Figure 5.7D),
suggesting that the PEX1-PEX6 recruitment to peroxisome was not crucial for the
complex stability.
5.4.2 Peroxisome-associated ubiquitination is required to recycle PEX5
I also examined the impacts of mutations in peroxisome-associated ubiquitination
machinery on pex26-1. pex4-1 pex26-1, pex10-2 pex26-1, and pex12-1 pex26-1 had
reduced growth without sucrose and increased IBA resistance compared to the
corresponding single mutants, especially in light-grown pex10-2 pex26-1 (Figure 5.8A
and C). In contrast, the pex2-1 mutation improved dark-grown hypocotyl growth of
pex26-1 without sucrose supplementation (Figure 5.8A), similar to the improved
physiology of light-grown pex2-1 pex6-1 (Burkhart et al., 2014); this amelioration was
accompanied by slightly improved thiolase PTS2 processing (Figure 5.8B). In spite of
this improvement in dark-grown seedlings, light-grown pex2-1 pex26-1 seedlings showed
exacerbated IBA resistance (Figure 5.8C) and thiolase PTS2 processing defects (Figure
5.8D).
I found that pex4-1 and all three RING peroxin mutants restored PEX5 levels in
pex26-1 (Figure 5.8B and D) in spite of generally exacerbated physiological defects
(Figure 5.8A and C). This stabilization suggests that PEX4 and the RING peroxins
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contribute to ubiquitinating PEX5 for heightened proteasome degradation in pex26-1.
Similarly, pex4-1 increases PEX5 levels in pex6-1, but the pex4-1 pex6-1 double mutant
displays heightened physiological defects compared to either single mutant (Ratzel et al.,
2011).
5.4.3 PEX10 may be a novel substrate of peroxisome-associated ubiquitination
machinery
PEX10 levels are reduced in RING peroxins mutants (Figure 5.8E; Kao et al.,
2016), presumably due to dissociation of the RING peroxin complex. However, the
PEX10 degradation mechanism remains unclear. I found that pex26-1 increased PEX10
levels in pex10-2 and pex12-1 (Figure 5.8E). In contrast, pex26-1 decreased PEX10
levels in pex2-1 (Figure 5.8E). This disagreement implies that PEX10 levels might not
be directly impacted by PEX26.
In yeast, Pex12 monoubiquitinates Pex5 (Platta et al., 2009), and this
monoubiquitinated Pex5 is pulled back to the cytosol by the Pex1-Pex6-Pex26 ATPase
complex (Grimm et al., 2012). Pex2 polyubiquitinates Pex5, and polyubiquitinated Pex5
is targeted for proteasomal degradation (Platta et al., 2009). Hence, I hypothesized that
the Arabidopsis retrotranslocation machinery might export not only PEX5 but also
PEX10, and that the low PEX10 levels in RING peroxin mutants might be caused by
proteasomal degradation. Indeed, I found that treatment with the proteasome inhibitor
MG132 increased levels of not only PEX5 but also PEX10 in wild type, pex6, and pex26
mutants (Figure 5.9A and B).
5.4.4 Proteasomal degradation of PEX14
Surprisingly, I found that PEX14 levels were dramatically increased by the
MG132 treatment, suggesting high proteasomal turnover of PEX14 (Figure 5.9D). In
contrast, levels of the other docking peroxin, PEX13, were not notably increased by
MG132 treatment (Figure 5.9C), indicating that the PEX14 degradation was specific.
Another peroxisomal membrane protein, ascorbate peroxidase 3 (APX3), also was not
elevated following MG132 treatment (Figure 5.9B), again showing that not all
peroxisomal membrane proteins were similarly degraded by the proteasome.
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Figure 5.9 PEX5, PEX10, and PEX14 accumulate following treatment with the MG132
proteasome inhibitor.
(A – D) Wild type and mutants were grown on 0.5% sucrose-supplemented plant nutrient
media in white light for 4 days. Four-day-old seedlings were transferred to liquid plant
nutrient media supplemented with the vehicle control (DMSO) or 50 µM MG132.
Seedlings were incubated at 22°C in the dark for an additional 24 hours. Seedling were
collected and processed for immunoblotting, and quadruplicate membranes (top two
panels; second three panels; third two panels; bottom two panels) were serially probed
with the indicated antibodies. HSC70 was used to monitor loading. The positions of
molecular mass markers (in kDa) are indicated on the right.
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5.5 pex6-1 has low PEX13 levels
I found that PEX13 levels were low in pex6-1 (Figure 5.9C). However, MG132
treatment did not notably alter PEX13 levels (Figure 5.9C). I was surprised to find low
PEX13 levels in pex6-1 because a T-DNA insertional pex13-1 mutant that has low
PEX13 transcripts ameliorates the growth defects of pex6-1 without sucrose (Ratzel et al.,
2011). Other tested pex6 and pex26-1 mutant showed wild-type PEX13 levels (Figure
5.9C), so it would be interesting to determine if these alleles are also rescued by pex13-1
and to examine PEX13 levels in the pex6-1 pex13-1 double mutant.
5.6 Conclusions and discussion
Peroxisome-associated ubiquitination and retrotranslocation involves the
peroxisome-tethered ubiquitin-conjugating enzyme PEX4, the peroxisomal ubiquitinprotein ligases (PEX2, PEX10, and PEX12), and the AAA ATPase complex (PEX1PEX6-PEX26). Growing evidence suggests that PEX5 retrotranslocation is important not
only for importing matrix proteins but also for maintaining peroxisome function and that
PEX5 retention on peroxisomal membrane is detrimental (Ratzel et al., 2011; Burkhart et
al., 2014; Kao and Bartel, 2015). In this chapter, I used mutants with defective
ubiquitination machinery to dissect PEX5 retrotranslocation. I found that PEX5 docking
on the peroxisome membrane and PEX5 ubiquitination were necessary for proteasomal
degradation of PEX5 (Figure 5.7 and 5.8), and also implicated the proteasome in PEX10
and PEX14 degradation (Figure 5.9).
Although PEX2 interacted with PEX10 (Figure 5.6), and pex2-1 had low PEX10
levels (Figure 3.5A; Kao et al., 2016), expressing PEX10 did not ameliorate pex2-1
defects (Figure 5.4). Conversely, expressing PEX2 did not alleviate pex10-2 defects
(Figure 5.5). This complementation specificity confirms that PEX2 and PEX10 have
distinct functions rather than acting redundantly.
Both pex2-1 and pex10-2 retained ICL longer than wild-type seedlings (Figure
5.4C and 5.5C), and ubiquitinated ICL was found in a proteomic study (Kim et al.,
2013a), suggesting that ICL could be a substrate of PEX2 or PEX10. However,
expressing HA-PEX2 or HA-PEX10 did not accelerate ICL degradation (Figure 5.4C and
5.5C), indicating that neither RING peroxin is limiting for ICL degradation. It remains to
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be determined whether the requirement for RING peroxins in ICL degradation is direct or
indirect. It would be interesting to examine ICL and MLS levels following MG132
treatment in these seedlings.
Probing PEX10 levels provided new insights into the retrotranslocation
machinery. Mutations in RING peroxins conferred low PEX10 levels (Figure 3.5; Kao et
al., 2016) that were restored by MG132 treatment (Figure 3.11B), suggesting that PEX10
is subject to proteasomal degradation. Moreover, PEX10 levels were elevated in pex4-1
(Figure 3.5; Kao et al., 2016), and pex2-1 slightly increased pex10-2 or PEX10 levels in
pex10-2 or pex12-1, respectively (Figure 3.7D), suggesting that PEX4- and PEX2mediated ubiquitination can contribute to PEX10 instability. In addition, pex26-1
increased the low pex10-2 or PEX10 levels in pex10-2 or pex12-1, respectively (Figure
5.8E), suggesting that this degradation requires retrotranslocation by the peroxisomal
ATPase complex. However, PEX10 levels were not elevated in pex6-1 (Figure 3.5; Kao
et al., 2016), and the low PEX10 levels in the pex2-1 single mutant (Figure 3.5; Kao et
al., 2016) were even lower in the pex2-1 pex26-1 double mutant (Figure 5.8E),
suggesting that multiple pathways can contribute to PEX10 degradation.
pex26-1 resembles pex6 mutants in inefficient β-oxidation and low PEX5 levels,
but unlike most pex6 mutants, PEX5 is not excessively membrane-associated in pex26-1
(Gonzalez et al., 2017), suggesting disparate functions. Indeed, emerging evidence
suggests that PEX26 is more than a simple tether anchoring the PEX1-PEX6 hexamer to
the peroxisome. In yeast, Pex1-Pex6 ATPase activity is greatly decreased by binding to
the PEX26 analog Pex15 (Gardner et al., 2015). In mammals, a PEX26 N-terminal
region (between 78 – 85 aa) interacts with PEX14 and another N-terminal region
(between 12 – 48 aa) of PEX26 binds the PEX1-PEX6 hexamer (Tamura et al., 2014).
However, it is unknown whether PEX1-PEX6 and PEX14 binding to PEX26 are
mutually exclusive. Perhaps PEX26 anchors the PEX1-PEX6 hexamer to the peroxisome
membrane in an inactive state to avoid unnecessary ATP consumption. When the
PEX14-bound PEX5 is ubiquitinated, PEX26 associating with PEX14 may aid in the
handoff of ubiquitinated PEX5 from PEX14 to the PEX1-PEX6 ATPase complex. Once
PEX1-PEX6 complex is untethered from PEX26, the regained ATPase activity may
allow PEX1-PEX6 to extrude PEX5 through the center of hexamer. This hypothesis
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would explain the synergistic PTS2-processing defects of pex14-1 pex26-1 (Figure 5.7B
and D). pex26-1 is a splicing mutant and possibly produces truncated pex26 protein
without a transmembrane domain, and perhaps the truncated pex26-1 protein fails to
locate to peroxisomes in pex14-1 because the truncated pex14-1 protein is missing the
PEX26-interacting region. In addition to the PEX14- and PEX1/6-interacting domains, a
region (between 133 – 248 aa) prior to the transmembrane domain contributes to PTS1
cargo import (Tamura et al., 2014), further supporting additional roles of PEX26 in
peroxisome functions. Future investigation is required to elucidate the additional PEX26
roles.
In the receptor retrotranslocation machinery, the ubiquitin-conjugating enzyme
PEX4 and the PEX1-PEX6 AAA ATPase complex are anchored to the peroxisome by
PEX22 and PEX26, respectively. PEX22 activates PEX4 activity in vitro (El Magraoui
PLoS ONE 2014 REF), an insertional pex22-1 mutant synergistically exacerbates the
peroxisomal defects of pex4-1 in Arabidopsis (Zolman et al., 2005), and Pex22p is
required for Pex4p stability in Pichia pastoris (Koller et al., 1999). In contrast, the
PEX26 analog Pex15 inhibits Pex1-Pex6 ATPase activity in Saccharomyces cerevisiae
(Gardner et al., 2015), and PEX1 and PEX6 are not destabilized in the Arabidopsis
pex26-1 mutant (Figure 5.7D). The distinct functions of these anchor proteins reveal
disparate regulatory mechanisms of the interacting proteins.
pex26-1 exacerbated growth defects of mutants with defective ubiquitination
machinery, especially pex10-2 (Figure 5.8A and C). Although pex26-1 slightly increased
pex10-2 levels in pex10-2, this elevation was not accompanied by improved physiology.
Similarly, PEX5 levels were restored in pex26-1 by mutating the ubiquitination
machinery, but double mutant seedling growth was generally worsened (Figure 5.8).
Intriguingly, growth of light-grown pex10-2 pex26-1 was more impaired than pex12-1
pex26-1 (Figure 5.8C) even though pex10-2 defects are less severe than pex12-1 as a
single mutant (Figure 5.8).
My data are consistent with two models: either the machinery that targets
polyubiquitinated PEX5 to the proteasome also sends PEX10 for degradation, or the
entire complex (including PEX5, PEX10, and PEX14) is pulled out together. Although
PEX5, PEX10, and PEX14 levels were all elevated by MG132 treatment (Figure 5.9),
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these peroxins did not show the same patterns in pex mutants; for example, pex6 mutants
have low PEX5 levels but wild-type PEX10 and PEX14 levels.
pex5-1 appeared to increase PEX5 levels in pex26-1 (Figure 5.7A) and pex6-1
(data not shown). The pex5-1 mutation is thought to disrupt PEX5-PEX7 interaction and
results in defective PTS2, but not PTS1, import (Woodward and Bartel, 2005a). It is
possible that reducing PEX5-PEX7 interaction eases the ability of PEX5 to pass through
the PEX1-PEX6-PEX26 ATPase complex, thus slightly reducing the heightened
degradation of PEX5 in pex6 or pex26 mutants.
I found that the pex6-1 mutant had low PEX13 levels that were not responsive to
MG132 treatment (Figure 5.9), suggesting that PEX13 is degraded without proteasome
participation in pex6-1. Interestingly, other pex6 alleles and pex26-1 did not show similar
PEX13 reductions (Figure 5.9), indicating allele-specificity in this phenotype.
Paradoxically, reducing PEX13 expression improves pex6-1 growth without sucrose
(Ratzel et al., 2011), so it will be interesting to examine PEX13 levels in the pex6-1
pex13-1 double mutant and to determine whether reducing PEX13 expression improves
growth of other pex6 alleles.
Human peroxisome biogenesis disorders slow developmental progress, often
resulting in death in infancy (Braverman et al., 2016). Most peroxisome biogenesis
disorder patients possess mutations in the peroxisome-associated ubiquitination and
retrotranslocation machinery, especially in the ATPase complex (Steinberg et al., 2006).
This chapter characterizes the multifaceted consequences of mutating the peroxisomeassociated ubiquitination machinery in Arabidopsis, and the knowledge gained may
provide insights for peroxisome biogenesis disorder research.
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CHAPTER 6: SALT INDUCES PEROXISOME PROLIFERATION AND β-OXIDATIONDEPENDENT PEROXISOMAL PROTEIN DEGRADATION
6.1 Introduction
Cellular compartments sequester metabolic reactions to enable substrate
concentration, increase enzyme interactions, and prevent harmful intermediate leakage.
Peroxisomes house enzymes that generate and detoxify reactive oxygen species; for
instance, acyl-CoA oxidases acting in β-oxidation produce and catalase breaks down
hydrogen peroxide. In addition to contributing to general metabolism, peroxisomes may
facilitate environmental stress responses. Peroxisome abundance increases in
Arabidopsis roots treated with 100 or 150 mM NaCl (Corpas et al., 2009; Mitsuya et al.,
2010) and this proliferation is accompanied by a burst of an active free radical, nitric
oxide (NO) (Corpas et al., 2009). Several peroxin transcripts (PEX1, PEX10, and
PEX11e) accumulate in salt stress (Charlton et al., 2005; Mitsuya et al., 2010). Although
overexpressing PEX11e also increases peroxisome abundance in Arabidopsis, these
peroxisomes appear to be dysfunctional in that the seedlings display reduced growth
without sucrose supplement and resistance to 2,4-DB (Mitsuya et al., 2010).
Salt is not the only peroxisome proliferator, cadmium (Corpas and Barroso,
2014), high light (Desai and Hu, 2008), and pathogen infection (Koh et al., 2005) also
can increase peroxisome abundance in Arabidopsis. However, the mechanism behind the
proliferation remains unclear. In this chapter, I examined the impacts of salt on
peroxisome morphology and functions. Surprisingly, despite the increased number of
peroxisomes and heightened IBA responsiveness, I found that abundance of several
peroxisomal proteins decreased following growth on high salt, suggesting increased
degradation. My results implicate β-oxidation, especially thiolase, as promoting this saltinduced peroxisomal protein degradation and the transition of peroxisome contents
during development. Furthermore, I found that salt ameliorated pex6-1 growth defects
and alleviated PTS2-processing defects of a subset of pex mutants. Using an ongoing
forward-genetic screen for mutants with elongated roots or hypocotyls following growth
on salt and IBA, I expect to discover proteins involved in peroxisome proliferation. The
knowledge gained through this approach may illuminate roles of peroxisomes in
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environmental stress responses and help in developing strategies to improve functions of
impaired peroxisomes.
6.2 Peroxisome abundance increases following salt treatment, and this increase is
autophagy independent
Because I found that high temperature impacts peroxisome function (Chapter 4;
Kao and Bartel, 2015), I was interested in seeing whether other environmental stressors
also alter peroxisome functions. Salt (NaCl) increases peroxisome abundance (Corpas et
al., 2009; Mitsuya et al., 2010) via an unknown mechanism. Therefore, I observed
peroxisomes in wild type carrying peroxisome-targeted GFP (GFP-PTS1) with and
without NaCl treatment in different tissues (Figure 6.1). I found that peroxisome
numbers appeared to be higher following growth on 100 mM NaCl in cotyledons,
hypocotyls, and roots in wild type (Figure 6.1). Mutations in autophagy-related proteins
prevent peroxisome destruction and can result in more peroxisomes (Kim et al., 2013b).
Indeed, I observed increased peroxisome numbers in atg7-3 35S:GFP-PTS1 cotyledons,
hypocotyls, and roots; furthermore, atg7-3 35S:GFP-PTS1 had even more peroxisomes in
these tissues following growth on NaCl (Figure 6.1). These results suggest that the
increased peroxisome abundance following salt treatment was not solely due to a
reduction of pexophagy.
6.3 Salt increases IBA potency in wild type and ameliorates PTS-processing defects
of a subset of pex mutants
To examine whether the additional peroxisomes that were present following
growth on high salt were functional, I tested seedling responsiveness to IBA with and
without salt. I found that NaCl increased IBA potency in wild type (Figure 6.2A),
implying that increasing peroxisome numbers facilitated IBA-to-IAA conversion, thereby
enhancing the inhibitory effect of IBA on root growth. I also tested mutants with
defective fatty acid import (pxa1-1; Zolman et al., 2001), β-oxidation (ped1-7; Burkhart
et al., 2013), and PTS1 receptor retrotranslocation (pex6-1; Zolman and Bartel, 2004) and
found that these mutants maintained the ability to elongate roots when grown on IBA
even in the presence of NaCl (Figure 6.2A). Interestingly, 100 mM NaCl alone slightly
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Figure 6.1 Salt proliferates peroxisomes in cotyledons, hypocotyls, and roots.
Wild type and atg7-3 carrying peroxisome-targeted GFP (GFP-PTS1) were grown on
0.5% sucrose-supplemented plant nutrient media with or without 100 mM NaCl. GFP
fluorescence in cotyledons (A), hypocotyls (B), and roots (C) of 9-day-old light -grown
seedlings were imaged using confocal microscopy. Scale bar is 50 µm.
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Figure 6.2 Salt increases IBA potency and ameliorates PTS2 processing defects in a
subset of pex mutants.
(A) Wild type and mutants were grown on 0.5% sucrose-supplemented plant nutrient
media with the indicated supplements under yellow-filtered light for 9 days, and root
lengths were measured. Mean root lengths and standard deviations are shown (n ≥ 7).
(B, C) Wild type and mutants were grown on 0.5% sucrose-supplemented plant nutrient
media with or without 100 mM NaCl. Extracts from 8-d-old light-grown seedlings were
processed for immunoblotting with the indicated antibodies. Thiolase and peroxisomal
malate dehydrogenase (PMDH) are synthesized as precursors (p); the N-terminal PTS2containing region is cleaved to give the mature (m) form after import into peroxisomes.
HSC70 was used to monitor protein loading. Asterisks mark cross-reacting bands in the
PMDH and thiolase panels.
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reduced root growth in wild type but did not reduce ped1-7 root growth and even slightly
increased root growth in pxa1-1 and pex6-1 (Figure 6.2A). Like in wild type, NaCl
reduced root growth on IBA in pxa1-1 and ped1-7 (Figure 6.2A). However, the IBAtreated root growth was similar with and without NaCl in pex6-1 (Figure 6.2A).
The heightened sensitivity to IBA in wild type, pxa1, and ped1 following growth
on NaCl (Figure 6.2A) implied that the NaCl-increased peroxisomes (Figure 6.1) were
competent for β-oxidation. Therefore, I examined matrix protein processing in NaCltreated wild type and pex mutants. Proteins with N-terminal type 2 peroxisome-targeting
signals (PTS2) are synthesized as precursors in the cytosol, and after entry into
peroxisomes, about 30 amino acids from the N-terminus including the PTS2 are cleaved
off by the DEG15 protease (Schuhmann et al., 2008). The ensuing molecular weight
changes can be visualized by immunoblotting. pex mutants displayed various degrees of
PTS2-processing defects, and growing on NaCl ameliorated PTS2-processing in the
receptor mutants pex5-1 and pex7-2, the docking mutant pex13-4, the ubiquitination
mutants pex2-1, pex10-2, and pex12-1, the ATPase mutant pex6-1, and the protease
mutant lon2-2 (Figure 6.2B and C), suggesting the more numerous peroxisomes were
also competent to import and process PTS2 proteins. However, this improved PTS2processing defect was not accompanied by increased peroxisome efficiency in IBA
responsiveness or sucrose independence in peroxisomal mutants (data not shown).
Unlike most pex mutants assayed, the PMDH PTS2-processing defects in the docking
mutant pex14-1 (Figure 6.2B), the ubiquitin-conjugating enzyme mutant pex4-1 (Figure
6.2C), or the PEX1-PEX6 tether mutant pex26-1 (Figure 6.2C) were not ameliorated by
NaCl treatment, hinting PEX14, PEX4, and PEX26 may be involved in salt-induced
peroxisome proliferation.
PED1 transcripts, which encode the predominant seedling thiolase isozyme, are
elevated by NaCl treatment (Charlton et al., 2005). I detected elevated thiolase protein
levels following growth on NaCl in wild type and various pex mutants (Figure 6.2B and
C). The thiolase precursor is unstable and can be degraded in the cytosol (Chapter 4,
Figure 4.8); hence, inefficient peroxisomal import and/or elevated pexophagy, as in lon2
mutants (Farmer et al., 2013), can reduce thiolase levels. I found that pex13-4 (Figure
5.7D and 6.2B) and lon2-2 (Figure 6.2C) had decreased thiolase levels. Although pex12-
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1 and pex26-1 also appeared to show decreased thiolase levels (Figure 6.2C), this result
was not always consistent. The reduced thiolase levels in pex13-4 and pex12-1 were
accompanied by severe PMDH processing defects (Figure 6.2B and C), suggesting that
thiolase might be low in these mutants because it is mostly degraded in the cytosol prior
to import. Like in lon2-2, however, the low thiolase levels in pex26-1 were accompanied
by only minor PMDH processing defects (Figure 6.2C), hinting that pexophagy may be
heightened in this mutant. NaCl treatment partially restored the low processed thiolase
levels in several mutants, especially pex12-1, suggesting that matrix protein import
increased in these mutants and consistent with the improved PMDH processing following
salt treatment in several mutants.
pex6-1 has growth defects even with sucrose supplement (Figure 6.2A and 6.3A;
Zolman and Bartel, 2004), and surprisingly, salt slightly increased root growth of pex6-1
at concentrations that decreased root growth of wild type (Figure 6.2A and 6.3A).
Although salt decreased growth of other tested pex6 mutants (Figure 6.3A), the
percentage reduction was less in pex6-3 and pex6-4 compared to wild type or pex6-2
(Figure 6.3A). Salt ameliorated the PMDH PTS2-processing defects not only in pex6-1
(Figure 6.2C), but also in pex6-3 and pex6-4 (Figure 6.3B). pex6 mutants have reduced
PEX5 levels (Figure 6.3B; Zolman and Bartel, 2004; Gonzalez et al.), presumably
because inefficient PEX5 recycling leads to PEX5 degradation. I found that the PMDH
PTS2-processing amelioration in NaCl treatment was not accompanied by increased
PEX5 levels (Figure 6.3B), suggesting that salt improved pex6 functions via another
mechanism.
6.4 β-oxidation promotes and catalase slows salt-induced PMDH degradation
Salt proliferates peroxisomes and increases transcript levels of several peroxin
genes (Charlton et al., 2005; Mitsuya et al., 2010), but how salt affects peroxisomal
protein levels has not been investigated. I grew various mutants on plant nutrient media
with NaCl from 0 to 150 mM. As expected, thiolase protein levels increased on high salt
(Figure 6.3B and C), consistent with elevated PED1 transcripts (Charlton et al., 2005)
and increased IBA sensitivity (Figure 6.2A) under these conditions. In contrast,
peroxisomal malate dehydrogenase (PMDH) levels declined with increasing NaCl
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Figure 6.3 Salt ameliorated the growth defect of pex6-1 and the PTS2-processing defects
of several pex6 mutants.
(A) Wild type and pex6 mutants were grown on 0.5% sucrose-supplemented plant
nutrient media with or without 100 mM NaCl for 9 days in white light. Root lengths of
pex6-1 were longer followed NaCl treatment, whereas NaCl reduced root growth of wild
type and other pex6 mutants. Mean root lengths and standard deviations are shown (n ≥
8). Numbers above NaCl bars indicate % elongation on media with versus without NaCl.
(B) Extracts from 9-day-old seedlings from panel A were processed for immunoblotting
with the indicated antibodies. Thiolase and PMDH are synthesized as precursors (p) that
are cleaved into mature (m) forms in the peroxisomes. HSC70 was used to monitor
protein loading. The positions of molecular mass markers (in kDa) are indicated on the
right.
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Figure 6.4 β-oxidation promotes salt-induced peroxisomal matrix protein degradation.
Thiolase accumulates and PMDH declines in wild type grown on high-NaCl media. In βoxidation and autophagy mutants, thiolase accumulation is heightened and PMDH
decline is abrogated. Wild type and mutants were grown on 0.5% sucrose-supplemented
plant nutrient media with 0 to 150 mM NaCl in white light. Extracts from 9-day-old
light-grown seedlings were processed for immunoblotting with the indicated antibodies.
Thiolase and PMDH are synthesized as PTS2-containing precursors (p) that are cleaved
in the peroxisome to mature (m) forms. HSC70 was used to monitor protein loading.
(A) A catalase mutant (cat2-1) had lower PMDH levels and a thiolase mutant (ped1-7)
had higher PMDH levels than wild type on high NaCl.
(B) Fatty acid transporter (pxa1-1), β-oxidation (lacs6 lacs7 and ped1-7), and autophagy
(atg7-3) mutants had higher PMDH levels than wild type on high NaCl.
(C) Thiolase missense mutations (ped1-4 and ped1-5) resembled thiolase null alleles
(ped1-7 and ped1-96) in the high PMDH levels phenotype when grown on high NaCl.
Thiolase missense alleles but not null alleles accumulate elevated thiolase protein when
grown on high NaCl.
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concentration in wild type (Figure 6.3A – C), and this decline was more pronounced in a
catalase mutant (cat2-1; Queval et al., 2007). PMDH oxidizes NADH, allowing
continued β-oxidation (Pracharoenwattana et al., 2007; Cousins et al., 2008) and
facilitating photorespiration. Excess hydrogen peroxide in catalase mutants may cause
oxidative damage (Shibata et al., 2013) that leads to protein degradation, and it is
possible that high NaCl provokes oxidative stress in peroxisomes (Corpas et al., 2009)
that increases PMDH degradation in cat2. In contrast, I found that an autophagy mutant
(atg7-3; Lai et al., 2011) and several β-oxidation mutants, including pxa1-1 (Zolman et
al., 2001), ped1-7 (Burkhart et al., 2013), and lacs6 lacs7 (Fulda et al., 2004), had more
PMDH in high NaCl than wild type (Figure 6.4A – C). These data suggest that βoxidation promotes NaCl-induced PMDH degradation, and that this degradation is
partially autophagy-dependent. PMDH levels of the cofactor transporter mutant (pxn-4;
Rinaldi et al., 2016) declined with high salt as in wild type (Figure 6.4B).
To test whether thiolase protein or thiolase activity was important for reduced
PMDH levels in high salt conditions, I tested thiolase missense alleles (Rinaldi et al.,
2016). Although both ped1-4 and ped1-5 had low thiolase levels when grown without
salt, growth on salt increased the mutant thiolase protein levels beyond the increase seen
in wild type (Figure 6.4C). Like the ped1-7 and ped1-96 null alleles, the ped1-4 and
ped1-5 missense thiolase mutants displayed higher PMDH than wild type when grew on
high NaCl (Figure 6.4C). These results suggest that thiolase activity rather than the
thiolase protein itself promotes NaCl-induced PMDH degradation.
Although thiolase accumulated in seedlings grown on high salt (Figure 6.4B and
C), thiolase was not required for growth on high NaCl, as the ped1-7 thiolase null mutant
was able to elongate roots similarly on medium with or without 100 mM NaCl (Figure
6.2A).
6.5 Low PMDH and HPR levels in salt-treated cat2 mutants are restored by
impairing β-oxidation or autophagy
Because a catalase mutant showed opposite effects on NaCl as autophagy and
thiolase mutants (Figure 6.4), I examined epistasis in these relationships by constructing
cat2-1 atg7-3 and cat2-1 ped1-7 double mutants. Like PMDH, I found that the
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photorespiration enzyme hydroxypyruvate reductase (HPR) was present at lower levels
following growth on high NaCl in wild type (Figure 6.5A). Also like PMDH, HPR
decline following growth on high salt was heightened in cat2-1 and moderated in atg7-3
and ped1-7 (Figure 6.5A). I found that PMDH and HPR were present at intermediate
levels in the cat2-1 atg7-3 double mutant (Figure 6.5A), suggesting autophagy is not the
sole way of degrading peroxisomal proteins in seedlings grown on NaCl.
Similar to cat2-1 atg7-3, I found that cat2-1 ped1-7 double mutants accumulated
intermediate PMDH and HPR levels following growth on NaCl (Figure 6.5A), suggesting
that catalase protects peroxisomal proteins from degradation even when thiolase is
disabled and that thiolase promotes peroxisomal protein degradation even when catalase
is active.
Interestingly, I found that catalase itself was elevated in ped1 and atg7 mutants
even without salt treatment (Figure 6.5A), suggesting that catalase is subject to
autophagy-based degradation following damage from β-oxidation-derived hydrogen
peroxide in wild type. Although our catalase antibody predominantly recognizes CAT2,
CAT3 has a similar molecular mass, and ped1-7 and atg7-3 mutants accumulated faint
bands in cat2-1 ped1-7 and cat2-1 atg7-3 double mutants that represent elevated CAT3 in
these double mutants (Figure 6.5A).
HPR levels are low in germinated seeds but accumulate as seedlings begin
photosynthesis (Lingard et al., 2009). Similarly, PMDH levels increase during early
seedling development (Lingard and Bartel, 2009). To evaluate if the PMDH and HPR
reduction following growth on NaCl was likely to be due to protein degradation or
delayed expression, I transferred 4-d-old seedlings to NaCl after PMDH and HPR are
expressed and grew seedlings for eight additional days. Again, I found that cat2-1 had
lower PMDH and HPR levels following NaCl treatment and the cat2-1 ped1-7 and cat2-1
atg7-3 double mutants showed intermediate PMDH and HPR levels (data not shown),
suggesting that the reduced protein levels stemmed from heightened protein degradation
on NaCl rather than solely a transcriptional response.
Interestingly, I found that cat2-1 had a PMDH PTS2-processing defect that
developed over time (Figure 6.5B). This defect was less apparent in seedlings grown on
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Figure 6.5 Thiolase and autophagy promote degradation of peroxisomal proteins in NaCl
treatment and during development.
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(A) Wild type and mutants were grown on 0.5% sucrose-supplemented plant nutrient
media with 0, 100, or 150 mM NaCl in white light at 22°C. Extracts from 9-day-old
seedlings were processed for immunoblotting, and duplicate membranes (top five panels;
bottom three panels) were serially probed with the indicated antibodies. Thiolase and
PMDH are synthesized as precursors (p) that are cleaved into mature (m) forms in the
peroxisomes. HSC70 was used to monitor protein loading. The positions of molecular
mass markers (in kDa) are indicated on the right.
(B) Wild type and mutants were grown on 0.5% sucrose-supplemented plant nutrient
media. Extracts from 3- to 5-d-old light-grown seedlings were processed for
immunoblotting, and duplicate membranes (top three panels; bottom five panels) were
serially probed with the indicated antibodies. A cross-reacting band that appears with the
ICL antibody is marked with an asterisk. HSC70 was used to monitor protein loading.
The positions of molecular mass markers (in kDa) are indicated on the right.
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NaCl (Figure 6.5A), suggesting that increasing peroxisome abundance could ameliorate
this cat2-1 defect.
Along with catalase, peroxisomal ascorbate peroxidase also decomposes
hydrogen peroxide to reduce oxidative damage (Wang et al., 1999). NaCl treatment
induces hydrogen peroxide production and/or increases ascorbate peroxidase or catalase
activities in Arabidopsis plants (24 hours; Shafi et al., 2015), cotton plants (< 24 hours;
Wang et al., 2016), young rice seedlings (< 24 hours; Tsai et al., 2005), and mature rice
leaves (14 days; Yamane et al., 2012). However, I found that catalase and peroxisomal
ascorbate peroxidase (APX3) protein levels did not dramatically change following the
chronic NaCl treatment used in my experiments (Figure 6.5A).
6.6 Destabilized isocitrate lyase during early seedling development in cat2-1 are
slowed by defective β-oxidation or autophagy
Because I found that peroxisome protein content was altered following chronic
salt exposure, I examined mutants impacting peroxisome protein content during a
different peroxisome remodeling transition that occurs during normal seedling
development. The peroxisomal glyoxylate cycle enzymes isocitrate lyase (ICL) and
malate synthase (MLS) are present in young seedling but are degraded as plants begin
photosynthesis (Michels et al., 2005). As previously reported (Lingard et al., 2009), I
found that ICL degradation was accelerated during this transition in cat2-1 and slowed
when β-oxidation was impaired in a ped1 null allele (Figure 6.5B), suggesting that
oxidative damage promotes ICL degradation. I further found that cat2-1 ped1-7
accumulated intermediate ICL levels, similar to wild type (Figure 6.5B), again indicating
that catalase protects peroxisomal proteins from degradation even when thiolase is
disabled and that thiolase promotes peroxisomal protein degradation even when catalase
is active. Like impeding β-oxidation, blocking autophagy also only partially stabilized
ICL in the cat2 mutant (Figure 6.5B).
In addition to ICL, I found that thiolase and catalase levels decreased during this
transition and that blocking autophagy prevented these declines (Figure 6.5B). All
mutants showed comparable HPR accumulation (Figure 6.5B), suggesting similar
developmental progression.

165

6.7 β-oxidation and PEX4 both contribute to peroxisome remodeling during seedling
development
A thiolase mutant (ped1-7) was identified in a forward-genetic screen for mutants
with slowed peroxisomal matrix protein (GFP-ICL) degradation (Burkhart et al., 2013),
suggesting a role for thiolase-catalyzed β-oxidation in promoting this peroxisome
transition. Like thiolase, PXA1 and PEX4 also promote ICL degradation, as the
corresponding mutants retain ICL longer than wild type (Lingard et al., 2009). I
constructed several double mutants to explore the interactions among these pathways in
peroxisome remodeling. I found that the pex4-1 pxa1-1 and pex4-1 ped1-7 double
mutants prolonged ICL and MLS accumulation longer than the single mutants; these
glyoxylate cycle enzymes remained present even in 10-day-old pex4-1 ped1-7 seedlings
(Figure 6.6). These results suggest that β-oxidation and peroxisome-associated
ubiquitination independently contribute to matrix protein degradation. All mutants tested
accumulated HPR (Figure 6.5), suggesting the ICL accumulation was not due to a lack of
developmental progression. I also found that ped1-7 worsened the PMDH PTS2processing defects of pex4-1 (Figure 6.5), suggesting further impaired peroxisome
functions.
6.8 Chaulmoogric acid is a fatty acid-like chemical that confers IBA resistance to
wild type and restores peroxisomal protein levels of catalase mutant
As described in Chapter 7, I selected a fatty acid-like chemical, chaulmoogric
acid, from a chemical screen because it conferred IBA resistance to wild type (Figure
6.7A). I hypothesized that chaulmoogric acid might be transported into peroxisomes and
β-oxidized into a chain-shortened derivative that disrupted β-oxidation. I tested two
related compounds for activity in this assay. I found that neither tridecanoic acid (lacking
the cyclopentenyl group; Figure 6.7B) nor cyclopent-2-en-1-ylacetic acid (lacking the
long fatty acid side chain; Figure 6.7B) conferred IBA resistance to wild type (Figure
6.7A). These results suggest that a cyclopentene with specific carbon chain length (or an
odd number of carbons in the fatty acyl chain) is required to disrupt β-oxidation.
Chaulmoogric acid did not appear to alter PEX5, PEX7, or HPR levels (Figure
6.7C), although the HPR exposure in this figure was not optimal to detect a difference.
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Figure 6.6 β-oxidation and PEX4 both contribute to degrading peroxisomal matrix
proteins.
Wild type and mutants were grown on 0.5% sucrose-supplemented plant nutrient media.
Extracts from 5-, 7-, and 10-day-old light-grown seedlings were processed for
immunoblotting, and duplicate membranes (top three panels; bottom five panels) were
serially probed with the indicated antibodies. A cross-reacting band that appears with the
ICL antibody is marked with an asterisk. Thiolase and PMDH are synthesized as
precursors (p); the N-terminal PTS2-containing region is cleaved to give the mature (m)
form after import into peroxisomes. HSC70 was used to monitor protein loading. The
positions of molecular mass markers (in kDa) are indicated on the right.
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Figure 6.7 Chemically impairing β-oxidation restored the low levels of peroxisomal
proteins of a catalase mutant.
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(A) Chaulmoogric acid conferred IBA resistance to wild type, but two related compounds
did not. Wild type were grown on 0.5% sucrose-supplemented plant nutrient media with
or without 10 µM IBA and the indicated compound under yellow-filtered light for 8 days.
Chaulmoogric acid and tridecanoic acid were used at 25 µM and cyclopent-2-en-1ylacetic acid was used at 12.5 µM. Compounds were dissolved in DMSO, and the mocktreated control medium contained the same amount of DMSO (0.25%) as the CMAcontaining medium. Mean root lengths and standard deviations are shown (n = 12).
(B) Chemical structures of chaulmoogric acid, tridecanoic acid, and cyclopent-2-en-1ylacetic acid.
(C) Chaulmoogric acid (CMA)-treated cat2-1 accumulated more mature PMDH than
non-treated cat2-1, and this PMDH accumulation in cat2-1 required PXA1 transporter.
Wild type and mutants were sown on 0.5% sucrose-supplemented plant nutrient media
with or without 25 µM chaulmoogric acid (CMA). Extracts from 8-day-old seedlings
were processed for immunoblotting, and duplicate membranes (top four panels; bottom
four panels) were serially probed with the indicated antibodies. Thiolase and PMDH are
synthesized as precursors (p) that are cleaved into mature (m) forms in the peroxisomes.
HSC70 was used to monitor protein loading. The positions of molecular mass markers
(in kDa) are indicated on the right.
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In contrast, chronic chaulmoogric acid treatment elevated both thiolase and PMDH levels
in wild type (Figure 6.7C). This PMDH elevation was also observed in cat2-1 but not in
cat2-1 pxa1-1 (Figure 6.7C), suggesting that chaulmoogric acid might be transported into
peroxisome via PXA1 and disrupting β-oxidation, resulting in restored peroxisomal
protein levels in cat2-1.
6.9 Accumulated catalase is aggregated in ped1-7 and atg7-3 mutants
Mutations in PXA1 or PED1 result in extreme IBA resistance and arrested growth
without carbon source addition (Hayashi et al., 1998; Zolman et al., 2001), indicating
strong blocks in β-oxidation. Moreover, mutations of PED1 restored HPR and PMDH
protein levels in cat2-1 (Figure 6.7C and 6.8A). In contrast, a pxa1 mutant only slightly
increased HPR and mature PMDH levels in cat2-1 without NaCl treatment, and did not
restore these peroxisomal protein levels in cat2-1 with NaCl (Figure 6.8A).
Blocking autophagy causes aggregated peroxisomes that often contain abutting
electron-dense regions (Shibata et al., 2013), thought to be due to catalase conglomerates.
Using native gel electrophoresis coupled with immunoblotting, I detected high molecular
weight catalase aggregates in ped1-7 and atg7-3 but not in wild type or pxa1-1 (Figure
6.8B). I found that catalase levels were higher in ped1-7 and atg7-3 than in pxa1-1 and
wild type (Figure 6.8A), so I can not rule out that the higher levels of catalase aggregates
present in ped1-7 and atg7-3 were due to elevated overall catalase. However, the
elevation in catalase aggregate levels in ped1-7 and atg7-3 (Figure 6.8B) appeared to be
more dramatic than the elevation of overall catalase levels in these mutants (Figure
6.8A). Moreover, a catalase that remained in cat2-1 (possibly CAT3) also was
aggregated in ped1-7 and atg7-3 (Figure 6.8B).
Not all proteins were aggregated in these mutants; cytosolic HSC70,
mitochondrial ATP synthase, and peroxisomal HPR remained as distinct bands in this
experiment (Figure 6.8B).
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Figure 6.8 Catalase is aggregated when thiolase or autophagy is defective.

171

(A) Wild type and mutants were grown on 0.5% sucrose-supplemented plant nutrient
media with or without 100 mM NaCl in white light at 22°C. Extracts from 10-day-old
seedlings were processed for immunoblotting, and duplicate membranes (top five panels;
bottom two panels) were serially probed with the indicated antibodies. PMDH is
synthesized a precursor (p) that is cleaved into a mature (m) form in the peroxisomes.
HSC70 was used to monitor protein loading. The positions of molecular mass markers
(in kDa) are indicated on the right.
(B) Wild type and mutants were grown on 0.5% sucrose-supplemented plant nutrient
media. Extracts from 8-day-old light-grown seedlings were processed for native
immunoblotting (electrophoresis without denaturing agents LDS and DTT) with the
indicated antibodies. Catalase aggregates accumulated in ped1-7 and atg7-3.
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6.10 Disrupting reactive oxygen species homeostasis exacerbates the peroxisomal
defects of pex4 mutants
Salt proliferates peroxisomes (Figure 6.1; Mitsuya et al., 2010) and triggers
hydrogen peroxide production (Tsai et al., 2005; Yamane et al., 2012; Shafi et al., 2015;
Wang et al., 2016). I found that salt treatment or mutation of CAT2 heightened
peroxisomal protein degradation (Figure 6.4, 6.5), suggesting that hydrogen peroxide or
oxidative damage played a role in this degradation. Moreover, salt ameliorated the
PTS2-processing defects of a subset of pex mutants (Figure 6.2 and 6.3).
pex4 was unusual among pex mutants in that salt treatment did not improve PTS2
processing (Figure 6.2C). I examined the effects of oxidative stress on PTS2 processing
in pex4 mutants by assaying pex4 cat2-1 double mutants. I found that cat2-1 exacerbated
the PMDH PTS2-processing defects of pex4-1 and pex4-2 (Figure 6.9), suggesting that
disturbance in oxidative condition could further impair peroxisome function in pex
mutants.
Interestingly, impairing the PEX4 ubiquitin-conjugating enzyme restored HPR
levels in the cat2-1 mutant (Figure 6.9), suggesting that ubiquitination of HPR might be
involved in HPR degradation in cat2. However, the enhanced PTS2 processing defect in
pex4 cat2-1 double mutants suggests a heightened import defect, and cytosolic HPR
might be protected from degradation.
Like pex4, the pex5-1 mutation restored HPR levels in cat2 (Figure 6.9). The
pex5-1 missense mutation confers inefficient PTS2 cargo import but allows wild-type
PTS1 cargo import (Woodward and Bartel, 2005a). It is possible that inefficient PTS2
import in pex5-1 resulted in less thiolase import into peroxisomes and consequently less
hydrogen peroxide production when combined with cat2-1. The low mature thiolase
levels of pex5-1 (Figure 5.7A and C and 6.9) supported this hypothesis.
6.11 Mutants isolated through a salt and IBA (SB) forward-genetic screen
To identify proteins involved in salt-induced peroxisome proliferation, a forwardgenetic (SB) screen for mutants with elongated roots or hypocotyls on media containing
salt and IBA was performed. Mutants with impaired salt-sensing, β-oxidation, or
peroxisome proliferation could be identified.
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Figure 6.9 The cat2-1 mutation enhanced the PMDH PTS2-processing defect of pex4
mutants, and pex4 or pex5-1 mutations restored HPR accumulation in the cat2-1 mutant.
Extracts from 8-day-old seedlings grown on 0.5% sucrose-supplemented plant nutrient
media in the light were processed for immunoblotting, and duplicate membranes (top
three panels; bottom three panels) were serially probed with the indicated antibodies.
Thiolase and PMDH are synthesized as precursors (p) that are cleaved into mature (m)
forms in the peroxisomes. HSC70 was used to monitor protein loading. The positions of
molecular mass markers (in kDa) are indicated on the right.
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Table 6.1 Mutations found in sb mutants
Effect1

sb27

Candidate causal
mutation
aux1
deg15
pxa1

sb89

ped1

Splicing

sb138

ped1

sb164/167

ped1

Splicing

sb181

pxa1

Q523*

sb185

pex5

G498R

sb210

pxa1

G307E

pxa1-4

sb219

pxa1

R382K

R781/815

sb224
sb225

ped1
atg4a
ibr3

G109E
G/*
G782S

ped1-4 (R814)

sb230/231

ped1

G141E

ped1-5 (R883)

sb232

pex13

A229V

pex13-6

sb233

pex14

Splicing

sb241

bglu9

P/L

sb244

pxa1

Splicing

sb251

ped1

S221L

Missense

sb270

lon2
mdar1
pmdh2

G413D
V/I
P/S

still have PMDH proteins

sb289

chy1
dsk2

G70S
G/D

sb303

axr1
ubp13

T/I
V620I

sb304

aux1
lon2
pex3a

P375L
L763F
P193S

sb311

acx2

G569E

sb312

pex11d

G/E

sb327

acx4
deg15

E/K
G294D

Alias

Note

A156T
W127*
P818L
Null
Missense (via immunoblotting)
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Null

Candidate causal
mutation
acx1
bglu9
cat2
pex12

Effect1

sb399

deg15
ibr1
pex3b

T596I
A/V
G315R

sb420

atg10

Splicing

Alias
sb371

G226E
W/*
D/N
P331L

Note

Human PEX12 has Leu at this
position

1. Amino acid substitution is listed as “Reference Position Substitution” or
“Reference/Substitution”.
(Khushali Patel assisted to build this summary.)

176

Three undergraduate researchers (Mario Aragon, Khushali Patel, and Sammira
Rouhani) and I screened 320,000 seeds from 64 mutagenized pools. Mutagenized seeds
were grown on 100 mM NaCl supplemented with 12 µM IBA (light-grown, 32 pools), 2
µM 2,4-DB (light-grown, 14 pools; dark-grown, 16 pools), or 3 µM 2,4-DB (light-grown,
1 pool; dark-grown, 1 pool). Mutants with elongated light-grown roots or dark-grown
hypocotyls were selected and propagated. To date, 20 mutations in genes known to
confer IBA and/or 2,4-DB resistance when mutated have been identified from the SB
screen: six ped1, five pxa1, three deg15, and one each of chy1, ibr3, lon2, pex5, pex13,
and pex14 (Table 6.1). In addition, Khushali Patel found several mutations in genes that
have not previously been identified in forward-genetic screens, including pex3a, pex3b,
pex11d, and bglu9 (Table 6.1). Further characterization of backcrossed populations is in
progress to reveal whether these mutations are causal, but it is intriguing that PEX3, a
peroxin involved in peroxisome biogenesis from the ER in yeast and mammals (Toro et
al., 2009; van der Zand et al., 2012) and PEX11, a peroxin involved in peroxisome
division (Li and Gould, 2002) may be involved in salt induced peroxisome proliferation.
6.12 Conclusions and discussion
In this chapter, I explored how peroxisome functions and contents shift under
chronic salt treatment and during development. I confirmed that growth on high salt
leads to peroxisome proliferation in Arabidopsis (Figure 6.1; Mitsuya et al., 2010) and
found that certain peroxisomal proteins (PMDH and HPR) were less abundant in these
conditions, whereas other accumulated (thiolase) or remained constant (catalase, APX3)
(Figure 6.4, 6,5A). I found that a catalase mutant accumulated less PMDH and HPR
following growth on salt and ICL during the seedling developmental transition to
photoautotrophic growth (Figure 6.5), and that defective thiolase (Figure 6.5, 6.7C, and
6.8), disturbing β-oxidation via a chemical inhibitor (Figure 6.7), or preventing
autophagy (Figure 6.5 and 6.8) restored peroxisomal protein levels to the cat2 mutant.
My results suggest that oxidative stress heightens and β-oxidation promotes peroxisomal
protein degradation, and that this degradation is partially but not entirely via pexophagy.
I also found that introducing mutations in PEX4, which encodes a peroxisome-tethered
ubiquitin-conjugating enzyme, also increased peroxisomal protein levels (Figure 6.6,
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6.9). Defective thiolase or fatty acid import further stabilized peroxisomal matrix
proteins in the pex4-1 mutant (Figure 6.6), implying that peroxisomal ubiquitination
might be directly or indirectly involved in degrading peroxisomal proteins. Native
immunoblotting showed that catalase aggregates accumulated when thiolase or
autophagy was defective, whereas similar aggregate elevation was not apparent when
fatty acid import was impeded (Figure 6.8). Finally, impairing catalase impeded PTS2
processing and exacerbated the PTS2 processing defects of the pex4-1 mutant (Figure
6.9), suggesting that excessive peroxisomal reactive oxygen species can impair
peroxisome protein import.
Transcripts of PEX1, PEX10, and PEX11e are elevated by NaCl treatment
(Charlton et al., 2005; Mitsuya et al., 2010). However, overexpressing PEX11e does not
confer NaCl tolerance and instead impairs β-oxidation despite increasing peroxisome
abundance (Mitsuya et al., 2010). In contrast to PEX11e overexpression, expressing HAPEX1 or HA-PEX10 from the 35S promoter does not impede β-oxidation and rescues the
corresponding mutants (Burkhart et al., 2014; Rinaldi, 2016). Monitoring peroxisome
numbers in these transgenic lines might help elucidate the mechanism of salt-induced
peroxisome proliferation.
Chronic salt treatment ameliorated the PTS2-processing defects of a subset of pex
mutants (Figure 6.2B and C and 6.3), including the pex2-1, pex10-2, and pex12-1 RING
peroxin mutants (Figure 6.2C). These mutants have low PEX10 protein levels (Chapter
3; Kao et al., 2016), suggesting the possibility that the salt-induced PEX10 transcripts
might increase PEX10 levels and ameliorate mutant defects. It would be interesting to
monitor PEX10 levels following salt treatment in the mutants, which might illuminate
whether the PTS2-processing restoration in different pex mutants was caused by similar
or different mechanisms.
Mutations in β-oxidation enzymes impeded salt-induced peroxisomal protein
degradation (Figure 6.4), suggesting that β-oxidation-derived hydrogen peroxide might
lead to protein damage and subsequent degradation. Thiolase mutants retained highest
levels of peroxisomal proteins (Figure 6.4) even though pxa1-1 and lacs6 lacs7 show
similarly severe sucrose dependence during germination as ped1 null alleles (Zolman et
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al., 2001; Fulda et al., 2004). This result suggests an important role for thiolase in salt
responses that might encompass more that its role in fatty acid β-oxidation.
Although enlarged peroxisomes are often seen in mutants with defective βoxidation, pxa1-1 has wild-type sized peroxisomes (Rinaldi et al., 2016). Potential fatty
acid β-oxidation intermediates are hypothesized to cause the peroxisome enlargement;
hence, maybe the fatty acid intermediates hinder the signals of peroxisome destruction.
Several proteins (PMDH, HPR) that accumulated to lower levels following salt
treatment also increased during the transition from β-oxidation to photosynthesis,
whereas proteins that accumulated (thiolase) or remained steady (catalase) following
growth on NaCl were those that declined during seedling maturation. Despite the
different proteins targeted in these two remodeling events, both reactive oxygen species
and autophagy appeared to enhance degradation.
Unlike in other plants, salt decreases hydrogen peroxide levels and catalase
activity in pea (Corpas et al., 1993). Intriguingly, salt decreases HPR and urate oxidase
activities in a NaCl-sensitive cultivar and increases glycolate oxidase activity in a NaCltolerant cultivar (Corpas et al., 1993). It remains unclear if the decreased HPR in the
NaCl-sensitive pea cultivar contribute to the susceptibility to salt; examining salt
tolerance in overexpressing-HPR transgenic plant could help elucidate the hypothesis.
Chaulmoogric acid is one of the main components of chaulmoogra oil, which was
used to treat leprosy (Kar and Gupta, 2015). I found that chaulmoogric acid confers IBA
resistance to wild-type plants (Figure 6.7A), suggesting that this compound impedes
peroxisomal β-oxidation. However, neither tridecanoic acid nor cyclopentenyl-acetic
acid impaired β-oxidation (Figure 6.7A), indicating that both the cyclopentene group and
the long (or odd-chain length) fatty acid moiety are required for activity. It would be
informative to test additional cyclopentene-modified fatty acids in this assay to further
define the structure-activity relationships. Moreover, it would be interesting to determine
if chaulmoogric acid impairs β-oxidation in other organisms. Interestingly, only two
families of flowering plants, Achariaceae and Salicaceae, are known to produce fatty
acids modified with a cyclopentenyl group (https://phylofadb.bch.msu.edu/). It would be
interesting to determine which step in β-oxidation is impeded by chaulmoogric acid or its
chain-shortened derivatives. I speculate that the chaulmoogric acid target may be
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modified or absent in Achariaceae and Salicaceae, and the β-oxidation-related enzymes
that are missing or unusually divergent in these two families could be the chaulmoogric
acid target. Alternatively, chaulmoogric acid may be an antifeedant compound that the
plant accumulates but does not use as an energy source.
Native immunoblotting unexpectedly revealed that ped1-7 but not pxa1-1
resembled atg7-3 in accumulating elevated levels of catalase aggregates (Figure 6.8B). It
is unclear if the aggregated catalase induces pexophagy or if preventing autophagy results
in catalase aggregates. Preventing autophagy causes peroxisome clustering that may
precede pexophagy, but peroxisomes still cluster in a cat2 cat3 atg2 triple mutant
(Shibata et al., 2013), suggesting that aggregated catalase is not necessary to induce
pexophagy. The pxa1 mutant has low hydrogen peroxide (Eastmond, 2007), presumably
because of a lack of β-oxidation, so monitoring hydrogen peroxide levels in ped1 may
elucidate the correlations among β-oxidation, hydrogen peroxide, catalase aggregates,
and pexophagy.
Surprisingly, pxa1-1 and pex6-1 had longer roots on NaCl (Figure 6.2A and 6.3A)
and some β-oxidation mutants also showed resistance to NaCl-induced peroxisomal
protein degradation (Figure 6.4), suggesting that peroxisome functions (such as βoxidation) may limit root growth on NaCl. It is not clear why the PTS2 processing
defects of some mutants are improved by chronic salt exposure whereas others are
unaffected (Figure 6.2). It would be interesting to learn if salt-induced peroxisome
proliferation is still observed in these peroxisome-defective mutants, and if salt improves
peroxisome deficiencies in other organisms. Moreover it will be exciting to learn if any
of the mutants that emerge from our screen for mutants displaying resistance to salt and
IBA shed new light on this multifaceted response.
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CHAPTER 7: CHEMICAL-GENETIC SCREENS FOR PEROXISOME DISRUPTORS
7.1 Introduction
Most peroxisome research has been conducted in yeast, where peroxisomes are
dispensable for life; however, null mutations of Arabidopsis peroxin genes often confer
lethality (Sparkes et al., 2003; Fan et al., 2005; Boisson-Dernier et al., 2008; Prestele et
al., 2010; Li et al., 2014), which limits the types of studies that can be conducted.
Forward genetics has been used to screen for peroxisomal mutants in Arabidopsis
(Hayashi et al., 1998; Zolman et al., 2000; Bartel et al., 2014) but mutants in several
predicted peroxins remain missing, and peroxisomes in plants other than Arabidopsis
remain understudied. These limitations prompt the need for novel approaches to study
peroxisome biogenesis and function in plants.
Chemical libraries are widely used in pharmacology, and screening chemical
libraries for chemicals that cause interesting phenotypes is an emerging strategy for plant
biology as well. Chemical genetics uses small molecules to specifically bind proteins and
alter their functions (Norambuena et al., 2009; Hicks and Raikhel, 2012). The
concentration of small molecules can be adjusted, making effects tunable and bypassing
lethality. Small molecules can be applied at any developmental stage and can be reversed
by washing out the small molecules. Also, small molecules can target similar structures
of protein isoforms to circumvent redundancy. Therefore, I initiated chemical-genetic
approaches to study peroxisome biogenesis and function in Arabidopsis.
Two previous chemical studies show that small molecules can alter Arabidopsis
peroxisome functions. A small 70-compound chemical library that alters plant
gravitropism (Surpin et al., 2005) was used to select chemicals conferring mislocalization
of a peroxisome-targeted GFP (GFP-MFP2) from peroxisomes to the cytosol. A
benzimidazole lead compound (LDS-003655) slightly reduces the PTS1 cargo receptor
PEX5 levels and impairs PTS1 and PTS2 import (Brown et al., 2011). Another lead
compound, diphenyl methylphosphonate, confers lipid body retention and reduced
growth without sucrose supplementation, suggesting that diphenyl methylphosphonate
interrupts lipid body mobilization (Brown et al., 2013).
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In chapter 7 and 8, I describe large-scale screens of two chemical libraries for
small-molecule peroxisome disruptors that conferred inefficient IBA β-oxidation and
characterization of lead compounds that emerged from these screens. From the 2000compound Microsource Spectrum Collection Library, I identified two lead compounds:
chaulmoogric acid (see Section 6.8) and benzylhydrazine. Benzylhydrazine worsened
peroxisomal phenotypes of tested pex mutants, suggesting that the benzylhydrazine target
could be novel, so I conducted a forward-genetic screen for benzylhydrazine-resistant
mutants in Arabidopsis. To date, I have isolated two putative mutants that were less
susceptible to benzylhydrazine-induced IBA resistance. Whole-genome sequencing of
DNA from these mutants may reveal the benzylhydrazine target pathway or protein.
7.2 Chemical screen using the Microsource Spectrum Collection Library
Arabidopsis is a great system for studying peroxisomes via chemical genetics.
Peroxisomal β-oxidation converts a proto-auxin indole-3-butyric acid (IBA) to indole-3acetic acid (IAA), and this IAA inhibits cell elongation (Strader et al., 2010). Impaired
peroxisomes inefficiently convert IBA to IAA, resulting in Arabidopsis seedlings with
long roots or hypocotyls in the presence of IBA, and screening for increased growth
avoids generally toxic chemicals. Arabidopsis seeds and seedlings are small, so they can
easily be cultured in 96-well plates containing chemical libraries.
With the assistance of Sarah Ratzel, I screened the Microsource Spectrum
Collection Library for chemicals that conferred elongated light-grown roots to wild type
in IBA. I added seed solution into 96-well plates containing arrayed chemicals to give a
final screening solution containing 2 – 5 wild-type Arabidopsis seeds, 1X plant nutrient
medium, 0.5% sucrose, 10 µM IBA, 25 µM chemical, and 1% DMSO. The plates were
grown under yellow-filtered light at 22°C for eight days, and lead compounds were
selected that conferred longer roots than IBA plus DMSO (mock)-treated seedlings.
Out of 2000 chemicals, 12 of the 17 promising compounds were purchased to
further characterize. Seven of the purchased chemicals – norethindrone acetate,
benzylhydrazine dihydrochloride, protophyrin IX, 2,4-dihydroxy 3,4-dimethoxychalcone,
2,4-dihydroxy 4-methoxychalcone, fluorescein, and chaulmoogric acid – retested as
conferring resistance to the inhibitory effect of IBA (Figure 7.1B and data not shown).
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Figure 7.1 Characterization of lead compound auxin specificity

183

(A) Structures of natural (IBA, IAA; left column) and synthetic (2,4-DB, 2,4-D, NAA;
right column) auxins (IAA, 2,4-D, NAA; bottom row) and auxin precursors (IBA, 2,4DB; top row).
(B) Benzylhydrazine and chaulmoogric acid conferred resistance to IBA and 2,4-DB, but
not IAA, 2,4-D, or NAA resistance to wild type. Norethindrone acetate conferred
resistance to all tested auxins but also decreased general growth. Fluorescein and
protoporphyrin IX conferred resistance to IBA and IAA, but not synthetic auxins. Wildtype seeds were grown on 0.5% sucrose-supplemented plant nutrient media containing
the indicated chemicals (listed below the seedlings, dissolved in DMSO) and auxins
(listed above the photograph, dissolved in ethanol). Representative 8-day-old seedlings
grown under yellow-filtered light were arranged on a new plate photographed.
(C) MB4 and benzylhydrazine conferred IBA and 2,4-DB resistance but not IAA, 2,4-D,
or NAA resistance to wild type, suggesting MB4 and benzylhydrazine might impair
peroxisomal β-oxidation. Seedlings were grown as in the legend of Figure 7.1B. Root
lengths were normalized to means of the corresponding mock (DMSO) treatment.
Normalized means and standard deviations are shown (n ≥ 9).
(D) Chemical structures of ethyl 2-[(3-ethoxy-3-oxopropyl)thio]-6-methyl-4-(2-thienyl)1,4-dihydropyrimidine-5-carboxylate (MB4) and benzylhydrazine, which were selected
from Maybridge Hitfinder collection library and the Microsource Spectrum Collection
library, respectively.
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Compounds identified in the primary screen may bind and affect proteins,
including those acting in transport of peroxisomal substrates, β-oxidation, matrix protein
import, and peroxisome biogenesis. Moreover, because IBA (Figure 7.1A) is converted
to IAA (Figure 7.1A), which inhibits elongation, compounds that block IAA signaling,
metabolism, or transport also may confer IBA resistance. If compounds confer both IBA
and IAA resistance, they might affect general auxin-related pathways. 4-(2,4dichlorophenoxy)butyric acid (2,4-DB), 2,4-dichlorophenoxyacetic acid (2,4-D) , and 1naphthalene acetic acid (NAA) are synthetic auxin analogs (Figure 7.1A). Like IBA, 2,4DB must be β-oxidized into 2,4-D for auxin activity. NAA (Figure 7.1A) resembles IAA
and 2,4-D in that it does not require peroxisomal β-oxidation for activity. I am most
interested in compounds conferring both IBA and 2,4-DB resistance but not IAA, 2,4-D,
or NAA resistance, because these compounds are most likely to be impacting peroxisome
biogenesis or functions.
In mock (DMSO) treatment, root growth of wild-type seedlings was decreased by
all auxins at the indicated concentration (Figure 7.1B), and 2,4-DB markedly decreased
shoot growth as well. Using auxin responsiveness as a parameter, I categorized the seven
lead compounds into four groups. Norethindrone acetate decreased growth even in the
mock treatment but the various auxin treatments did not further decrease growth, so I
concluded that norethindrone acetate conferred resistance to all auxins (Figure 7.1B).
Fluorescein and protophyrin IX conferred resistances to IBA and IAA but not 2,4-DB,
2,4-D, or NAA (Figure 7.1B). This specificity for endogenous auxins suggests that these
compounds might influence auxin signaling or transport. The chalcone derivatives
conferred only IBA (but not 2,4-DB or other auxin) resistance, suggesting that they might
alter IBA transport (data not shown). Benzylhydrazine (BH; Figure 7.1D) and
chaulmoogric acid (Figure 6.7B) conferred both IBA and 2,4-DB resistance but seedlings
remained sensitive to IAA, 2,4-D, and NAA (Figure 7.1B). I am most interested in this
latter group because this auxin specificity profile suggests that these two compounds
might impair β-oxidation enzymes or impact peroxisome biogenesis or functions.
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7.3 Benzylhydrazine confers resistance to the inhibitory effects of IBA on wild type
I measured root length following growth on benzylhydrazine with and without the
various auxins and normalized to the mean of mock DMSO treatment with the
corresponding auxins (Figure 7.1C). Benzylhydrazine allowed increased root growth on
IBA and 2,4-DB but not on IAA, 2,4-D, or NAA (Figure 7.1B and 7.1C). Interestingly,
both benzylhydrazine and a lead compound from the Maybridge HitFinder Collection
Library, MB4 (Figure 7.1D) that I discuss in Chapter 8, increased relative root growth
more dramatically on the synthetic auxin precursor 2,4-DB than on the endogenous auxin
precursor IBA (Figure 7.1C).
7.4 Compounds structurally similar to benzylhydrazine do not confer IBA
resistance to wild type
To identify the important functional groups of benzylhydrazine, I tested five
structurally similar chemicals. At 25 µM, none of the five chemicals, including
phenylhydrazine, 4-hydroxybenzylhydrazine, phenethylamine, benzylamine, and
tyramine, conferred the same resistance to the IBA and 2,4-DB inhibitory effects in wild
type as benzylhydrazine (Figure 7.2). Phenylhydrazine greatly inhibited plant growth but
appeared to show a similar pattern as benzylhydrazine at 25 µM, so I tested effects of
phenylhydrazine at lower concentrations. However, I found that phenylhydrazine did not
confer resistance to the inhibitory effects of IBA and 2,4-DB at lower concentrations
(data not shown). In addition to target specificity, differences in cellular permeability,
stability, or transport might underlie the different effects of the tested hydrazines and
amines.
7.5 Benzylhydrazine enhances peroxisomal defects of tested peroxisomal mutants
Because benzylhydrazine conferred resistance to the inhibitory effects of the sidechain-elongated auxin precursors IBA and 2,4-DB, the target could be a known protein
involved in peroxisome biogenesis or function. I tested the effect of benzylhydrazine on
IBA responsiveness of various peroxisome-related mutants. Because some of these
mutants display full resistance to the inhibitory effects of IBA at 10 µM, I increased the
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Figure 7.2 Compounds similar to benzylhydrazine did not confer resistance to IBA or
other auxins.
Seedlings were grown as in the legend of Figure 7.1B on the indicated chemical at 25µM
with or without the indicated auxin. Root lengths were normalized to the mean of the
DMSO treated root lengths; error bars indicate standard deviations. At 25 µM, only
benzylhydrazine conferred IBA and 2,4-DB resistance to wild type.
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IBA concentration to 15 µM in this experiment to determine if benzylhydrazine altered
IBA resistance.
I hypothesized that mutation in a benzylhydrazine target might confer resistance
to benzylhydrazine or benzylhydrazine-induced IBA resistance. In wild type,
benzylhydrazine conferred IBA resistance to wild type: benzylhydrazine moderately
decreased root growth but IBA only slightly reduced the benzylhydrazine-treated root
growth (Figure 7.3A). Similarly, benzylhydrazine conferred substantial IBA resistance to
mutants that were not notably resistant to 15 µM IBA, including lon2-2, atg7-3, cat2-1,
and pex2-1 (Figure 7.3A). pxa1-1, ped1-7, pex4-1, pex10-2, and pex12-1 displayed
resistance to 15 µM IBA, and benzylhydrazine heightened this resistance (Figure 7.3A).
The exception to this pattern was pex6-1, which appeared somewhat hypersensitive to the
inhibitory effect of benzylhydrazine on root growth and did not display increased
resistance to 15 µM IBA in the presence of benzylhdrazine (Figure 7.3A).
Because peroxisomal physiological defects often are accompanied by molecular
defects, I examine if benzylhydrazine conferred molecular defects or altered the existing
defects of peroxisomal mutants. Benzylhydrazine did not confer PTS2-processing
defects to wild type; no detectable precursor peroxisomal malate dehydrogenase (PMDH)
or thiolase accumulated with or without benzylhydrazine treatment (Figure 7.3B and C).
Benzylhydrazine had slight if any effects on PTS2 processing in peroxisome-defective
mutants. Benzylhydrazine slightly increased precursor PMDH levels in cat2-1 (Figure
7.3B), suggesting that mutants with heightened oxidative stress might be more
susceptible to benzylhydrazine treatment. Benzylhydrazine slightly increased levels of
processed thiolase in wild type, pex5-1, pex14-1, cat2-1, and pxa1-1 (Figure 7.3B), and
slightly increased precursor thiolase in pex13-4, pex14-1 (Figure 7.3B), and pex12-1
(Figure 7.3C). The small increase of thiolase proteins might reflect slowed β-oxidation
causing less thiolase protein damage and degradation.
Benzylhydrazine also appeared to increase levels of the peroxisomal membrane
protein ascorbate peroxidase (APX3) in pex5-1, pex14-1, cat2-1 (Figure 7.3B), pex6-1,
and pex26-1 (Figure 7.3C). In contrast, benzylhydrazine appeared to decrease APX3
levels in lon2-2 (Figure 7.3C).
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Figure 7.3 Physiological and molecular consequences of benzylhydrazine treatment.
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(A) Benzylhydrazine enhanced IBA resistance of wild type and most peroxisome-related
mutants tested. Seedlings were grown as in the legend of Figure 7.1B. Mean root
lengths and standard deviations are shown.
(B, C) The PTS2-processing defect of cat2-1 was worsened by benzylhydrazine
treatment. Wild type and mutants were grown on 0.5% sucrose-supplemented plant
nutrient media with or without 25 µM benzylhydrazine (BH). Protein extracts of 8-dayold light-grown seedlings were processed for immunoblotting and replicate membranes
(top four panels and bottom two panels in Figure 7.3B; top, middle, and bottom two
panels in Figure 7.3C) were serially probed with the indicated antibodies. Thiolase and
PMDH are synthesized as precursors (p); the N-terminal PTS2-containing regions are
cleaved to give the mature (m) forms after import into peroxisomes. HSC70 was used to
monitor protein loading.
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7.6 A forward-genetic screen to identify benzylhydrazine target(s)
Benzylhydrazine worsened peroxisomal physiological defects of most tested
mutants (Figure 7.3A) and only slightly altered peroxisomal molecular defects in patterns
that do not provide hints about causality (Figure 7.3B and C), suggesting that the
benzylhydrazine target could be novel. Because 25 µM benzylhydrazine decreased root
growth, I conducted a forward-genetic (YT) screen selecting benzylhydrazine-resistant
root elongation at 50 – 75 µM benzylhydrazine. Mutagenized wild type carrying GFPPTS1 (16 pools, 80,000 seeds) were screened and 157 putative mutants were selected.
I examined root growth with or without benzylhydrazine and evaluated if putative
mutants displayed typical peroxisomal defects, like resistance to the inhibitory effects of
IBA. Retesting YT mutants in the M3 generation revealed a mutant (YT21) that displayed
resistance to the inhibitory effects of IBA on root elongation and inconsistent PTS2processing defects but maintained wild-type IBA-responsive lateral rooting (data not
shown). This novel combination of defects was intriguing, so I prepared YT21 genomic
DNA for whole-genome sequencing. This analysis revealed a heterozygous DEG15
mutation and a homozygous ETHYLENE-INSENSITIVE 2 (EIN2) mutation.
DEG15 is a peroxisomal protease that cleaves ~30 aa N-terminal region
containing the PTS2 in peroxisomes in Arabidopsis (Schuhmann et al., 2008). The
inconsistent PTS2-processing defects of YT21 (data not shown) might be explained by the
heterozygous deg15 mutation in the genome sequencing results. To test whether DEG15
was a likely benzylhydrazine target, I examined growth of an insertional DEG15 mutant
(deg15-1) on benzylhydrazine and IBA. I found that this deg15 null allele responded like
wild type to benzylhydrazine (Figure 7.4A). This wild-type response, along with the
observation that benzylhydrazine treatment did not confer PTS2-processing defects in
wild type (Figure 7.3B and C), indicating that DEG15 is unlikely to be a benzylhydrazine
target.
EIN2 is necessary for signaling by the plant hormone ethylene (Guzman and
Ecker, 1990). 1-aminocyclopropane-1-carboxylate (ACC) is the immediate precursor to
ethylene (Chae and Kieber, 2005), and mutations in EIN2 confer ACC resistance as well
as slight IBA resistance in root length (Thole et al., 2014). Because the YT21 mutant
carried an ein2 mutation, I examined root growth of a missense EIN2 mutant (ein2-1), a
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missense ethylene receptor mutant (etr1-1), and a missense auxin transporter mutant
(aux1-7) on benzylhydrazine, IBA, and ACC. I found that ein2-1, etr1-1, and aux1-7 had
longer roots than wild type on benzylhydrazine (Figure 7.4A and data not shown),
suggesting that the causal mutation for IBA resistant phenotypes in YT21 was in EIN2.
However, these mutants also have dramatically longer roots than wild type even on
unsupplemented medium (Figure 7.4A and data not shown), presumably due to the
inhibitory effects of endogenous ethylene on root elongation (Zolman et al., 2000; Thole
et al., 2014).
Having discovered that ethylene-response mutants would appear as
benzylhydrazine resistant in my screening conditions, I tested the YT mutants for growth
on ACC. I found that YT29 and YT153 also displayed ACC resistance like ein2 (data not
shown), suggesting that the apparent benzylhydrazine resistance in these mutants also
might be due to mutations in ethylene signaling, and I did not characterize these mutants
further. Moreover, I found that benzylhydrazine did not confer ACC resistance (data not
shown), suggesting that benzylhydrazine conferred IBA resistance via an ethyleneindependent pathway.
Because I was interested in mutants that were less susceptible to the
benzylhydrazine-induced IBA resistance that might reveal the peroxisome-related
benzylhydrazine target, I retested the M3 YT mutants on IBA, benzylhydrazine, IBA and
benzylhydrazine, and ACC, looking for ACC-sensitive mutants for which
benzylhydrazine no longer conferred IBA resistance. I found that benzylhydrazine
conferred only slight IBA resistance to two YT mutants (YT7 and YT127; Figure 7.4B and
C) in contrast to the full IBA resistance benzylhydrazine conferred to wild type, deg15-1,
and ein2-1 (Figure 7.4A). Thus YT7 and YT127 showed the phenotype that I expected
when the peroxisome-inhibiting effect of benzylhydrazine was disrupted. Interestingly,
YT7 and YT127 did display slight ACC resistance (Figure 7.4B and C), suggesting a
potential connection between the benzylhydrazine target, peroxisomes, and ethylene.
I prepared DNA from YT7 and YT127 seedlings and subjected it to whole-genome
sequencing. Analysis of these data did not reveal mutations in genes known to impair
peroxisome function but did reveal a mutation in Ethylene-responsive element binding
factor 5 (ERF5). ERF5 may act as a transcription activator that alters GCC box-
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Figure 7.4 YT7 and YT127 display less resistance to IBA upon benzylhydrazine treatment
than wild type.
Benzylhydrazine conferred IBA resistance to wild type and increased the IBA resistance
of deg15 and ein2 mutants (A), but YT7 (B) and YT127 (C), which were isolated in a
forward-genetic screen for benzylhydrazine resistance, were less affected. Wild type and
mutants were grown on 0.5% sucrose-supplemented plant nutrient media with the
indicated additions (ACC is 1-aminocyclopropane-1-carboxylic acid, an ethylene
precursor) under yellow-filtered light for 8 days. Mean root lengths and standard
deviations are shown (n ≥ 6).
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containing stress-responsive genes (Fujimoto et al., 2000). Future study will be
necessary to test if the erf5 mutation is the causing the phenotypes in YT127.
Because YT7 and YT127 displayed similar phenotypes, I hypothesized that these
two YT mutants might harbor mutations in the same gene. Analyzing the whole-genome
results revealed ten genes with mutations in both mutants, nine of which had the exactly
same mutations. Because YT7 and YT127 were isolated from different M2 pools, these
mutations were likely to be background, non-causal mutations. In addition, YT7 and
YT127 both had a mutation at a different position in ACA4 (At2g41560), which encodes a
calmodulin-activated calcium transporter that pumps calcium into the vacuole (Geisler et
al., 2000). YT7 and YT127 both carry missense mutations and cause amino acid
substitutions: Gly335Arg in YT7 and Gly146Glu in YT127. Backcrossing the YT7 and
YT127 mutants and linkage analysis will be required to confirm whether altered ACA4
function confers resistance to benzylhydrazine-mediated IBA resistance.
7.7 Conclusions and discussion
In this chapter, I developed a chemical-genetic approach to investigate
peroxisome function and biogenesis. I screened the 2000-compound Microsource
Spectrum Collection Library, and found two lead compounds (benzylhydrazine and
chaulmoogric acid) that disrupted IBA β-oxidation (Figure 7.1B). Chaulmoogric acid is
a modified fatty acid, so it is possible that chaulmoogric acid is transported into
peroxisomes and β-oxidized to a toxic derivative (see Section 6.8). Benzylhydrazine
exacerbated peroxisomal physiological defects of most tested mutants (Figure 7.3A) and
slightly enhanced PTS2-processing defects in cat2-1 (Figure 7.3B), suggesting that
mutants with heightened oxidative stress might be more susceptible to benzylhydrazine.
Compounds structurally similar to benzylhydrazine did not confer IBA or 2,4-DB
resistance to wild type (Figure 7.2), indicating the benzyl and the hydrazino groups were
both required to confer the phenotypes. I conducted a forward-genetic screen, which
revealed that the vacuolar ATP-dependent calcium transporter ACA4 may promote the
ability of benzylhydrazine to impair IBA responsiveness. Further investigation is
required to verify the connection between benzylhydrazine, ACA4, and peroxisomal βoxidation.
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I conducted the initial chemical screen at 25 µM, as recommended by Dr. Clifford
Stephan. Although pharmaceutical drugs are often used in the nM range, it was hard to
predict the needed concentrations to penetrate plant cells. Our lead compound hit rate
was 0.1% (two out of 2000 compounds), which was similar to some previously reported
drug screens (Hughes et al., 2011). Hence, 25 µM seems to be an appropriate
concentration for an Arabidopsis chemical-genetic screen.
Using reduced IBA β-oxidation as the strategy to identify peroxisome defects
provided a positive screening readout, so chemical toxicity did not produce false-positive
hits. Also, because of the small size of Arabidopsis seeds, I was able to screen the entire
organism rather than using cell-based screening, which may not represent the organism
well because of losing cellular communication, cellular microenvironment, and tissue
specificity, etc.
I found that both the benzyl and the hydrazino groups of benzylhydrazine were
required to confer β-oxidation deficiency (Figure 7.2). This observation would
complicate future efforts to couple benzylhydrazine to a matrix (similar to method in
Surpin et al., 2010) to identify benzylhydrazine-interacting proteins, because the matrixconnecting group may interfere with benzylhydrazine binding to its target.
In contrast to other tested mutants, benzylhydrazine did not increase IBA
resistance of pex6-1 (Figure 7.3A), which carries a missense mutation in a peroxisometethered ATPase (Zolman and Bartel, 2004). Interestingly, whole-genome sequencing of
the YT7 and YT127 benzylhydrazine-resistant mutants revealed independent mutations in
the vacuolar ATP-dependent calcium transporter ACA4. It is possible that
benzylhydrazine targets certain ATPases.
Because peroxisomal proteins are conserved among organisms, benzylhydrazine
might also disrupt peroxisomes in other organisms. Beyond screening for peroxisome
disruptors in wild-type seedlings, screening for chemicals that alleviate defects of
peroxisome-related mutants may provide insights into improving peroxisome functions,
and could lead to human peroxisome biogenesis disorder treatments.
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End of Chapter 7
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CHAPTER 8: A PEROXISOME-DISRUPTING CHEMICAL THAT REDUCES LEVELS OF
DOCKING PEROXINS AND IMPEDES PEROXISOMAL ΒETA-OXIDATION

8.1 Introduction
Previous chemical-genetic screens for peroxisome-disrupting chemicals in
Arabidopsis identified a lead compound (LDS-003655) that reduces levels of the PEX5
PTS1 cargo receptor (Brown et al., 2011); however, this compound is not commercially
available. As discussed in Chapter 7, I developed a chemical-genetic screen to identify
small molecules that interfere with Arabidopsis peroxisome function. After completing
the pilot screen of the 2000-compound Microsource Spectrum Collection library (Chapter
7), I screened the 14,400-compound Maybridge HitFinder Collection library, which
contains diverse drug-like compounds, for chemicals that conferred resistance to the
inhibitory effects of IBA on wild-type seedlings. This chapter describes the results of
this screen.
One lead compound, MB4, conferred resistance to IBA and decreased PEX14
levels in wild-type seedlings. However, null pex14 mutant defects were exacerbated by
MB4 treatment, suggesting that PEX14 was not the direct target of MB4. I found that
MB4 reduced growth of tested peroxisome-defective mutants but alleviated PTS2processing in peroxisome ubiquitination machinery mutants. Furthermore, MB4
treatment appeared to improve PTS1 import in the pex10-2 mutant. Dissecting MB4
impacts on the other docking peroxin, PEX13, revealed that PEX13 was phosphorylated,
and MB4 increased accumulation of phosphorylated PEX13 in certain docking complex
mutants. MB4 is a candidate to be the first commercially available peroxin modulator
and may be useful in studies of peroxisome import or functions.
8.2 Chemical-genetic screening the Maybridge HitFinder Collection library
I screened the 2000-compound Microsource Spectrum Collection library for
chemicals that conferred IBA-resistant light-grown roots (Chapter 7). Because screening
for IBA-resistant dark-grown hypocotyls via forward-genetic screens also reveals
mutations in peroxisomal enzymes and peroxins (Strader et al., 2011; Kao et al., 2016;
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Gonzalez et al., 2017), I screened the 14,400-compound Maybridge HitFinder Collection
library for chemicals that conferred IBA resistance in dark-grown hypocotyls.
Similar to the method used for screening the Microsource Spectrum Collection
library, I added seed solution to the 96-well plates containing chemical solution, and the
final screening solution had 2 – 5 wild-type Arabidopsis seeds, 1X liquid plant nutrient
media, 0.5% sucrose, 15 µM IBA, 25 µM chemical, and 1% DMSO per well. The plates
were grown under yellow-filtered light at 22°C for one day, then wrapped in two layers
of aluminum foil and returned to 22°C for an additional four days in the dark. This
primary screen yielded numerous of initial hits, so I performed a secondary screen to
identify lead compounds with strong and consistent effects.
For the secondary screen, the intermediate 2.5 mM chemical plates (see Chapter
2) were used to make agar-solidified media in 24-well plates. For the first 60 plates of
the Maybridge HitFinder Collection library, I tested if the initial hits conferred IBA
resistance in dark-grown hypocotyls (primary screening criteria) and light-grown roots.
For the remaining 120 plates, I shifted the secondary screening criteria to select
chemicals that conferred both IBA and 2,4-DB resistance in light-grown roots. 124
chemicals that passed the secondary screens were purchased and characterized further
(Table 8.1). So far, five lead compounds (out of 83 retested compounds) conferred
resistance to the chain-elongated auxin precursors IBA and 2,4-DB without conferring
IAA, 2,4-D, or NAA resistance (Figure 7.1A); these five lead compounds are candidate
peroxisome disruptors.
8.3 MB4 confers IBA resistance to wild type and reduces accumulation of the
docking peroxin PEX14
The lead compound MB4 (Figure 7.1D) conferred IBA and 2,4-DB resistance to
wild type but not IAA, 2,4-D, or NAA resistance (Figure 7.1C), consistent with
impairment of peroxisomal β-oxidation. MB4 treatment seemed to be somewhat less
effective than benzylhydrazine at 25 µM (Figure 7.1C). Hypothesizing that mutations in
a MB4 target might confer resistance to MB4-induced effects, I looked for additive or
suppressive effects of MB4 on peroxisome-related defects in peroxisomal mutants to
narrow candidate targets. I found that 25 µM MB4 reduced wild-type root growth by
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Figure 8.1 MB4 treatment reduces PEX14 levels, worsens growth defects of peroxisomerelated mutants, and ameliorates PTS2-processing defects of peroxisomal ubiquitination
machinery peroxin mutants.
(A) MB4 exacerbates growth defects of peroxisome-related mutants. Wild type and
mutants were grown on 0.5% sucrose-supplemented plant nutrient media with the
indicated treatment under yellow-filtered light for 8 days. Means root lengths and
standard deviations are shown (n ≥ 9).
(B) MB4 treatment reduces PEX14 levels in a variety of peroxin mutants and ameliorates
PMDH PTS2-processing defects of receptor-recycling peroxin mutants. Extracts of 8day-old light-grown seedlings were processed for immunoblotting with the indicated
antibodies. PMDH is synthesized as a precursor (p); the N-terminal PTS2-containing
region is cleaved to give the mature (m) form after import into peroxisomes. HSC70 was
used to monitor protein loading. Precursor PMDH reactivity (gray text) from a previous
probing remains visible in the PEX7 panel.
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about 20% but increased IBA-treated root growth by about 2 fold (Figure 8.1A). MB4
more severely reduced root lengths of various peroxisomal mutants than wild type
(Figure 8.1A), suggesting MB4 synergistically worsened peroxisome functions in these
mutants.
In an attempt to understand the mechanism by which MB4 altered peroxisome
function, I examined the effects of MB4 on peroxin levels and PTS2 processing. MB4
treatment did not consistently alter levels of the two peroxisomal cargo receptors, PEX5
and PEX7 (Figure 8.1B). In contrast, I found that MB4 decreased levels of one of the
docking peroxins, PEX14, in wild type and various mutants (Figure 8.1B), which might
lead to reduced PEX5 docking and matrix protein import. However, MB4 did not confer
a defect in processing the PTS2 protein peroxisomal malate dehydrogenase (PMDH) in
wild type or worsen the PTS2-processing defects in receptor and docking peroxin
mutants (Figure 8.1B). In fact, MB4 appeared to slightly improve PMDH processing in
peroxisome-associated ubiquitination machinery mutants (pex2-1, pex10-2, pex12-1, and
pex6-1) and the lon2-2 peroxisomal protease mutant (Figure 8.1B). However, this
improvement in PTS2 processing was not accompanied by increased growth or reduced
IBA resistance in these mutants (Figure 8.1A), suggesting that overall peroxisomal
function was not improved in these mutants.
8.4 MB4 ameliorates the PTS1 import of a splicing pex10-2 mutant
Because MB4 ameliorated PTS2-processing defects of peroxisome-associated
ubiquitination machinery mutants (Figure 8.1B), and because PTS2-processing defects
could be due to impaired PTS1 or PTS2 import, I tested if MB4 ameliorated PTS1 import
by comparing mock and MB4 treatment in wild type or mutants carrying a peroxisometargeted GFP reporter (GFP-PTS1).
I observed punctate GFP fluorescence in wild-type cotyledon epidermal (Figure
8.2A) and mesophyll (Figure 8.2B) cells, and in the root differentiation zone (Figure
8.2C). MB4 did not markedly change peroxisome abundance or impair PTS1 import in
wild type (Figure 8.2A – C).
I also examined the effect of MB4 on GFP-PTS1 localization in several mutants.
The tested mutants carry the 35S:GFP-PTS1 transgene at the same chromosomal location
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Figure 8.2 MB4 ameliorates the PTS1 import defect of pex10-2.
Wild type and mutants carrying peroxisome-targeted GFP (GFP-PTS1) were grown on
0.5% sucrose-supplemented plant nutrient media with or without 10 µM MB4.
Cotyledon epidermal cells (A), cotyledon mesophyll cells (B), and root cells from the
differentiation zone (C) from 8-d-old light-grown seedlings were imaged using confocal
microscopy. The same confocal microscopy setting was applied within the same tissue
among genotypes. PTS1 import in pex13-4 root cells remains to be examined. Scale bar
is 50 µm.
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as the wild type line, and identical microscopy settings were used to obtain images within
the same tissue, so the fluorescence intensity and pattern can be compared among
genotypes and treatments. In mock treated seedlings, GFP fluorescence outlined the
epidermal pavement cells in pex13-4, pex14-1, pex10-2, and pex6-1 mutants, showing the
expected impaired PTS1 import (Figure 8.2A). In addition, some GFP punctae were
detected in pex14-1 and pex10-2, but very few GFP punctae were observed in pex13-4
and pex6-1 (Figure 8.2A). Interestingly, the intensity of GFP fluorescence appeared to be
diminished in pex13-4 (Figure 8.2A), suggesting that GFP-PTS1 might be degraded in
this mutant. MB4 appeared to increase GFP punctae fluorescence in pex14-1 epidermal
cells; however, the cytosolic GFP signal was also increased (Figure 8.2A). However,
because MB4 decreased growth of these mutants (Figure 8.1A), the smaller pavement
cells following MB4 treatment (Figure 8.2A) might explain these differences. In pex102, MB4 not only increased GFP punctae but also decreased GFP intensity outlining the
pavement cells (Figure 8.2A), suggesting the PTS1 import capacity in pex10-2 was
improved by MB4 treatment. MB4 did not change GFP-PTS1 patterns in pex13-4 and
pex6-1 (Figure 8.2A). The GFP fluorescence in mesophyll cells (Figure 8.2B) mirrored
the effects seen in the epidermal cells (Figure 8.2A), indicating similar MB4 effects
across tissues.
8.5 MB4 worsens pex14 mutants and reduces endogenous PEX14 and mutant pex14
protein levels
MB4 treatment reduced PEX14 levels but did not impair PMDH PTS2 processing
or exacerbate PMDH processing defects of tested mutants (Figure 8.1B). To test whether
MB4 bound to different PEX14 domains and destabilize PEX14 proteins, I tested MB4
responses in an allelic series of pex14 mutants (Figure 8.3A) that encode truncated pex14
protein or lack PEX14 protein altogether. Because root growth of pex14-1 was not
impaired by 10 µM IBA (Figure 8.1A), I increased the IBA concentration to 15 µM to
determine if MB4 exacerbated IBA resistance of pex14 mutants. In wild type, IBA or
MB4 treatment both decreased root growth, but MB4 did not confer resistance to IBA at
this higher concentration (Figure 8.3B). pex14 mutants displayed various degrees of
resistance to the IBA and MB4 greatly decreased pex14 root growth (Figure 8.3B).

202

Unlike wild type, however, IBA treatment did not further decrease MB4-treated pex14
root growth (Figure 8.3B), suggesting that MB4 heightened the IBA resistance of all
pex14 mutants. Although it would be useful to test additional concentrations of MB4 and
IBA to optimize detection of this increased IBA resistance, the ability of MB4 to increase
IBA resistance even in pex14 null alleles (pex14-11, pex14-4, and pex14-2) suggests that
PEX14 is not needed for MB4 effects.
I also examined molecular effects of MB4 on the pex14 mutants. MB4 decreased
PEX14 levels in wild type (Figure 8.3C). Truncated mutant pex14 proteins generally
accumulate to lower levels than wild-type PEX14 (Burkhart et al., 2013), but long
exposures revealed that MB4 reduced pex14 protein levels in pex14 mutants with
detectable pex14 truncation products (Figure 8.3C). My data were consistent with the
possibilities that MB4 disturbed the N-terminal parts of PEX14 or that the decrease in
PEX14 levels following MB4 treatment was an indirect effect.
It was inconclusive if MB4 altered PMDH PTS2-processing in wild type because
of a band at the size of precursor PMDH without MB4 treatment (Figure 8.3C) that was
probably a degraded PEX14 fragment from a previous exposure. Duplicate membranes
could be used in the future to avoid this difficulty. Although several pex14 mutants
appeared to accumulate less PMDH precursor following MB4 treatment, these mutants
also accumulated less processed PMDH, suggesting an effect on protein levels rather than
import (Figure 3C). Wild type did not accumulate precursor thiolase with or without
MB4 treatment but MB4 slightly increased the precursor thiolase accumulation in pex14
mutants (Figure 8.3C). MB4 also increased mature thiolase accumulation in wild type
and all tested pex14 mutants (Figure 8.3C), perhaps because of the growth impairment in
MB4-treated pex14 seedlings (Figure 8.3B). PEX5 levels generally mirrored HSC70
(Figure 8.3C), which was used to monitor protein loading.
Peroxisome functions can also be evaluated in dark-grown seedlings. Although
light-grown and dark-grown seedlings usually show the same trends in β-oxidation
efficiency, fatty acid β-oxidation is easier to test in dark-grown seedlings. I treated wild
type and pex14 mutants with or without MB4 in medium with or without 0.5% sucrose.
In contrast to the light-grown assay, 25 µM MB4 did not decrease wild-type hypocotyl
growth when on sucrose-supplemented media (Figure 8.3D). However, MB4 decreased
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Figure 8.3 MB4 enhances physiological and molecular defects of pex14 mutants.
(A) A schematic of the PEX14 gene showing the positions, aliases, and mutation
consequences of various pex14 alleles.
(B) pex14 mutants had various responsiveness at 15 µM IBA treatment, and MB4
exacerbated all tested pex14 to show complete resistance to 15 µM IBA. Wild type and
pex14 mutants were grown on 0.5% sucrose-supplemented plant nutrient media with the
indicated supplements under yellow-filtered light. Means of 8-day-old light-grown root
lengths and standard deviations are shown (n ≥ 6).
(C) Endogenous PEX14 and mutant pex14 levels were reduced by MB4 treatment in
light-grown seedlings. Seedlings grown on media with or without 25 µM MB4 were
processed for immunoblotting with the indicated antibodies. Several of the pex14
mutants accumulate truncated pex14 products that are visible in the longer PEX14
exposure. Thiolase and PMDH are synthesized as precursors (p); the N-terminal PTS2containing region is cleaved to give the mature (m) form after import into peroxisomes.
HSC70 was used to monitor protein loading.
(D) pex14 mutants had various degrees of growth defect without sucrose supplements,
and MB4 exacerbated these growth defects. Wild type and pex14 mutants were grown on
plant nutrient media with the indicated supplements under yellow-filtered light for 1 day
followed by 4 days in the dark. Means of dark-grown hypocotyl lengths and standard
deviations are shown (n ≥ 5).
(E) Endogenous PEX14 and mutant pex14 levels were reduced by MB4 treatment in
dark-grown seedlings. Extracts of 5-day-old dark-grown seedlings from 0.5% sucrosesupplemented plant nutrient media with or without MB4 were processed for
immunoblotting as in panel C.
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wild-type hypocotyl growth on sucrose-free medium (Figure 8.3D). This slight sucrose
dependence suggests that MB4 is interfering with fatty acid β-oxidation. Like in lightgrown seedlings (Figure 8.3B), pex14 dark-grown seedlings were more sensitive than
wild type to the inhibitory effects of MB4 on elongation even when sucrosesupplemented (Figure 8.3D). Moreover, MB4 arrested development without sucrose in
all tested pex14 mutants (Figure 8.3D).
As in light-grown seedlings, MB4 reduced wild-type PEX14 levels and mutant
pex14 levels in dark-grown seedlings (Figure 8.3E). The MB4-induced PEX14 reduction
appeared to be more severe in light-grown assay, perhaps because older seedlings were
used in the light assay. Dark-grown MB4-treated pex14-12 showed slightly higher levels
of certain pex14 degradation products than the mock pex14-12 extract. Immunoblot
exposure times might need to be optimized to determine if MB4-treated seedlings
accumulated PEX14 degradation products, which would suggest that MB4 was directly
or indirectly promoting PEX14 degradation rather than impairing PEX14 transcription.
In the dark-grown seedlings, MB4 did not impair thiolase PTS2 processing in
wild type but did worsen thiolase processing in all tested pex14 mutants (Figure 8.3E).
Like in the light, MB4 did not alter PEX5 levels in the dark (Figure 8.3E).
Combining results from the light-grown and dark-grown assays, I concluded that
MB4 decreased wild-type PEX14 and mutant pex14 levels. Because even null pex14
mutants were more susceptible to MB4 than wild type, PEX14 is unlikely to be the direct
target of MB4. Because a weak insertional pex13 mutant greatly exacerbates the
physiological and molecular defects of a null pex14-2 mutant (Ratzel et al., 2011), I
hypothesized that the MB4-induced PEX14 reduction might stem from disturbance of the
other docking peroxin, PEX13.
8.6 PEX13 is phosphorylated
I examined PEX13 levels in MB4-treated seedlings; however, there were some
limitations. PEX13 protein is only detected in young seedlings (Woodward et al., 2014),
but MB4 effects were milder with short treatment time. I examined wild type, pex13-1,
which has lower PEX13 transcripts and weak if any peroxisomal defects (Ratzel et al.,
2011; Pan et al., 2016), pex13-4, a missense allele with severe β-oxidation defects
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(Woodward et al., 2014), and pex14-1 (Monroe-Augustus et al., 2011). In contrast to the
reduced PEX14 levels following MB4 treatment in 8-day-old seedlings (Figure 8.1B,
8.3C), I found elevated PEX14 levels in 5-day-old wild type, pex13-1, and pex13-4
seedlings grown on high levels of MB4 (Figure 8.4A). Many peroxin levels decline over
time during seedling development (Figure 3.10), and high concentration of MB4
impaired seedling growth, especially in pex13 and pex14 mutants (Figure 8.1A), so these
high PEX14 levels could be due to arrested growth (Figure 8.4A).
In wild type, PEX13 levels did not appear to be reduced by growth on MB4, but
HSC70 levels increased with increasing MB4 (Figure 8.4A), suggesting that MB4
treatment might reduce PEX13 levels in wild type. The pex13-1 mutant has lower
PEX13 transcripts (Woodward et al., 2014), and I found low PEX13 protein levels in
pex13-1 (Figure 8.4A and B) that appeared to be further decreased by MB4 treatment
(Figure 8.4A). pex13-4 is a missense mutation and the pex13-4 protein migrates as a
doublet (Woodward et al., 2014). Interestingly, MB4 increased levels of the more slowly
migrating pex13-4 protein band (Figure 8.4A). Unexpectedly, I found that the PEX13
protein also ran as a doublet in pex14-1 (Figure 8.4A). In addition, I detected PEX13
protein doublets in peroxisomal RING peroxin mutants (pex2-1, pex10-2, and pex12-1;
Figure 3.11C) and I also detected the top PEX13 band in the peroxisome-associated
ubiquitin-conjugating enzyme mutant (pex4-1; Figure 3.11C).
I hypothesized that the PEX13 doublet was due to post-translational modification,
and because the modification caused very slight apparent molecular mass shift, I further
hypothesized that the modification was phosphorylation. Indeed, when the extraction
buffer included a phosphatase inhibitor, wild type accumulated the PEX13 doublet
(Figure 8.4B), suggesting that PEX13 was phosphorylated in wild type. Phosphatase
(PPase)-treated extracts only accumulated the bottom PEX13 band (Figure 8.4B), but this
effect could also be due to the lack of phosphatase inhibitor. However, MB4 treatment
did not seem to increase levels of the top PEX13 band in wild type, pex13-4, or pex14-1
(Figure 8.4B), suggesting that MB4 does not act by modulating PEX13 phosphorylation.
I also examined the PTS2-processing in MB4-treated seedlings and found that
MB4 did not alter the levels of precursor or mature PMDH (Figure 8.4A). However,
MB4 seemed to increase precursor thiolase levels in pex13-4 and pex14-1 (Figure 8.4A).
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Figure 8.4 MB4 reduces PEX13 levels, and PEX13 is phosphorylated.
(A) pex13-4 and pex14-1 possessed a modified PEX13. Wild type and mutants were
grown on 0.5% sucrose-supplemented plant nutrient media with various MB4
concentrations. Seedlings grown on high MB4 concentrations (50 and 100 µM)
displayed severely inhibited growth; the elevated PEX14 levels may be explained by
developmental delays. Extracts of 5-day-old light-grown seedlings were processed for
immunoblotting and duplicate membranes (top three panels; bottom three panels) were
serially probed with the indicated antibodies. Thiolase and PMDH are synthesized as
precursors (p); the N-terminal PTS2-containing region is cleaved to give the mature (m)
form after import into peroxisomes. HSC70 was used to monitor protein loading.
(B) PEX13 is phosphorylated. Wild type and mutants were grown on 0.5% sucrosesupplemented plant nutrient media with or without 50 µM MB4 for 4 days. Seedlings
were ground in metallophosphatase buffer containing MnCl2 and protease inhibitors.
After low-temperature centrifugation, supernatants were divided, and one half was treated
with Lambda phosphatase and the other was treated with phosphatase inhibitor for 10
minutes at 30°C. After treatment, sample buffer was added and samples were processed
for immunoblotting with the PEX13 and HSC70 antibodies. HSC70 was used to monitor
protein loading.
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Because thiolase levels were generally increased in MB4 treated seedlings (Figure 8.4A)
and because the thiolase precursor might be unstable in the cytosol (Section 3.8), whether
MB4 worsened the PTS2-processing remained unclear.
8.7 MB4 does not rescue the sucrose dependence of pex4-1 or pex6-1
Because MB4 reduced PEX14 and possibly PEX13 levels (Figure 8.3 and 8.4),
and because a weak pex13-1 mutant ameliorates the growth of pex4-1 and pex6-1 without
sucrose supplement and slightly improves PTS2-processing capacity (Ratzel et al., 2011),
I was curious if MB4 treatment would ameliorate pex4-1 or pex6-1 defects. I examined
dark-grown hypocotyl growth at a lower MB4 concentration (10 µM), since MB4 greatly
reduced growth of pex mutants at 25 µM (Figure 8.1 and 8.3). At 10 µM, MB4 did not
notably reduce sucrose-supplemented growth of wild type, pex6-1, pex13-1, pex13-4, or
pex14-1 (Figure 8.5), but slightly decreased growth of pex4-1 (Figure 8.5). IBA
decreased hypocotyl growth in wild type, pex4-1, and pex13-1, and 10 µM MB4
conferred IBA resistance to wild type, pex4-1, and pex13-1. This IBA resistance
suggested that 10 µM MB4 was sufficient to disrupt peroxisome functions. Growth of
pex4-1, pex6-1, pex13-4, and pex14-1 was impaired without sucrose supplementation,
and MB4 further reduced this growth except in pex13-4 where growth was already
minimal (Figure 8.5). Thus unlike pex13-1 (Ratzel et al., 2011), MB4 did not alleviate
the sucrose dependence of pex4-1 or pex6-1. Unexpectedly, however, MB4 seemed to
lessen the IBA resistance of pex6-1 and pex13-4 (Figure 8.5).
8.8 Compounds structurally similar to MB4 do not confer IBA resistance
Because MB4 reduced PEX14 levels and possibly PEX13 levels (Figure 8.1, 8.3,
and 8.4), I explored the possibility that sub-structures of MB4 might separately interfere
with PEX13 or PEX14. To identify the active functional groups of MB4, I acquired
commercially available chemicals that resembled MB4 sub-structures (Figure 8.6A; see
the legend of Figure 8.6 for names of MB4 derivatives). I found that none of the tested
MB4 derivatives conferred resistance to the inhibitory effects of IBA on root elongation
(Figure 8.6B), suggesting that both halves of MB4 were needed for activity or uptake. I
attempted to mimic the whole MB4 structure by combining MB4-A and MB4-B or MB4-
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A and MB4-C, but these combinations also did not confer IBA resistance (Figure 8.6B).
Moreover, MB4 treatment at 10 µM did not notably decreased PEX14 accumulation (data
not shown) and the MB4 derivatives and combinations also did not reduce PEX14 levels
(data not shown).
Lastly, I tested if these MB4 derivatives affected peroxisome-related physiology
of atg7-3 (Lai et al., 2011), pex13-1 (Ratzel et al., 2011), pex13-4 (Woodward et al.,
2014), pex14-1, or pex14-3 (Monroe-Augustus et al., 2011). I found that 10 µM MB4
conferred IBA resistance to wild type, atg7-3, and pex13-1 (Figure 8.6C), whereas MB4
derivatives at 10 µM neither decreased growth nor conferred IBA resistance to wild type,
atg7-3, or pex13-1 (Figure 8.6C). pex13-4, pex14-1, and pex14-3 displayed various
degrees of IBA resistance, and 10 µM MB4 exacerbated this defect conferring full
resistance (Figure 8.6C). Interestingly, MB4 derivatives slightly ameliorated IBA
resistance of pex14-1 and pex14-3 (Figure 8.6C), but this result needs to be replicated. In
contrast, MB4 derivatives did not alter the IBA resistance of pex13-4 (Figure 8.6C).
8.9 Conclusions and discussion
Two chemical libraries were screened for peroxisome disruptors. Chaulmoogric
acid (Section 6.8) and benzylhydrazine (Chapter 7) from the Microsource Spectrum
Collection library and MB4 (this chapter) from the Maybridge HitFinder Collection
library were further characterized.
MB4 reduced endogenous wild-type PEX14 and truncated mutant pex14 protein
levels but exacerbated physiological defects of even null pex14 mutants (Figure 8.3);
hence, the MB4-induced PEX14 reduction was likely indirect. MB4 also might reduce
levels of the other docking peroxin PEX13 in wild type (Figure 8.4A). However, MB4
did not ameliorate pex4-1 or pex6-1 sucrose dependence (Figure 8.5), which is alleviated
by a pex13-1 mutant has lower levels of PEX13 transcripts (Ratzel et al., 2011) and
PEX13 protein (Figure 8.4A). MB4 substructural derivatives did not confer IBA
resistance to wild type (Figure 8.6B), indicating that the entire MB4 chemical structure
was needed for the activity. Although the MB4 target remains unclear, MB4 improved
PTS2 processing in peroxisome-associated ubiquitination machinery mutants (Figure 8.1)
and appeared to improve PTS1 import in pex10-2 (Figure 8.2). Thus MB4 appears to be
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Figure 8.5 MB4 did not ameliorate the sucrose dependence of pex4-1 or pex6-1.
MB4 conferred IBA resistance to wild type and pex13-1, and enhanced the sucrose
dependence of pex4-1, pex6-1, and pex14-1. Wild type and mutants were grown on plant
nutrient media with the indicated supplements under yellow-filtered light for 1 day
followed by 4 days in the dark. Mean hypocotyl lengths and standard deviations are
shown (n ≥ 9).
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Figure 8.6 MB4 derivatives do not confer IBA resistance to wild type.
(A) Chemical structures of ethyl 2-[(3-ethoxy-3-oxopropyl)thio]-6-methyl-4-(2-thienyl)1,4-dihydropyrimidine-5-carboxylate (MB4), ethyl 3-(methylthio)propanoate (MB4-A),
ethyl 4-methyl-2-sulfanyl-6-(2-thienyl)-1,6-dihydropyrimidine-5-carboxylate (MB4-B),
and ethyl 4-methyl-2-(methylthio)-6-(thiophen-2-yl)-1,6-dihydropyrimidine-5carboxylate (MB4-C).
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(B) Wild type was grown under yellow-filtered light on 0.5% sucrose-supplemented plant
nutrient media with the indicated chemicals (10 µM) or equal volume of DMSO (mock)
with or without 10 µM IBA. Means of 8-day-old light-grown root lengths and standard
deviations are shown (n ≥ 11).
(C) Wild type and mutants were grown on 0.5% sucrose-supplemented plant nutrient
media with the indicated chemicals. Means of 9-day-old light-grown root lengths and
standard deviations are shown (n ≥ 10).
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a peroxisome chemical modulator that might aid in elucidating peroxisome biogenesis,
peroxisomal cargo receptor docking, and perhaps pexophagy, all of which might involve
PEX14.
Pex14 is a peroxisomal membrane target recognized by autophagy receptors in
yeast (Zutphen et al., 2008). MB4 also slightly alleviated the PTS2-processing defects in
lon2-2 (Figure 8.1B), a mutant has elevated peroxisome destruction via autophagy
(Farmer et al., 2013). If as in yeast, Arabidopsis PEX14 is a signal for pexophagy,
reducing PEX14 followed by MB4 could decelerate pexophagy in lon2-2 and lead to the
PTS2-processing amelioration. However, MB4 did not ameliorate IBA resistance of lon2
and conferred IBA resistance to atg7-3 (Figure 8.1A), which has blocked autophagy (Lai
et al., 2011), suggesting that the MB4 does not slow down pexophagy in lon2-2.
I initially identified 124 compounds that conferred IBA resistance on wild-type
seedlings from a 14,400-compound library, and five out of 83 purchased compounds
conferred resistance to the β-oxidation-requiring auxins. The five lead compounds
seemed to differently disturb peroxisome function, since MB4 was the only lead
compound that conferred PEX14 reduction. I conducted the primary chemical screen in
liquid media and the following characterizations using solidified media. Hence, it is
possible that some purchased compounds lacked mobility and so failed to confer
resistance. Performing assays in liquid media could resolve this possibility.
Chemicals may bind to IBA to make IBA ineffective, or metabolites of the
applied chemicals could be the actual functional compounds. Protein crystallization is
sometimes used as an alternative method to predict and design chemicals that will affect
protein functions, but none of the Arabidopsis peroxins has a solved structure.
I found that MB4 reduced PEX14 levels even in a mutant with blocked autophagy
(Figure 8.1B), suggesting that PEX14 degradation might not be fully via autophagy.
Indeed, I detected increased PEX14 levels following treatment with the proteasome
inhibitor MG132 (Figure 3.11D and 5.9D). My data suggest that PEX14 is mainly
degraded by the proteasome. Levels of the other docking peroxin PEX13 also appeared
to be reduced by MB4 treatment, but the proteasome inhibitor MG132 did not increase
PEX13 levels in wild type (Figure 3.11C), suggesting that the docking peroxins could be
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degraded through different mechanisms. It will be interesting to test if MB4 alters
proteasome activity to cause PEX14 reduction.
I found that MB4 treatment appeared to improve matrix protein import in the
pex10-2 mutant (Figure 8.2). The pex10-2 mutation has a G-to-A mutation in a splice
acceptor site and results in several splicing variants (Burkhart et al., 2014). Although the
fully spliced PEX10 transcripts were not found in pex10-2 mRNA extracts, apparently
full-length PEX10 proteins were detected at reduced levels in pex10-2 mutant seedlings
(Figure 3.7D; Kao et al., 2016). Also, older pex14-1 seedlings retained PEX10 protein
after PEX10 was no longer detectable in wild type (Figure 3.10C). It is possible that
MB4 reduces PEX14 levels and stabilizes functional PEX10 in the pex10-2 mutant.
Examining PEX10 levels followed by MB4 treatment would be informative to test this
hypothesis.
Unexpectedly, I discovered that PEX13 was phosphorylated (Figure 8.4B).
PEX13 phosphorylation might result in degradation via ubiquitination because mutants
defective in peroxisome-associated ubiquitin-conjugating enzyme or peroxisomal
ubiquitin-protein ligases accumulated phosphorylated PEX13, and the proteasome
inhibitor MG132 further increased levels of phosphorylated PEX13 (Figure 3.11C).
PEX10 also migrates as a doublet, so it will be interesting to determine whether PEX10
also is phosphorylated. However, PEX10 degradation might be different from PEX13
degradation. pex10-2 and pex12-1 mutants accumulated only the bottom PEX10 band
(Figure 3.5A and 3.7D; Kao et al., 2016) and the proteasome inhibitor MG132 increased
both PEX10 bands in wild type but only increased the bottom PEX10 band in pex10-2
and pex12-1 (Figure 3.11B). This pattern suggests that both forms of PEX10 might be
targeted for proteasomal degradation. Other than ubiquitination, little is known about
peroxisomal protein modifications. It would be interesting to determine the
phosphorylation sites of these proteins along with the consequences of mimicking or
preventing this modification.
It remains unclear why MB4 derivatives appeared to ameliorate the physiological
defects of pex14 mutants (Figure 8.6C). Replicated experiments are required to validate
this finding. If the results are confirmed, it will be interesting to apply MB4 to PBD
patient fibroblast to see if MB4 or MB4 derivatives also alleviate peroxisomal defects.
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CHAPTER 9: SUMMARY AND FUTURE DIRECTIONS
Peroxisomes house a diverse array of metabolic reactions, and heterogeneity is a
hallmark of human peroxisome biogenesis disorders. By expanding knowledge of
peroxisome biogenesis and function, I hope to provide insights into the roles of
peroxisomes and the consequences of peroxisome dysfunction.
In Chapter 3, 4, and 5, I elucidate the function of individual peroxins that
comprise the receptor retrotranslocation machinery. Genetic interaction analyses
revealed that ectopic lysine residues on mutant peroxisomal ubiquitin-protein ligases are
subject to degradation via ubiquitination and that decreasing function of the cognate
ubiquitin-conjugating enzyme can reverse this degradation. It will be interesting to learn
if this mechanism applies to other mutant ubiquitin-protein ligases and in other
organisms.
In Chapter 5, I characterize pex26 double mutants to dissect peroxisomal cargo
receptor import and export processes. Further studies can be done in a similar directed
manner or in open-ended suppressor screens to identify secondary mutations that restore
peroxisome function. I have initiated pex5-1 and pex5-10 suppressor screens, and I
expect to gain more knowledge about this essential protein.
Peroxisome-environment interactions are not well understood. In Chapter 4, I
show that growth at elevated temperature ameliorates defects in a ubiquitin-conjugating
enzyme mutant. In Chapter 6, I find that salt-induced β-oxidation-dependent oxidative
stress promotes peroxisomal protein degradation and that catalase protects peroxisomal
proteins from degradation. It will be interesting to further explore the impacts of abiotic
and biotic stresses on peroxisome morphology and function, and to learn which proteins
are needed for the peroxisome proliferation that occurs following growth on high salt.
Unexpectedly, I discovered that the PEX13 docking peroxin is phosphorylated. It
will be interesting to dissect the roles of phosphorylation in peroxin function, peroxinperoxin interactions, and peroxin stability.
Using chemical-genetic approaches in Chapter 7 and 8, I identified chemical
modulators that disrupt peroxisome function. Because peroxisome function and peroxins
are largely conserved, these chemical modulators might be useful in peroxisome studies
in diverse organisms, especially in genetically intractable organisms.
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APPENDICES

Appendix 1. Growth defects of mutants with defective peroxisomes can be alleviated
by different concentrations of sucrose supplementation.
Tested mutants can be divided into four groups. First, growth defect alleviation of
pxa1-1, pex5-10, and pex13-4 (A) required 0.5% sucrose. Growth of ped1-7, pex5-1,
pex7-2, pex14-1 (A), pex4-1, pex12-1, and pex6-1 (B) gradually increased when
raising sucrose concentrations. pex26-1 (B) displayed severe growth defect but
0.05% sucrose was enough to compensate this defect. pex2-1, pex10-2, and pex1-2
(B) resembled wild type in this assay.
(A, B) Wild type and mutants were grown on plant nutrient media with the indicated
concentrations of sucrose supplements under constant white light for 1 day followed
by 4 days in the dark. Mean hypocotyl lengths and standard deviations are shown (n
≥ 9). (This data was collected by Christine Luk.)
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Appendix 2. Plant morphology of pex5-10 suppressors.
pex5-10 suppressors (FTS) were selected for improved growth on 0.05% sucrose.
Four FTS mutants displayed slightly growth amelioration are shown. Wild type and
mutants were grown on plant nutrient media with no sucrose (A) or 0.05% sucrose
supplementation (B) under constant white light for 14 days. The healthiest plants
were selected for imaging.
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Appendix 3. pex4-1 increases precursor thiolase accumulation in peroxisomal matrix
cargo receptor mutants and ameliorates PTS2-processing defects in RING peroxin
mutants with ectopic lysine.
(A) Wild type and mutants were grown on plant nutrient media with the indicated
concentrations supplements under yellow-filtered light for 8 days. Mean root lengths
and standard deviations are shown (n ≥ 14).
(B) Extracts of 8-d-old light-grown seedlings were processed for immunoblotting
with the indicated antibodies. Thiolase and peroxisomal malate dehydrogenase
(PMDH) are synthesized as precursors (p); the N-terminal PTS2-containing region is
cleaved to give the mature (m) forms after import into peroxisomes. HSC70 was
used to monitor protein loading.
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(C) Wild type and mutants were grown on plant nutrient media with the indicated
concentrations supplements under yellow-filtered light for 8 days. Mean root lengths
and standard deviations are shown (n ≥ 8).
(D) Extracts of 8-d-old light-grown seedlings were processed for immunoblotting
with the indicated antibodies.
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Appendix 4. pex4-1 worsens the physiological and/or molecular defects of pex6-1,
pex26-1, pex16-2, and cat2-1; pex4-1 exacerbates the molecular defects of ped1-7.
(A) Wild type and mutants were grown on plant nutrient media with the indicated
concentrations supplements under yellow-filtered light for 8 days. Mean root lengths
and standard deviations are shown (n ≥ 17).
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(B) Extracts of 8-d-old light-grown seedlings were processed for immunoblotting
with the indicated antibodies. Thiolase and peroxisomal malate dehydrogenase
(PMDH) are synthesized as precursors (p); the N-terminal PTS2-containing region is
cleaved to give the mature (m) forms after import into peroxisomes. HSC70 was
used to monitor protein loading.
(C) Wild type and mutants were grown on plant nutrient media with the indicated
concentrations supplements under yellow-filtered light for 8 days. Mean root lengths
and standard deviations are shown (n ≥ 10).
(D) Extracts of 8-d-old light-grown seedlings were processed for immunoblotting
with the indicated antibodies. The asterisk indicates a cross-reacting band that
appears with the isocitrate lyase (ICL) antibody. The positions of molecular mass
markers (in kDa) are indicated on the right.
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Appendix 5. pex5-1 exacerbates physiological defects of tested pex mutants and
slightly increases PEX5 levels in pex6-1 and pex26-1.
(A) Wild type and mutants were grown under yellow-filtered light for 1 day followed
by 4 days in the dark with the indicated supplements. Mean hypocotyl lengths and
standard deviations are shown (n ≥ 9).
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(B) Extracts of 5-day-old dark-grown seedlings were processed for immunoblotting
with the indicated antibodies. Thiolase is synthesized as a precursor (p); the Nterminal PTS2-containing region is cleaved to give the mature (m) form after import
into peroxisomes. HSC70 was used to monitor protein loading. The positions of
molecular mass markers (in kDa) are indicated on the right.
(C) Wild type and mutants were grown on plant nutrient media with the indicated
concentrations supplements under yellow-filtered light for 8 days. Mean root lengths
and standard deviations are shown (n ≥ 12).
(D) Extracts of 8-d-old light-grown seedlings were processed for immunoblotting
with the indicated antibodies. Thiolase and peroxisomal malate dehydrogenase
(PMDH) are synthesized as precursors (p); the N-terminal PTS2-containing region is
cleaved to give the mature (m) forms after import into peroxisomes. HSC70 was
used to monitor protein loading. The positions of molecular mass markers (in kDa)
are indicated on the right.
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Appendix 6. Growth at elevated temperature ameliorates the thiolase PTS2processing defects of pex13-4, pex14-1, pex4-1, pex10-2, and pex6-1.
Wild type and mutant seeds were pre-incubated under yellow-filtered light for 1 day
prior to sowing on plant nutrient media with 0.5% sucrose. Plates were placed under
yellow-filtered light at 22°C for 1 day followed by 4 days in the dark at 22 or 28°C.
Extracts of dark-grown seedlings were processed for immunoblotting. The
membrane was serially probed with the indicated antibodies. Thiolase is synthesized
as a precursor (p); the N-terminal PTS2-containing region is cleaved to give the
mature (m) form after import into peroxisomes. HSC70 was used to monitor protein
loading. The positions of molecular mass markers (in kDa) are indicated on the right.
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