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ABSTRACT 

Insights into Peroxisome Matrix Protein Import and IBA Metabolism Through Analysis 

of IB A-response Mutants 

by 

Naxhiely Martinez 

Peroxisomes are single membrane-bound organelles that function to 

compartmentalize certain metabolic reactions critical to plant and animal development. 

I have studied peroxisomal processes in the model plant Arabidopsis thaliana, with a 

focus on the import of matrix proteins from the cytoplasm into the organelle matrix and 

the metabolism of the plant hormone indole-3-butryic acid (IBA). In this thesis, I 

describe my characterization of Arabidopsis thaliana peroxisome defective mutants 

isolated through forward and reverse genetic screens in physiological and biochemical 

assays. 

Peroxisome import depends on more than a dozen peroxin (PEX) proteins, with 

PEX5 and PEX7 serving as receptors that shuttle proteins bearing a peroxisome 

targeting sequence (PTS) into the organelle. PEX5 is the PTS1 receptor, PEX7 is the 

PTS2 receptor, and in both plants and mammals, PEX7 depends upon PEX5 binding to 

deliver PTS2 cargo into the peroxisome. I found apex7 missense mutation, pex7-2, that 

disrupts PEX7-cargo binding and PEX7-PEX5 interactions in yeast, as well as PEX7 

accumulation in plants. I examined localization of peroxisomally-targeted GFP 

derivatives in light-grown pex7 mutants and, surprisingly, observed defects not only in 

PTS2 import, but also in PTS1 protein import. These PTS1 import defects were 

accompanied by a decrease in PEX5 accumulation in light-grown pex7 mutants. 

Together, these data suggest that PEX5 and PTS1 import depend on the PEX7 PTS2 

receptor in Arabidopsis and reveal a role for the environment in modulating peroxin 

function. 



Genetic evidence suggests that indole-3-butyric acid (IBA) is converted to the 

auxin indole-3-acetic acid (IAA) in Arabidopsis peroxisomes. The IBR1, IBR3, and 

IBR10 proteins contain peroxisomal targeting signals and are candidates for catalyzing 

the various steps of IB A P-oxidation. My analysis of the ibr mutants has provided 

evidence for the importance of the IBR enzymes and insight into the roles of IAA that 

derives from IBA |3-oxidation. 

In humans, deficiencies in peroxins underlie the peroxisomal biogenesis disorders, 

which are frequently lethal in early infancy. Advancing our understanding of 

peroxisome biogenesis and metabolism in a genetically distinct model system will 

allow the continued refinement of our understanding of these essential organelles. 
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Chapter 1: Introduction 

1.1. Peroxisomes 

Peroxisomes compartmentalize certain metabolic reactions, perhaps to protect 

cytoplasmic proteins from oxidative stress. Two processes common to peroxisomes in all 

eukaryotes studied are fatty acid p-oxidation and hydrogen peroxide decomposition. 

Peroxisomes are also the destination for other processes, many involving oxidation, that 

vary by species and developmental stage or cell type. 

1.1.A. Mammalian peroxisomes 

In mammals, peroxisomes house the biosynthesis of various compounds such as 

cholesterol and fatty acids (Hodge et al., 1991; Baes et al., 2000). Mammalian 

peroxisomes are also the site for the degradation of compounds such as prostaglandins 

and polyamines (Reddy and Hashimoto, 2001). Defects in peroxisome biogenesis can 

lead to severe genetic disorders in humans. Mutations in the gene that encodes a 

peroxisome receptor PEX5 cause diseases such as Zellweger syndrome and neonatal 

adrenoleukodystrophy (Dodt et al., 1995). Defects in PEX7, another peroxisome 

receptor, lead to the development of infantile refsum disease (van den Brink et al., 2003) 

and rhizomelic chondrodysplasia punctata (Braverman et al., 1997; Motley et al., 1997; 

Purdue et al., 1997). These peroxisome disorders are characterized by deficiencies in 

peroxisome formation or function leading to developmental abnormalities that are 

generally fatal in early infancy. 

l.l.B. Fungal peroxisomes 

In yeasts and other fungi, peroxisomes are required for utilization of certain 

carbon sources such as fatty acids (Erdmann et al., 1989; Cregg et al., 1990). Fungal 

peroxisomes are involved in the biosynthesis of penicillin and lysine as well as the 

degradation of amino acids and methanol (reviewed in Michels et al., 2005). Much of 
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what we know about peroxisome biogenesis has emerged from screens for yeast mutants 

unable to grow on carbon sources that require peroxisomes for utilization. 

l . l .C. Plant peroxisomes 

Plant peroxisomes are implicated in the biosynthesis of several phytohormones, 

house certain photorespiration enzymes, and participate in various degradative processes 

(reviewed in Hayashi and Nishimura, 2003). In plants, peroxisomes are required for 

germination, seed oil quality, photosynthetic efficiency, and plant defense. Null 

mutations in Arabidopsis PEX2, PEX10, and PEX12 are embryo lethal (Hu et al., 2002; 

Schumann et al., 2003; Sparkes et al., 2003; Fan et al., 2005), implying an essential role 

for plant peroxisomes during embryonic development. 

1.2. Peroxisome biogenesis 

Peroxin (PEX) proteins are defined as being necessary for peroxisome biogenesis 

and function. More than 30 peroxins have been identified in yeasts and mammals 

(reviewed in Wanders and Waterham, 2004). Forward and reverse genetics approaches, 

as well as sequence similarity analyses, have helped identify the plant peroxins 

summarized in Table 1-1. Genetic studies have revealed that these plant peroxins are 

involved in many processes including embryogenesis, seedling establisment, 

photomorphogeneis, and photorespiration (reviewed in Hayashi and Nishimura, 2003). 

Peroxisome biogenesis can be divided into three stages: 1) insertion of 

peroxisomal membrane proteins, 2) import of peroxisomal matrix proteins, and 3) 

peroxisome proliferation (reviewed in Brown and Baker, 2003). Though peroxisomal 

processes have been studied extensively, many questions remain about the biogenesis of 

peroxisomes. Moreover, many of the studies of peroxisome function have been 

conducted in fungal or animal systems, and whether plant peroxisomes function similarly 

has not been fully explored. This project is concentrated on developing a more complete 
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Table 1-1. Arabidopsis PEXgenes and mutants isolated through forward and 
reverse genetics 

Name 

PEX1 

PEX2 

PEX3.1 

PEX3.2 

PEX4 

PEX5 

PEX6 

PEX7 

PEX 10 

PEX11.1 

PEX11.2 

PEX11.3 

PEX 11.4 

PEX 11.5 

PEX 12 

PEX 13 

PEX 14 

PEX 16 

PEX 17 

PEX19.1 

PEX19.2 

PEX22 

Gene 

At5g08470 

Atlg79810 

Atlg48640 

At3gl8160 

At5g25760 

At5g56290 

Atlg03000 

Atlg29260 

At2g26350 

Atlg47750 

At3g47430 

Atlg01820 

At2g45740 

At3g61070 

At3g04460 

At3g07560 

At5g62810 

At2g45690 

At4gl8195 
At4gl8197 
At4g 18205 

At3g03490 

At5gl7550 

At3g21865 

Mutant 

pexli 

ted3 
pex2 
pex2i 

pex3-l/3-2i 

pex4-l 

pex5-l 
pexSi 
pex5-10 

pex6-l 

pex7-l 
pexli 
pex7-2 

pexlO 

PEXllaRNAi, 
PEXllbRNAi, 
PEXlla/llbi 

PEX 11 cRN Ai, 
PEXlldRNAi, 
PEXlleRNAi, 
PEXUc/lld/llei 

apm4 
pexl2 
pex!2i 
apm2 
pexl3i 

ped2 

ssel 
pexl6i 

--

pexl9-li 

pexl9-2i 

pex22-l 

Isolation 

RG (RNAi) 

FG (EMS) 
RG (T-DNA) 
RG (RNAi) 

RG (RNAi) 

FG (EMS) 

FG (EMS) 
RG (RNAi) 
RG (T-DNA) 

FG (EMS) 

RG (T-DNA) 
RG (RNAi) 
FG (EMS) 

RG (T-DNA) 

RG (RNAi) 

RG (RNAi) 

FG (EMS) 
RG (T-DNA) 
RG (RNAi) 
FG (EMS) 
RG (RNAi) 

FG (EMS) 

FG (T-DNA) 
RG (RNAi) 

RG (RNAi) 

RG (RNAi) 

RG (T-DNA) 

References 

(Nitoetal.,2007) 

(Hu et al., 2002) 
(Hu et al., 2002) 
(Nitoetal.,2007) 

(Nito et al., 2007) 

(Zolman et al., 2005) 

(Zolman et al., 2000) 
(Hayashi et al., 2005) 
(Zolman et al., 2005) 

(Zolman and Bartel, 2004) 

(Woodward and Bartel, 2005) 
(Hayashi et al., 2005) 
This study 
(Schumann et al., 2003; Sparkes 
et al., 2003) 

(Nito et al., 2007) 

(Nito et al., 2007) 

(Manoetal.,2006) 
(Fan et al., 2005) 
(Nito et al., 2007) 
(Manoetal.,2006) 
(Nito et al., 2007) 

(Hayashi et al., 2000) 

(Lin et al., 2004) 
(Nito et al., 2007) 

(Nito et al., 2007) 

(Nito et al., 2007) 

(Zolman et al., 2005) 

FG, forward genetics from EMS-mutagenized seeds; FG (TDNA), forward genetics from T-DNA inserted 
mutants; RG, reverse genetics; (Modified from Hayashi and Nishimura, 2006). 
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understanding of peroxisomal matrix protein import in the model plant Arabidopsis 

thaliana. 

1.3. Peroxisomal matrix protein import 

Because peroxisomes lack DNA, all necessary proteins are encoded in the nucleus 

and imported posttranslationally from the cytosol. A remarkable feature that 

distinguishes peroxisomal import from most organellar import is that peroxisomes can 

import oligomeric and fully folded proteins (McNew and Goodman, 1994; Kato et al., 

1999). There are two well-characterized signals that can direct proteins to enter the 

peroxisome matrix. The peroxisome targeting signal 1, or PTS1, consists of variants of a 

Ser-Lys-Leu (SKL) sequence at the extreme carboxyl terminus of the protein (Gould et 

al., 1989; Mullen, 2002; Neuberger et al., 2004). The second signal, PTS2, is an amino-

terminal nonapeptide variant of an Arg-Leu-(X)5-His-Leu sequence in the first -30 amino 

acids of the protein (Osumi et al., 1991; Flynn et al., 1998). In Arabidopsis, there are 

nine major ("present in at least ten sequences in three different orthologous groups"; 

(Reumann, 2004; Reumann et al., 2004) PTS1 tripeptides, with SKL and SRL occurring 

most commonly, and 11 minor ("present in at least two sequences"; (Reumann, 2004; 

Reumann et al , 2004) PTS1 tripeptides (Reumann, 2004; Reumann et al., 2004). 

Arabidopsis also has two major PTS2 peptides, Arg-Leu-(X)s-His-Leu and Arg-Ile-(X)5-

His-Leu, and nine minor PTS2 peptides (Reumann, 2004; Reumann et al., 2004). 

Although PTS1-containing proteins are more common than PTS2-containing 

proteins in all examined organisms, PTS2 proteins appear to comprise about 26% of plant 

peroxisomal proteins (Kamada et al., 2003; Reumann et al., 2004), including several 

enzymes necessary for fatty acid p-oxidation that are essential for normal seedling 

development (Hayashi et al., 1998; Hooks et al., 1999; Eastmond et al., 2000; Adham et 

al., 2005; Pracharoenwattana et al., 2005; Pracharoenwattana et al., 2007). 
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There are two PTS receptors that bind and escort cargo proteins from the 

cytoplasm to the peroxisome for import: PEX5 and PEX7. PEX5 recognizes PTS1-

containing proteins (Brocard et al., 1994; Dodt et al., 1995; Fransen et al., 1995) and 

PEX7 is the receptor for proteins with a PTS2 (Rehling et al., 1996). Both receptor and 

cargo bind a docking complex composed of the membrane proteins PEX13 and PEX14 

(reviewed in Brown and Baker, 2008) and are then translocated to the peroxisome 

(Dammai and Subramani, 2001) in a manner dependent on the zinc-finger proteins PEX2, 

PEX10, and PEX12 (Dodt and Gould, 1996), where the cargo dissociates from the 

receptors (Dammai and Subramani, 2001). Upon entrance into the peroxisomal matrix, 

PTS2 proteins, such as 3-ketoacyl-CoA thiolase (thiolase), are processed into a mature 

form in animals and plants by removal of the N-terminal recognition sequence (Preisig-

Muller and Kindl, 1993; Kato et al., 1996). The receptors are recycled back to the 

cytoplasm through a process involving PEX1, PEX2, PEX6, PEX10, and PEX12 in 

mammals and PEX1, PEX2, PEX4, PEX6, PEX8, and PEX22 in yeast, where they are 

free to undergo further rounds of import (reviewed in Titorenko and Rachubinski, 2001) 

1.4. The PEX5 and PEX7 matrix protein receptors 

I.4.A. PEX5. 

PEX5 is made up of multiple C-terminal tetratricopeptide and N-terminal 

pentapeptide repeats that are involved in PTS1 recognition (Figure 1.1; Dodt et al., 1995; 

Terlecky et al., 1995; Gatto et al., 2000) and PEX13/PEX14 binding (Schliebs et al, 

1999), respectively. A PEX7 binding domain lies within the pentapeptide repeat region 

in mammalian and plant PEX5 (Figure 1.1). 

I.4.B. PEX7. 

PEX7 was first discovered in S. cerevisiae (Marzioch et al., 1994) and is a 

member of the WD-40 repeat family (Figure 1.2). WD-40 proteins usually consist of 
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Figure 1.1. PEX5 domain structure and alignment. 

A. Schematic showing domain architecture of PEX5. The region within the bracket is the 
region represented in B, the asterisk marks the Ser to Leu mutation mpex5-l. B. Amino 
acid alignment of PEX5 proteins from Arabidopsis thaliana (At), rice (Oryza sativa, Os), 
human (Hs), Saccharomyces cerevisiae (Sc), and Caenorhabditis elegans (Ce). The 
PEX7 binding domain lies within the pentapeptide repeat region. The pex5-l mutant 
contains a serine to leucine mutation in the presumed PEX7 binding site. pex5-10 
contains a T-DNA insertion in exon 5. Black and gray shading denote conserved 
residues and similar residues, respectively. (Figure modified from Woodward and Bartel, 
2005) 
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A PEX7 

Figure 1.2. PEX7 alignment. 

A. Schematic showing domain architecture of PEX7. PEX7 is comprised of six 
WD-40 domains, indicated by black bars. B. Amino acid alignment of PEX7 
proteins from Arabidopsis (At), tomato (Le), rice (Os), and human (Hs). pex7-l 
contains a T-DNA insertion (triangle) 95 bp upstream of the initiator ATG. pex7-2 
contains a threonine to isoleucine missense (arrow pex 7-2) mutation in the coding 
region. Five TILLING mutants have been isolated (arrowspex7-3-pex7-7). Our 
PEX7 antibody was raised against a peptide comprising the C-terminal 17 amino 
acids of PEX7 (stippled bar). Black and gray shading denote conserved residues and 
similar residues, respectively. (Figure modified from Woodward and Bartel, 2005). 
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seven -40 amino acid stretches that often end in Tip-Asp (Neer et al., 1994). Although 

the crystal structure of PEX7 has not been reported, other WD-40 proteins fold into 

(3-propeller structures and serve as scaffolds for protein-protein interactions (Chothia et 

al., 1997; Smith etal., 1999). 

1.5. Receptor-cargo recognition 

Receptor-cargo recognition differs between mammals and yeast. Some of these 

differences can be explained by the observation that mammals have long (PEX5L) and 

short (PEX5S) isoforms of PEX5 that result from alternative splicing; both isoforms can 

bind the PTS1, but only PEX5L binds to PEX7 and functions in PTS2 import (Figure 1.3; 

Braverman et al., 1998; Otera et al., 1998). Arabidopsis appears to only encode a PEX5L 

isoform, which is required for both PTS1 and PTS2 import (Figure 1.3.A; Neer et al., 

1994; Wanders and Waterham, 2004; Hayashi et al., 2005; Woodward and Bartel, 2005). 

Like humans, rice has two PEX5 splice isoforms, and only the longer isoform binds 

PEX7 (Figure 1.3.C; Lee et al, 2006). Yeast PEX5 resembles PEX5S; the PEX7-binding 

domain of mammalian PEX5L is similar to the PEX7-binding region in S. cerevisiae 

proteins PEX18 and PEX21 (Dodt et al., 2001; Otera et al, 2002), functionally redundant 

proteins that are believed to play the role in the yeast PTS2 import pathway that is served 

by PEX5L in other organisms (Figure 1.3.D; Stein et al., 2002). In other fungi, such as 

Neurospora crassa and Yarrowia lipolytica, PEX18 and PEX21 are replaced by a single 

PEX20 protein (Figure 1.3.E; Sichting et al., 2003), which in Hansenula polymorpha has 

been shown to bind PTS2 sequences (Otzen et a l , 2005). No interaction between 

PEX18/PEX21 and PTS2 has been demonstrated. Interestingly, the nematode C. elegans 

completely lacks PEX7 and the corresponding PTS2 import pathway; proteins that 

contain a PTS2 in other organisms are PTSl-targeted in C. elegans (Figure 1.3.B; Gurvitz 

et al., 2000; Motley et al., 2000). 
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Figure 1.3. A comparison of receptor cargo recognition in different organisms. 

A. Arabidopsis PEX7 is dependent on PEX5 for entrance into the peroxisome. B. C. 
elegans has no PEX7 and all peroxisomal proteins are targeted via PEX5. C. Mammals 
and rice (O. sativa) have long (L) and short (S) isoforms of PEX5 that result from 
alternative splicing. D. S. cerevisiae PEX18 and PEX21 have a PEX7 binding domain 
similar to the PEX5L mammalian isoform and serve as co-receptors with PEX7. E. 
Other fungi replace PEX18 and PEX21 with the single PEX20 chaperone. (Redrawn 
from Brown and Baker, 2008). 
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1.6. Membrane docking 

In addition to differences in interactions between the receptors, the binding of the 

PEX5 and PEX7 with the membrane peroxins comprising the docking complex also 

differs in various species. In mammals, plants, and some yeasts, PEX13 and PEX14 

make up the docking complex (Figure 1.4). PEX17 is also part of the docking complex 

in S. cerevisiae. 

Yeast PEX5 interacts with PEX13 and PEX14 in yeast two-hybrid assays 

(Elgersma et al., 1996; Albertini et al., 1997). In vitro binding assays have shown that 

yeast PEX5 has a higher binding affinity to PEX14 than PEX13 and that binding to 

PEX13 is dramatically reduced when PEX5 is cargo-bound (Urquhart et al., 2000). In P. 

pastoris, the PEX7 chaperone protein PEX20 binds PEX14 through the same motif 

required in PEX5 for PEX14 binding (Leon et al, 2006). 

Yeast PEX7 interacts with PEX13, PEX14, and thiolase in yeast two-hybrid 

assays and coimmunoprecipitates with PEX14 and PEX5 (Elgersma et al., 1996; 

Albertini et al., 1997; Stein et al., 2002). Yeast PEX14 possesses two independent PEX5 

binding sites and one PEX7 binding site (Niederhoff et al., 2005). Moreover, PEX14, but 

not PEX13, binds thiolase, and this interaction is disrupted in a yeast pex7 deletion 

mutant, implying that PEX14 is critical for PTS2 protein import in yeast (Stein et al., 

2002). 

In contrast to what occurs in yeast, where PEX5 and PEX7 appear to 

independently interact with the docking peroxins, human PEX7 depends on PEX5 for 

docking at the peroxisome (Braverman et al., 1998; Matsumura et al., 2000; Dodt et al., 

2001; Sparkes and Baker, 2002; Johnson and Olsen, 2003). In mammals, PEX7 

coimmunoprecipitates with PEX5 (Matsumura et al., 2000; Otera et al., 2000) and in 

vitro studies have shown that PEX5 bridges the binding of PEX7 and its cargo to PEX14 

(Otera et al., 2000). Similarly, Arabidopsis PEX7 binds PEX5, but not PEX14, in a yeast 
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Figure 1.4 Model of PTS1 and PTS2 import in plants based on what is known in 
mammals, fungi, and plants. 

Upon recognition of cargo, the PEX5 and PEX7 receptors bind the membrane docking 
complex consisting of PEX13 and PEX14. The receptors are translocated into the 
peroxisome where they release their cargo. Receptor recycling is dependent on the RING 
finger complex made up of PEX2, PEX10, and PEX12, which, in yeast, is anchored to 
the docking complex via PEX8. PEX5 is monoubiquitinated by the E2 ubiquitin 
conjugating enzyme PEX4, anchored to the peroxisomal membrane via PEX22, prior to 
release from the membrane. Little is known about PEX7 recycling. Receptor recycling 
also requires the action of the AAA-proteins PEX1 and PEX6, which are anchored to the 
peroxisome membrane via PEX15 in yeast and PEX26 in mammals. After the receptors 
are recycled back out into the cytosol, they are free to undergo further rounds of import. 
The PTS2 peptide is removed following import in plants and mammals. 
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two-hybrid assay (Figure 1.4; Nito et al., 2002); unlike yeast, there is no demonstrated 

PEX14-PEX7 interaction in mammals or plants. The N-terminal portion of Arabidopsis 

PEX13 interacts with PEX7, but not PEX5, in the yeast two-hybrid assay (Figure 1.4; 

Mano et al., 2006). However, mutations in PEX14 (Hayashi et al., 2000) and PEX13 

(Mano et al., 2006) have deficiencies in both PTS1 and PTS2 import, implying that 

although PEX7 and PEX5 do not bind both membrane proteins in yeast two-hybrid 

assays, PEX7 and PEX5 may still depend on both proteins for translocation into the 

peroxisome. 

1.7. Translocation and receptor recycling 

Although both PEX5 and PEX7 appear to enter the peroxisome, it is still unclear 

whether the two proteins remain membrane bound (simple shuttle hypothesis) when they 

release their cargo to the peroxisome matrix or whether they are completely released into 

the peroxisome matrix (extended shuttle hypothesis) (Figure 1.4). Regardless of how 

completely the receptors enter the peroxisome, both proteins are cycled back out into the 

cytosol for further rounds of import (Figure 1.4). The details of both translocation and 

recycling also reveal differences among different species. 

1.7.A. PEX5 and PEX7 co-receptor recycling 

S. cerevisiae PEX5 (Rehling et al., 2000) and PEX20 (Smith and Rachubinski, 

2001) interact with the intraperoxisomal PEX8 protein, suggesting translocation into the 

peroxisome. H. polymorpha PEX8 may also play a role in cargo release (Wang et al., 

2003). However, PEX8 homologs are not found in animals or plants. Mammalian PEX5 

data are consistent with the extended shuttle mechanism (Dammai and Subramani, 2001). 

There is no evidence for PEX18 and PEX21 entering the peroxisome and little is known 

about how PEX5 is translocated into Arabidopsis peroxisomes. 

PEX5 recycling (Figure 1.4) back out into the cytosol requires the membrane 

RING finger peroxins PEX2, PEX10, and PEX12, the E2 ubiquitin conjugating (UBC) 
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enzyme PEX4, and the interacting AAA-ATPases PEX1 and PEX6. PEX4 is linked to 

the peroxisome membrane via PEX22 in yeast and plants (Koller et al., 1999; Zolman et 

al., 2005). PEX4 and PEX22 have not been identified in mammals, but a cytosolic UBC 

that plays the role of PEX4 in mammals has been described (Grou et al., 2008). PEX1 

and PEX6 are anchored to the peroxisome via PEX15 in yeast (Birschmann et al., 2003) 

and PEX26 in mammals (Matsumoto et al., 2003). No Arabidopsis homolog for 

PEX15/PEX26 has been identified. 

The PEX2/10/12 RING complex, which is likely serving the role of an E3 

ubiquitin ligase (Lazarow, 2003), combined with the UBC enzyme PEX4, facilitates 

monoubiquitination of PEX5 and the PEX7 co-receptors PEX18 and PEX20 (reviewed in 

Brown and Baker, 2008). Yeast PEX12 (Platta et al., 2009), PEX1, and PEX6 may also 

be involved in recognition of monoubiquitinated PEX5 and subsequent removal from the 

membrane (reviewed in Brown and Baker, 2008). 

In the absence of efficient removal from the peroxisome membrane, PEX5, 

PEX18, and PEX20 can be polyubiquitinated through the action of UBC1/4/5 (reviewed 

in Brown and Baker, 2008) and PEX2 (yeast) (Platta et al , 2009). These 

polyubiquitinated proteins may be degraded by the 26S proteasome (Figure 1.5). 

I.7.B. PEX7 recycling 

Although PEX7 translocates in and out of yeast peroxisomes (Nair et al., 2004), 

the molecular details of how this process occurs remain obscure. Arabidopsis pex4 and 

pex6 mutants have PTS2 import defects, suggesting a role for these proteins in PEX7 

recycling (Zolman and Battel, 2004; Zolman et al , 2005). A recent study has shown that 

Arabidopsis PEX7 interacts with the RING-fmger protein PEX12 (Singh et al., 2009); 

PEX12 has been implicated in monoubiquitination of PEX5 in yeast (Platta et al., 2009). 

Although no evidence of PEX7 ubiquitination has been reported, PEX7 co-receptors 

(PEX5, PEX18, PEX20) are known to be ubiquitinated and recycled (reviewed in 
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Figure 1.5. Model for PEX5 and PEX7 receptor recycling. 

After cargo release (1 and 2), PEX5 is monoubiquitinated by the E2 protein PEX4 and 
perhaps the PEX2, PEX10, and PEX12 RING complex, which likely plays the role of an 
E3 ligase. (3a) PEX1 and PEX6, which are tethered to the membrane by PEX15/26, 
recognize the monoubiquitinated PEX5 and facilitate its release to the cytosol. (3b) In an 
alternative pathway, yeast PEX5 can be polyubiquitinated by Ubc4p and Ubc5p. (4) 
Polyubiquitinated PEX5 can be sent to the proteasome for degradation. Recent work in 
yeast indicates that PEX12 is the RING protein required for PEX5 monoubiquitination 
and PEX2 is required for PEX5 polyubiquitination (Platta et al., 2009). 
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(reviewed in Brown and Baker, 2008). It is possible that PEX7 is recycled back to the 

cytosol through its association with the co-receptors. Moreover, PEX7 may assist the co-

receptors in associating with the recycling components through its association with 

PEX12. 

1.8. Tools for studying peroxisome biogenesis and function in Arabidopsis 

We are studying peroxisome biogenesis and function by isolating and 

characterizing mutants defective in peroxisomal processes. Because the peroxisome is 

the site of fatty acid P-oxidation and is implicated in metabolism of the auxin precursor 

indole-3-butyric acid (IBA), isolating mutants defective in these processes can lead to 

insights into peroxisomal biogenesis and function. 

1.8.A. Fatty acid p -oxidation 

Fatty acids are broken down through the process of P-oxidation to provide a 

source of energy, p-oxidation is the sequential removal of two carbon units in the form 

of acetyl-CoA (Figure 1.6). In animals, peroxisomal enzymes shorten long-chain fatty 

acids. Further shortening of medium-chain and short-chain fatty acids takes place in 

mitochondria. In plants, the process of (3-oxidation occurs predominantly, if not 

exclusively, in peroxisomes (Kindl, 1993). Arabidopsis is an oilseed plant. During 

germination, before photosynthesis begins, oilseed plants use fatty acid (3-oxidation to 

convert stored fatty acids into sugar, a usable energy source; failure to P-oxidize fatty 

acids leads to an inability to convert stored energy into sugar. This defect can be assayed 

by germinating seedlings on media with and without sucrose. Mutants defective in fatty 

acid p-oxidation (summarized in Table 1-2) are unable to grow on medium without 

sucrose because they are incapable of converting stored fats to sugar (Hayashi et al., 

1998). 
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Figure 1.6. Fatty acid p-oxidation versus a model for IBA p-oxidation. 

A. Fatty acid |3-oxidation is carried out by the sequential action of acyl-CoA synthetases 
(ACS), acyl-CoA oxidases (ACX), multifunctional proteins (MFP) responsible for two 
different enzymatic activities, and thiolases including PED1 (peroxisome defective). B. 
A proposed pathway for IBA to IAA conversion may involve the proteins IBR3, a 
putative acyl-CoA dehydrogenase, IBR10, a putative enoyl-CoA hydratase, and IBR1, a 
putative hydroxyacyl-CoA dehydrogenase. 
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Table 1-2. Arabidopsis P-oxidation enzymes 
Gene Enzyme PTS Mutant Phenotype* Reference 

LACS6 Acyl-CoA synthetase PTS2 

LACS7 Acyl-CoA synthetase PTS1.PTS2 

lacsS and Iacs7 not /r- , . . . „„„„ „. , 
sue den • Iacs6lacs7\s ( F u l d a e t a l - 2 0 0 2 ; S h o c k e y e t 

sue. dep., Iacs6lacs7\s Shockey et al., 2003) 
sue. dep., not IBAR ' ' ' 

ACX1 

ACX2 

ACX3 

ACX4 

ACX5 

ACX6 

Long-chain acyl-CoA 
oxidase 
Very long-chain acyl-
CoA oxidase 

PTS1 

PTS2 

Medium-chain acyl-CoA D T Q o 
oxidase 

Short-chain acyl-CoA 
oxidase 

Acyl-CoA oxidase-like 

Acyl-CoA oxidase-like 

PTS1 

PTS1 

PTS2 

IBAR, not sue. dep.; 
acx1acx2\s sue. dep. 

not IBAR, not sue. dep. 

1BAR, not sue. dep. 

IBAR, sue. dep. in light 

not IBAR, not sue. dep. 

not IBAR, not sue. dep. 

(Hooks et al., 1999; Adham et 
al., 2005) 

(Hooks et al., 1999; Adham et 
al., 2005) 

(Eastmond et al., 2000; Froman 
et al., 2000; Adham et al., 2005) 

(Hayashi et al., 1999; Adham et 
al., 2005) 

(Adham et al., 2005) 

(Adham et al., 2005) 

AIM1 Multifunctional protein PTS1 

MFP2 Multifunctional protein PTS1 

IBAR, not sue. dep. 

not IBAR, sue. dep. 

(Richmond and Bleecker, 1999) 

(Richmond and Bleecker, 1999; 
Rylottetal.,2006) 

PED1/KAT2 Thiolase 

KAT1 Thiolase 

KAT5 Thiolase 

PTS2 

PTS2 

PTS2 

IBAR, sue. dep. 

None reported 

None reported 

(Hayashi et al., 1998; Germain et 
al., 2001) 

*IBAR, IBA-resistant root elongation; sue. dep., sucrose dependent for normal seedling 

development following germination. 
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Acyl-CoA synthetases. The first step of peroxisomal |3-oxidation involves the 

activation of a precursor through the addition of a CoA group. In Arabidopsis, two long 

chain acyl-CoA synthetases, LACS6 and LACS7 are peroxisomal enzymes that activate 

fatty acids (Fulda et al., 2002; Shockey et al., 2003). Iacs6 and lacs7 do not exhibit fatty 

acid metabolism defects as single mutants but when combined, the double mutant is 

sucrose dependent (Fulda et al., 2002; Shockey et al., 2003). 

Acyl-CoA oxidases. ACX enzymes catalyze the step of fatty acid p-oxidation 

that follows activation. There are six apparent ACX isozymes in Arabidopsis, with 

varying chain-length specificities (Table 1-2). Three mutants, acxl, acx2, and acx4, 

defective in acyl-CoA oxidases, have been implicated in fatty acid metabolism. acx4 and 

the acxl acx2 double mutant are sucrose dependent (Adham et al., 2005). Mutations in 

ACX3, AXC5, and ACX6 do not lead to sucrose-dependent phenotypes, suggesting their 

respective protein products are not required for fatty acid metabolism (Hooks et al., 1999; 

Eastmond et al., 2000; Froman et al., 2000; Adham et al., 2005). 

Multifunctional proteins. Following acyl-CoA oxidase activity, the 

multifunctional proteins catalyze the next step of fatty acid |3-oxidation. Arabidopsis has 

two predicted multifunctional proteins: AIM1 (abnormal inflorescence meristem) and 

MFP2 (Richmond and Bleecker, 1999). Although AIM1 has enoyl-CoA hydratase 

activity, aiml mutant seedlings are not sucrose dependent (Richmond and Bleecker, 

1999). In contrast, the mfp2 mutant is sucrose-dependent (Rylott et al., 2006). 

Combining aiml with mfp2 causes embryo lethality (Rylott et al., 2006), suggesting that 

these two proteins have partially redundant functions. 

Thiolase. The final step of fatty acid (3-oxidation is catalyzed by thiolase. 

Arabidopsis has three genes that encode peroxisomal 3-ketoacyl-CoA thiolase enzymes: 

KAT2/PED1, KAT1, and KAT5. These enzymes act during the last step of fatty acid 0-

oxidation to cleave ketoacyl-CoA to acetyl-CoA and fatty acyl-CoA. The pedl mutant is 
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sucrose dependent (Hayashi et al., 1998), suggesting that PED1/KA T2 is the most 

important thiolase isozyme during seedling development. 

I.8.B. IBA and IAA 

The plant hormones most relevant to this thesis are called auxins. Auxins are 

characterized by the presence of an indole ring and are important in many plant growth 

and developmental processes. IBA and IAA are two endogenous auxins, characterized 

by the presence of an indole ring; the only structural difference between the two 

compounds is two additional carbon units in the form of butyric acid on the side chain of 

IBA versus the shorter acetic acid side chain of IAA (Figure 1.7). There is evidence that 

IBA and IAA can be interconverted (Fawcett et al., 1960; Epstein and Lavee, 1984; 

Ludwig-Muller and Epstein, 1991; Nordstrom et al., 1991; van der Krieken et al., 1992; 

Baraldi et al., 1993). Free IAA and IBA are of similar abundance in Arabidopsis 

(Ludwig-Muller et al., 1993). IBA initiates lateral roots more efficiently than IAA, 

because for IAA to initiate a similar number of roots as IBA, IAA must be used at 

concentrations that dramatically inhibit root elongation (Zolman et al., 2000). Moreover, 

IBA is more stable than IAA (Robbins et al., 1988; Nissen and Sutter, 1990; Nordstrom 

et al., 1991). Although there are some reports that IBA may act on its own via its own 

receptors through IAA-independent pathways (Poupart and Waddell, 2000), the genetic 

evidence discussed below indicates that the majority of IBA responses in Arabidopsis 

appear to stem from its conversion to IAA. 

I.8.C. 2,4-DB and 2,4-D 

The synthetic IBA analog 2,4-dichlorophenoxybutyric acid (2,4-DB) (Figure 1.7) 

differs from the synthetic IAA analog 2,4-dichlorophenoxyacetic acid (2,4-D) (Figure 

1.7) by two carbon units and is thought to be converted to 2,4-D in a process similar to 

fatty acid (3-oxidation (Wain and Wightman, 1954). Both 2,4-DB and 2,4-D initiate 

lateral roots and inhibit primary root elongation similarly to IBA and IAA. 
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Natural auxins (found in plants) 

^ N OH 

O 

lndole-3-acetic acid (IAA) lndole-3-butyric acid 
(IBA) 

Synthetic auxins (also active) 

CI CI 

CI- / Vo OH a-7 Vo OH 

2,4-Dichlorophenoxyacetic 
acid (2,4-D) 

2,4-Dichlorophenoxybutyric acid 
(2,4-DB) 

Figure 1.7. Natural and synthetic auxins. 

IBA is likely converted to IAA through (3-oxidation. Similarly 2,4-DB is converted to 
2,4-D through P-oxidation. 
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I.8.D. IBA p-oxidation 

Figure 1.6 summarizes a proposed pathway for IBA to IAA conversion. Although all of 

the genetic evidence is consistent with the possibility, IBA to IAA conversion within 

peroxisomes has never actually been demonstrated. The process begins when a CoA is 

added to the side chain of IBA by a hypothetical acyl-CoA synthetase. The IBA-CoA 

may then go through dehydrogenation by an acyl-CoA oxidase or dehydrogenase.The 

two following proposed steps, hydration and oxidation, may be catalyzed by a 

multifunctional protein, or by separate enzymes. Finally, a ketoacyl-CoA thiolase could 

be involved in releasing acetyl-CoA and IAA-CoA, and a thioester hydrolase could be 

responsible for cleaving IAA-CoA and releasing the free form of IAA. 

I.8.E. IBA-response {ibr) mutants 

Several mutants have been isolated that are defective in IBA responsiveness. 

Defects attributed to the conversion pathway are characterized by plants that have long 

roots on media with exogenously applied IBA (IBA resistant) while maintaining a wild-

type response to IAA (IAA sensitive). Because IBA to IAA conversion is likely a 

peroxisomal process, ibr mutants are useful instruments in our exploration of how 

peroxisomes are made and how they function. We have used both forward and reverse 

genetic approaches to isolate and characterize various ibr mutants. 

Three of these mutants are discussed in detail in Chapter 7. ibr3, ibr 10, and ibr I 

display an IBA-resistant, IAA-sensitive phenotype without any apparent defect in fatty 

acid (3-oxidation (Zolman et al, 2000; Zolman et al., 2008). IBR3, IBR10, and IBR1 

encode proteins similar to three proteins involved in fatty acid (3-oxidation: an acyl-CoA 

oxidase/dehydrogenase, an enoyl-CoA hydratase, and a hydroxyacyl-CoA 

dehydrogenase, respectively (Zolman et al., 2007; Zolman et al., 2008). Thus the IBR3, 

IBR10, and IBR1 proteins are candidates for catalyzing sequential steps of IBA 

(3-oxidation (Figure 1.6). 
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I.8.F. A role for fatty acid |3 -oxidation enzymes in IB A (3-oxidation 

In addition to the ibr3, ibrl, and ibrlO mutants, several of the fatty acid (3-

oxidation mutants listed in Table 1-2 can be classified as ibr mutants and have therefore 

been implicated in IBA metabolism. 

The lacs6 lacs7 double mutant responds normally to IBA and 2,4-DB (Fulda et 

al., 2002; Shockey et al., 2002; Shockey et al., 2003), indicating that LACS6 and LACS7 

are unlikely to act on auxin precursors. In Appendix B, I describe my use of reverse 

genetic analysis to study the role of 4-CoA Ligase-like proteins in IBA metabolism, and 

how I uncovered two enzymes that may redundantly act in IBA activation. 

Three mutants, acxl, acx3, and acx4, have been isolated that are defective in acyl-

CoA oxidases and are resistant to the effects of IBA. Double mutant analysis has 

implicated ACX2 and ACX5 in IBA responses as well (Adham et al., 2005). 

The aiml mutant is IBA-resistant (Zolman et al., 2000), and 2,4-DB-resistant 

(Richmond and Bleecker, 1999) suggesting a role for AIM1 in IBA and 2,4-DB (3-

oxidation. However, the mfp2 mutant is not 2,4-DB-resistant (Rylott et al., 2006) or 

IBA-resistant (unpublished). 

The pedl mutant was isolated as being resistant to 2,4-DB (Hayashi et al., 1998) 

and is also resistant to IBA (Zolman et al., 2000). These results suggest a shared role for 

PED1 in fatty acid and IBA metabolism. 

I.8.G. A role for an acyl-activating enzyme in 2,4-DB (3-oxidation 

Most Arabidopsis mutants resistant to IBA are similarly resistant to 2,4-DB, 

suggesting that the enzymes that act in the metabolism of these auxins are shared. 

Recently, a study of the acyl-activating enzyme AAE18 showed that an aael8 mutant is 

resistant to the effects of 2,4-DB while retaining response to IBA (Wiszniewski et al., 

2008). This is the first report of an enzyme that may act solely on 2,4-DB conversion. 

Because some fatty (3-oxidation mutant phenotypes point to a relationship 

between IBA biosynthesis and fatty acid metabolism, the question follows of whether the 
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enzymes acting in fatty acid P-oxidation (Figure 1.6.A) are the same as those used IBA to 

IAA conversion (Figure 1.6.B). If there are shared enzymes, it is possible that the 

enzymes used in fatty acid metabolism also act directly on IBA-CoA and its derivatives. 

pedl, aiml, and acx mutants are deficient not only in fatty acid p-oxidation, but also in 

IBA (3-oxidation, suggesting that there are shared factors between the two processes 

(Hayashi et al., 1998; Zolman et al., 2000; Adham et al., 2005). However, evidence to 

support the possibility that enzymes exist that act solely on IBA-CoA independently of 

fatty acid metabolism has arisen with the isolation of ibr3, ibrlO, and ibrl that are 

deficient in IBA responses but lack defects in fatty acid P-oxidation (Zolman et al., 

2000). This paradox has led to the suggestion that some of the fatty acid P-oxidation 

mutants may be disrupting IBA p-oxidation indirectly, perhaps by sequestration of 

needed cofactors (Adham et al., 2005). The ultimate resolution of this paradox will 

require in vitro enzyme assays comparing activities with the proposed precursors. 

I.8.H. Arabidopsispex7-l and pex5 mutants. 

Arabidopsis peroxisomal receptor mutants also fall under the category of ibr 

mutants. Chapters 3 through 6 detail my characterization of mutations in the PEX7 and 

PEX5 receptors. These mutants also display IBA-resistant, IAA-sensitive phenotypes. 

Two Arabidopsis mutants defective in PTS2 import have been isolated and 

characterized in the Bartel lab, pex7-l and pex5-l (Figures 1.4 and 1.5). The first 

Arabidopsis PEX7 mutant,/?ex7-7, was characterized in 2005 (Woodward and Bartel, 

2005). pex7-l contains a T-DNA insertion (SALK_005354) 95 bp upstream of the PEX7 

start codon in the 5' untranslated region (UTR). Localization studies using a 

peroxisomally targeted version of GFP (PTS2-GFP) revealed a defect in PTS2 protein 

import in seedling root hairs (Woodward and Bartel, 2005). However, examination of 

thiolase processing indicated that substantial PTS2 import still occurs inpex7-J 

(Woodward and Bartel, 2005). 
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Two Arabidopsis pex5 mutants have been described (Figure 1.4). pex5-10 is a T-

DNA insertion mutant believed to be a null based on western blot analysis (Zolman et al., 

2005). In thepex5-l mutant, a serine to leucine mutation (Zolman et al., 2000) in the 

presumed PEX7 binding site of PEX5 leads to a deficiency in PTS2 import but leaves 

PTS1 import unaffected (Woodward and Battel, 2005). In fact, the PTS2 defect in pex5-

1 is magnified compared to pex7-l, as judged by PTS2-GFP localization and thiolase 

processing (Woodward and Bartel, 2005). Western analyses indicated that PEX5 protein 

was present inpex5-l,pex7-l, andpex5-l pex7-l mutants (Woodward and Bartel, 2005). 

The mutated serine in pex5-l is analogous to a mutated serine in a CHO cell line that is 

deficient in PTS2 import due to inefficient PEX7 binding (Matsumura et al., 2000). The 

combined evidence suggests an important role for serine 318 in PEX7 binding. 

pex5-l pex7-l double mutants have enhanced physiological phenotypes compared 

to either single mutant and completely blocked thiolase PTS2 processing (Woodward and 

Bartel, 2005). The double mutant also has severe developmental abnormalities 

(Woodward and Bartel, 2005). We hypothesize that these severe defects are caused by 

the combination of reduced PEX7 accumulation in pex7-l and reduced PEX7 binding in 

pex5-l. PTS-GFP import in the double mutants is described in Chapter 5. Another 

question that remains to be answered is whether the severe phenotypes observed in the 

double mutant result from reduced PEX7 binding to pex5-l. This question was explored 

using yeast two-hybrid analysis and bypass experiments in Chapters 4 and 6. 

In this thesis, I describe a detailed characterization of the physiological and 

molecular defects in the peroxisomal mutants pex7-1, pex7-2, pex5-l, and pex5-10 

(Chapters 3 through 6), as well as ibrl, ibr3, and ibrlO (Chapter 7). I also describe the 

isolation and preliminary characterization of new putative ibr mutants (Appendix A) and 

how I used a reverse genetics approach to look at candidates for IBA activation 

(Appendix B). 
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Chapter 2: Materials and Methods 

2.1. Plant materials and growth conditions 

pex7-2 was isolated as an IBA-response (ibr) mutant from progeny of EMS-

mutagenized Col-0 seeds (Lehle Seeds, Round Rock, TX) as previously described 

(Adham et al., 2005; Zolman et al., 2008) and was backcrossed once prior to phenotypic 

analyses. Thepex7-1 (Woodward and Bartel, 2005) mdpex5-10 (Zolman et al., 2005) T-

DNA insertion mutants and the pex5-l missense allele (Zolman et al. 2000) are in the 

Columbia (Col-0) accession, pedl-l (Hayashi et al., 1998) is in the Landsberg erecta 

(Ler) background. 

For phenotypic assays, seeds were surface-sterilized, stratified three days at 4°C 

or as indicated, and plated on plant nutrient media (PN) (Haughn and Somerville, 1986) 

supplemented with 0.5% sucrose (PNS), hormones, kanamycin, or Basta (glufosinate-

ammonium) as indicated. Hormone stocks were dissolved in ethanol, and the volume of 

added ethanol was normalized for hormone-supplemented medium and unsupplemented 

controls. Seedlings were grown at 22°C under continuous white or yellow-filtered light 

(Stasinopoulos and Hangarter, 1990). 

2.2. Phenotypic analyses 

2.2.A. Root and hypocotyl elongation 

Seedlings were grown for eight days on PN or PNS supplemented with hormones 

as indicated. Roots and hypocotyls were measured to nearest millimeter and means and 

standard errors were calculated using Microsoft Excel. 

2.2.B. Lateral root proliferation 

Seedlings grown on PNS for four days under white light at 22°C were transferred 

to new plates containing hormone or an equal volume of ethanol for the no hormone 
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control. Roots were measured to the nearest millimeter and lateral roots were counted 

using a dissecting microscope. The quotient of lateral roots per millimeter was calculated 

for each seedling and the mean of this value and standard errors were calculated using 

Microsoft Excel. 

2.2.C. Sucrose dependence in the dark 

Seedlings were plated on PN and PNS and grown for one day under white light at 

22°C then plates were wrapped in foil and incubated for an additional 4 or 5 days as 

indicated at 22°C in the dark. Plants were grown vertically or horizontally as indicated. 

The foil was then removed from the plates, seedlings were removed from the agar using 

forceps, and hypocotyls were measured to the nearest millimeter and means and standard 

errors were calculated using Microsoft Excel. 

2.2.D. Seed development and morphology 

pex5-l, pex7-l,pex7-2, progeny of pex5-l/pex5-l pex7-2/PEX7, and progeny of 

pex5-10/PEX5 pex7-2/pex7-2 were grown on PNS and transferred to soil. Plants were 

genotyped in soil and those with the same genotype as the parents were selected for 

analysis. Siliques of varying ages were opened with forceps and a razor blade and 

developing seeds were photographed using a dissecting microscope. 

Mature siliques from the same plants were harvested and the seeds were placed on 

a Petri plate and photographed. The numbers of shrunken and filled seeds were counted. 

2.2.E. Adult analysis 

Seedlings grown for 26 days on PNS under white light were moved to soil where 

they continued to grow under continuous white light at 22°C. When the plants were 55 

days old they were removed from the soil for photography. 
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2.3. Genetic Analysis of mutants 

2.3.A. Mapping 

DNA was isolated from IBA-resistant plants selected from F2 progeny ofpex7-2 

crossed to her tt4. Mapping with PCR-based molecular markers (Konieczny and 

Ausubel, 1993; Bell and Ecker, 1994) localized the lesion to chromosome 1. Fine 

mapping with additional markers F28N24 (PCR amplification with primers F28N24-1, 

CTTGATGCAAATCCATAGGAAGTGAGTCA, and F28N24-2, 

CCGTTTGCAGGCATGATATAAACCTGTCA, yielded a 257-bp product in Col-0 and 

a 219-bp product in her), F27G20 (Fujibe et al., 2006), F6N18 (PCR amplification with 

primers F6N18-2, ATTGATTTCTAACTCCAACTCTACATAGC, and F6N18-4, 

GTTTGTGTTCTTTGTTGTTTTCTTTTAG, yielded a 202-bp product in Col-0 and a 

181-bp product in her), and T9L6 (Magidin, 2002) localized the defect between F27G20 

and the F28N24. The Atlg29260 gene was PCR-amplified from genomic DNA prepared 

from the mutant and the resultant amplicon was sequenced directly. 

2.3.B. Plant DNA isolation 

DNA was obtained from plant tissue as described (Celenza et al., 1995). Briefly, 

a green leaf was placed in a 1.5 ml microcentrifuge tube and snap-frozen on dry ice. 

Frozen tissue was ground with a pestle and 10 uL of 0.5 N NaOH was added. Tissue was 

allowed to thaw at room temperature before placing at 100°C in a sand bath for 30 

seconds. Tissue was neutralized using 100 uL of 0.2 M Tris pH 8.0 with 1 mM EDTA, 

pH 8.0. 

2.3.C. Yeast DNA isolation 

One yeast colony per strain was resuspended in 100 uL of sterile water. Five uL 

of the resuspended colony was used was used as a template for PCR to verify the 

presence of the desired construct. The details of construct verification are summarized in 

Table 2-1. 
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Table 2-1. Primer pairs and product sizes for yeast two-hybrid construct 
verification. 

Primers 
Expected 
Product 

Size 

Program 
Used 

pBI770/pBI771 
Inserts detected 

PEX7-QRTF + ADC-1 341 bp SSLP 

PEX7 
PEX7SKL 

pex7-2 
pex7-2-SKL 

PED1-5+ADC-1 337 bp SSLP 
PED1 
tPEDl 

PED1SKL 

GAL4-1+PEX5-13 322 bp SSLP 

PEX5 
tPEX5 
pex5-l 
tpex5-l 

PEX7-N9 + PEX7-N12 294 bp SSLP 

PEX7 
PEX7SKL 

pex7-2 
pex7-2-SKL 

Primer sequences are listed in Table 2-3. 
2PCR program parameters listed in Table 2-2. 
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Table 2-2. PCR programs used in this study. 

Program 

SSLP 

CAPS 

Mutate 

TPMSTR25 

CAPSGRAD 

TPMSTR8K 

Cycles 

40 

40 

30 

25 

40 

35 

Denaturation 

15secat94°C 

30 sec at 95°C 

1 min at 95°C 

20 sec at 94°C 

30 sec at 95°C 

20 sec at 95°C 

Annealing 

15 sec at 55°C 

15secat56°C 

1 min at 55°C 

15secat55°C 

30 sec at 56°C 

15secat55°C 

Elongation 

1 min at 72°C 

3 min at 72°C 

5 min at 65°C 

2 min at 72°C 

3 min at 72°C 

8 min at 72°C 

(Modified from Zolman, 2002) 
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2.3.D. pex7 complementation 

pex7-2 was crossed to pex7-l plants and Fi seed was harvested. Fi seedlings were 

assayed for IBA resistance in root elongation. pex7-2 was transformed with 35S-PEX7 

using the floral dip method (Clough and Bent, 1998). Tl plants were selected on 7.5 

ug/mL glufosinate ammonium and homozygous plants were selected from subsequent 

generations by analyzing the pattern of seedling glufosinate ammonium resistance. 

2.3.E. Overexpression and yeast two-hybrid constructs 

PEX7 and pex7-2. PEX7 and pex7-2 cDNAs with an in-frame Sail site 5' of the 

ATG and a NotI site immediately downstream of the stop was made by PCR-amplifying 

a PEX7 cDNA clone APZ50H10R (Asamizu et al., 2000) orpex7-2 mutant genomic 

DNA, respectively, using Ex-Taq (TaKaRa Bio Inc.) with PEX7-SalI-F and PEX7-NotI-

R (Table 2-3). Amplicons were cloned into pCR4-TOPO (Invitrogen) to give pCR4-

PEX7 and pCR4-pex7-2. 

To make 35S-PEX7, the PEX7 coding sequence was subcloned as a Sall/NotI 

fragment from pCR4-P£X7 into XhoI/Notl-cut 35SpBARN (LeClere and Bartel, 2001) to 

give 35S-PEX7c in which PEX7 was driven by the strong 35S promoter. To make yeast 

two-hybrid constructs, inserts from these pCR4-PEX7 and pCR4-pex7-2 were subcloned 

into Sall/Notl-cut pBI770 to make pBI770-PEX7 and pBI770-pex7-2, respectively. 

PEX7-SKL and pex7-2-SKL. PEX7-SKL and/?ec7-2-SKL constructs were 

made with an in-frame Sail site 5' of the ATG and a SKL-NotI site immediately 

downstream of the stop was made by PCR-amplifying a PEX7 cDNA clone APZ50H10R 

(Asamizu et al., 2000) orpex7-2 mutant genomic DNA, respectively, using Ex-Taq with 

PEX7-SalI-F and PEX7-SKL-NotI-R (Table 2-3). The resultant amplicons were cloned 

into pCR4-TOPO to give pCR4-P£X7-SKL and pCR4-pex7-2-SKL. The inserts from 

these plasmids were subcloned into XhoI/Notl-cut 35SpBARN (LeClere and Bartel, 
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2001) and SaU/Notl-cut pBI770 andpBIWl to give 35S-PEX7-SKL, 35S-pex7-2-SKL, 

pBl770-PEX7-SKL, pB1770-pex7-2-SKL, pBI771-PEA7-SKL and pBI771-pex7-2-SKL. 

PEX5 andpexS-1. A PEX5 cDNA with an in-frame Sail site 5' of the ATG was 

made using Quikchange site-directed mutagenesis (Stratagene) with the primer PEX5-

Sall-F (Table 2-3) on a PEX5 cDNA in the NotI site of pBluescript KS (pKS-PEX5; 

Zolman et al., 2000) to make pKS-PEX5b3. Apex5-1 cDNA was similarly made from 

the same template using the primers PEX5-SalI-F and PEX5-mutant (Table 2-3) and the 

PCR program MUTATE to introduce a 5' Sail site and a C to T mutation that causes the 

serine to leucine missense amino acid change present in the pex5-l mutant. This plasmid 

is called pKS-PEX5b5. The Sall/Notl PEX5 fragment from pKS-PEX5b3 was ligated 

into XhoI/NotI cut 35SpBARN (LeClere and Bartel, 2001) to make 35SPEX5. The 

Sall/Notl PEX5 andpex5-l fragments from pKS-PEX5b3 and pKS-PEX5b5 were ligated 

into Sall/Notl-cut pBI771 to make pB\77\-PEX5 and pBI77\-pex5-l. 

Truncated PEX5 and truncated pex5-l. Truncated PEX5 and pex5-l cDNAs 

containing a 5' Sail site and a 3' NotI site and lacking the TPR domain (PTS1-binding 

region) were made using oligo-mutagenesis. pKS-PEX5 and pKS-pex5-l were PCR-

amplifted with PEX5-SalI-F and PEX5-Stop-R (Table 2-3) using Ex-Taq and the 

program TPMSTR8K (Table 2-2). Gel-purified PCR products were cloned into pCR4-

TOPO to make pCR4-tPEX5 and pCR4-tpex5-l. Sall/Notl tPEX5 and tpex5-l fragments 

were ligated into Sall/Notl-cut pBI770 and pBI771 to make pB\77Q-tPEX5, pBI770-

tpex5-l, pB\77\-tPEX5, and pBI771-^x5-7. Sall/Notl-cut tPEX5 was also ligated into 

XhoI/Notl-cut 35SpBARN (LeClere and Bartel, 2001) to make 35S-tPEX5. 

Full length and truncated PED1. A PED1 cDNA flanked by an in-frame Sail 

site 5' of the ATG and a NotI site immediately 3' of the stop codon was PCR-amplified 

from PED1 cDNA U09045 (Yamada et al., 2003) using Triple Master Taq DNA 

polymerase (Eppendorf) with PEDl-Sall-Fl and PEDl-Notl-R (Table 2-3). A truncated 

PED1 cDNA lacking the PTS2 was similarly amplified using PED1-Sall-F2 (Table 2-3) 

file:///-pex5-l
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and PEDl-Notl-R. Amplicons were cloned into pCR4-TOPO to make pCR4-PEDl and 

pCR4-tPEDl. Inserts from these plasmids were subcloned into Sall/Notl-cut pBI771 to 

make pBmi-PEDl and pBllll-tPEDl. The Sail/Not 1 PED1 and tPEDl fragments 

from pCR4-PEDl and pCR4-tPEDl were ligated into XhoI/Notl-cut 35SpBARN 

(LeClere and Bartel, 2001) to make 35S-PED1 and 35S-tPEDl. 

PED1-SKL. To make the 35S-PED1-SKL construct, a PED1 cDNA flanked by 

an in-frame Sail site 5' of the ATG and an SKL-NotI site immediately 3' of the stop 

codon was PCR-amplified from PED1 cDNA U09045 (Yamada et al., 2003) using Triple 

Master Taq DNA polymerase with PEDl-Sall-Fl and PEDl-SKL-Notl-R. The resultant 

amplicon was cloned into pCR4-TOPO to make pCR4-PEDl-SKL. The insert from this 

plasmid was subcloned into Sall/Notl-cut pBI770 and pBI771 to make pBI770-PEDl-

SKL and pBmi-PEDl-SKL. To make 35S-PED1-SKL, the Sall/NotI PED1-SKL 

fragment from pCR4-P££>7-SKL was ligated into XhoI/Notl-cut 35SpBARN (LeClere 

and Bartel, 2001). 
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Table 2-3. Sequences of oligonucleotides used to make DNA constructs. 

Name Sequence (5' to 3') 
35S-F AAGGGATGACGCACAATCCCACTATCC 
NOS-R GATAATCATCGCAAGAGCCGGCAACAG 
PED1 -5 GGGACTTGACCCAGAGAAAATC AATGTCAACGG 
PEX7-QRTF TGGCTGTGCTTAATGGTCATG 
PEX7-N12 GG AGATTGTACTTT A AGG ATTTGGG ATGTT 
GAL4-1 CTATCTATTCGATGATGAAGATACC 
ADC-1 CGACAACCTTGATTGGAGACTTGACC 
PEX7-1 CTCGAATTTAGATTTCTCTCTCACTTTTA 
PEX7-2 CTTCTCGAAGATTCAATTCAACGAT 
PEX7-SalI-F GTCGACAAGAAGCTATGCCGGTGTTCAAAGCT 
PEX7-SKL-NotI-R GCGGCCGCTCAAAGCTTACTACTGGCTCTAGGATCCAT 
PEX7-Notl-R GCGGCCGCTCAACTGGCTCTAGGATCC 
PED 1 -Sall-F 1 GTCGACCGGAAA AA ATGGAGAAAGCGATCGAG 
PED 1 -Sall-F2 GTCGACCGGAAA AAATGTTGGCTGGGGACAGTGCT 
PED 1 -SKL-Notl-R GCGGCCGCCTAAAGCTTACTGCGAGCGTCCTTGGACAA 
PED 1 -Notl-R GCGGCCGCCTAGCGAGCGTCCTT 
PEX5-SalI-F GCGGAGGAGTAGAAACCCGGTCGACACATGGCGATGAGAG 
PEX5-Mutant CCGAAATTTCAGAATTTAAGATTCCTTCAGTTTGTTTCC 
PEX5-Stop-R CCACATAAGGATTCAGCGGCCGCGAATTCAGACACCACTGGTTT 
PEX7-N8 CTCCAGAAGCAGAAGCAAACACATCAC 
PEX7-N9 GACGGCTCAGTGAAGATTTACGAC 
PEX5-13 AAGTGGCTGATCTAACTCAGA 



34 

Table 2-4. Bartel lab stock numbers for plasmids used in this study. 

Insert 

PEX7 

pex7-2 

PEX7SKL 

pex7-2SKL 

PED1 

tPEDl 

PED1SKL 

PEX5 

pex5-l 

tPEX5x 

tpex5-l 

Vector (cells) 

Bluescript 

(E. coli) 

2112 

2214 

TOPO 

(E. coli) 

2101,2102 

2103 

2104 

2220,2221 

2109 

2096,2097 

2094. 2(WS 

22K-7 

22SX 

pBI770 

(E. coli) 

2136 

2137 

2138 

2222,2223 

2148 

2369,2370 

22(W 

22Sl> 

22lM 

pBI771 

(E. coli) 

2258 

2260 

2259 

2293 

2149 

2150 

2294 

2140 

2141 

2290 

2292 

35SpBARN 

(E. coli) 

2203 

2204 

2261 

2205 

2295 

2206 

2207 

22% 

35SpBARN 

(A. tumefacians) 

2215 

2217 

2262 

2218 

2297 

2216 

2214 

22*-)S 

The tPEX5 construct was found to have a frameshift mutation. 
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2.4. Yeast two-hybrid analysis 

Inserts for the yeast two-hybrid constructs were fused to Gal4-DNA-binding 

domain using the pBI770 "bait" vector or the Gal4-activation domain using the pBI771 

"prey" vector (Kohalmi et al., 1998). All inserts and junctions were verified by 

sequencing. 

Plasmids were transformed (Gietz and Schiestl, 1995) into the AH 109 (MATa, 

trpl-901, leu2-3, 112, uraS-52, hisS-200, gal4A, gal80A,LYS2::GALlUAS-GALlTATA-

HIS3, GAL2UAS-GAL2TATA-ADE2, URA3::MELlUAS-MELlTATA-lacZ,MELl; 

Clontech) Saccharomyces cervesiae yeast strain. Strains were grown on synthetic 

complete (SC) media lacking Leu and Tip or lacking Leu, Trp, and His and supplemented 

with 2 mM 3-aminotriazole. 

2.5. Escherichia coli transformation and growth conditions 

XL-10 Gold (Stratagene), NEB5-a (New England Biolabs) and TOP 10 

(Invitrogen) chemically competent cells were used in this study. Strains were stored at 

-80°C. Transformed cells were grown at 37°C on LB agar plates containing selective 

antibiotics. 

XL-10 Gold cells were transformed using the recommended protocol from the 

Stratagene QuikChange site-directed mutagenesis kit with several modifications. Cells 

were thawed on ice and 45 uL of cells per reaction were aliquoted into snap-cap tubes. 

Two uL of (3-mercaptoethanol were added to each tube. Cells were swirled every two 

minutes for ten minutes on ice before adding 1.5 uL of DNA and incubating for 30 

minutes on ice. Cells were heat shocked at 41°C for 30 seconds then incubated on ice for 

two minutes. 500 uL of room temperature SOC was added to each tube and cells were 

recovered for one hour at 37°C while gently shaking. 
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NEB5-a and TOP 10 cells were thawed on ice and one to five uL of DNA was 

added to cells. Cells were incubated for 10 minutes on ice. Transformation mixtures 

were heat shocked at 42°C for 30 seconds then placed on ice for two minutes. 250 uL 

SOC was added to the mixture and cells were allowed to recover for one hour at 30°C 

while gently shaking. 

Cells were plated on three plates (1%, 10%, and 89% of the total). Cells 

transformed with 35SpBARN constructs were selected on kanamycin and cells 

transformed with TOPO and pBI770/771 constructs were selected on carbenicillin. Cells 

were grown overnight at 37°C. 

2.6. Agrobacterium tumefacions transformation and growth 

All plant transformation vectors were transformed into Agrobacterium 

tumefacians strain GV3101 (Koncz et al., 1992) using electroporation (Ausubel et al., 

1995). Transformants were selected for kanamycin and gentamycin resistance after 

growing several days at room temperature. Bacterial strains were stored at -80°C in 50% 

glycerol. 

2.7. Yeast transformation and growth 

A YPD culture was inoculated with the AH109 yeast strain and grown at 30°C 

overnight to an OD of 1.0 or higher. For each transformation (Gietz and Schiestl, 1995), 

0.5 mL of culture was aliquoted into a 1.5 mL microcentrifuge tube and centrifuged for 

10 seconds at full speed. The pellet was resuspended in 50 uL of sterile water by 

vortexing. Carrier DNA (X mg/mL salmon sperm DNA) was boiled at 100°C prior to 

adding 10 uL to each transformation tube. Two uL of each plasmid to be transformed 

was added to each transformation tube and cells were mixed gently by vortexing. 500 ul 

of transformation buffer (40% PEG 3350, 0.1 M lithium acetate, 10 mM Tris pH 7.5, 1 

mM EDTA, and 0.1 M DTT) was added to each tube and the cells were allowed to 
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incubate at room temperature overnight. The transformation cell mixture was then 

centrifuged for 10 seconds and resuspended in 200 uL of sterile water by vortexing. 

Transformation reactions were spread on SC -Leu -Tip plates by shaking with sterile 

glass beads and grown at 30°C for 2 days. Yeast strains were stored at -80°C in 50% 

glycerol. 

2.8. Arabidopsis thaliana transformation and growth 

Wild type Col-0, pex7-l, pex7-2, pex5-l, pex5-10, andpedl-l plants were 

transformed with GV3101 strains transformed with plasmids of interest by floral dipping 

(Clough and Bent, 1998). Prior to transformation plants were grown five per pot under 

continuous white light at 22°C. Primary bolts were cut once to promote prolific 

production of inflorescences. Once secondary bolts were produced, plants were dipped, 

covered in saran wrap, and kept in the dark overnight. Saran wrap was then removed and 

plants were grown under continuous white light. 

2.8.A. Identification of transformed plants 

Ti transformants were selected on plant nutrient (PN) medium supplemented with 

7.5 |ag/mL BAST A. BAST A resistant Ti transformants were transferred to soil and PCR 

on leaf DNA was used to confirm the presence of the insert. T2 plants positive for the 

insert were plated on medium supplemented with 7.5 ^ig/mL BASTA and plant lines that 

had 75% or higher BASTA resistance were transferred to soil for spraying with BASTA. 

T3 lines were checked for BASTA resistance and used in western and phenotypic 

analyses. 

2.8.B. Mutant rescue and overexpression 

Overexpression of the 35S constructs was confirmed in the T2 and T3 lines via 

western blotting with PEX7, PEX5, and PED1 antibodies. Rescue analysis was 

completed by analyzing IBA resistance and PTS2 processing. 
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2.9. Double mutant generation and identification 

pex7-2 was crossed with pex5-l,pex5-10, and Col-0. pex7-l was crossed with 

pex5-10. Fi seeds were grown on PNS under white light at 22°C for at least 8 days before 

transferring to soil. Fi plants were grown to produce seed under continuous white light in 

soil. F2 seeds were harvested and grown on medium containing 0.5% sucrose then 

transferred to soil prior to PCR-based determination of genotypes. 

2.10. Reporter analysis 

2.10.A. Visualization of matrix protein import using green fluorescent 
protein 

Col-0 expressing 35S-GFP-PTS1 (Zolman and Bartel, 2004) or 35S-PTS2-GFP 

(Woodward and Bartel, 2005; Zolman et al., 2005) were crossed to pex7-2 andpex7-l 

pex5-l and lines homozygous for the mutant allele(s) and transgene were selected in the 

subsequent generations. pex5-l andpex7-l expressing 35S-GFP-PTS1 or 35S-PTS2-

GFP were described previously (Woodward and Bartel, 2005). Plant lines expressing 

GFP were grown on PNS at 22°C for 7 days under white light or for 1 day in the light 

under white light and 4 days on vertically-oriented plates in the dark. Prior to imaging, 

dark-grown seedlings were soaked in 10 ug/mL propidium iodide for no less than ten 

minutes to stain cell walls. Samples were mounted in sterile MilliQ water. Confocal 

images of cotyledon cells were obtained using a Zeiss multiphoton laser scanning 

microscope 510 META NLO equipped with a 63x oil immersion lens. GFP and 

propidium iodide were excited using a 488 nm argon laser. Bandpass emission filters of 

500-530 nm and 650-710 nm were used to detect GFP and propidium iodide 

fluorescence, respectively. 

2.10.B. DR5-GUS expression analysis 

Wild type and ibrlO lines homozygous for the DR5-GUS transgene (Guilfoyle, 

1999)were grown for four days on medium supplemented with 0.5% sucrose then 
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transferred to medium containing no hormone, IBA, or NAA and grown for an additional 

one to four days. Seedlings were removed from the agar and stained for 3 days at 37°C 

with 0.5 mg/mL 5-bromo-4-chloro-3-indolyl-|3-D-glucuronide (Bartel and Fink, 1994). 

2.11. Western blot analysis 

Protein was extracted from seedlings grown under continuous white light at 22°C 

in sterile water for 2 days or on PN supplemented with 0.5% sucrose for 4 or 8 days by 

grinding in NuPAGE 2x loading buffer (Invitrogen, Carlsbad, CA). Protein was 

extracted from 5 mL yeast cell cultures grown overnight at 30°C to an OD of 0.8-1.0 by 

resuspending in 2 volumes of NuPAGE 2x loading buffer then adding half a volume of 

glass beads followed by boiling 2.5 minutes at 100°C, vortexing on high for 1 minute, 

then boiling again 2.5 minutes. Following centrifugation, the supernatant was moved to a 

fresh tube with 1/10 volume of 0.5 M DTT and then boiled for 5 min. 5 uL of 

supernatant was loaded onto NuPAGE 10% Bis-Tris gels (Invitrogen) next to broad range 

prestained protein markers (P7708S, New England Biolabs, Beverly, MA) and Cruz 

Markers (Santa Cruz Biotechnology, Santa Cruz, CA) and transferred for 35 minutes at 

24 V to a Hybond ECL nitrocellulose membrane (Amersham Pharmacia Biotech, 

Piscataway, NJ) using NuPAGE transfer buffer (Invitrogen). Membranes were blocked 

with 8% non-fat dry milk in Tween Tris-Buffered Saline (Ausubel et al., 1999) and 

incubated at 4°C with rabbit anti-PEX5 (1:100 dilution; Zolman and Bartel, 2004), rabbit 

anti-PEX7 (1:2500 dilution; generated and affinity purified against a peptide 

corresponding to the C-terminal 17 amino acids of PEX7 by Bethyl Laboratories, 

Montgomery, TX), rabbit anti-PEDl (1:2000 dilution; Lingard et al., 2009), or rabbit 

anti-PMDH2 (1:2000 dilution; Pracharoenwattana et al., 2007) as a primary antibody 

followed by incubation with a horseradish peroxidase-linked goat anti-rabbit IgG 

secondary antibody (sc-2030, Santa Cruz Biotechnology). As a loading control, 

membranes were incubated with mouse anti-HSC70 (1:5000 dilution, Stressgen 
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Bioreagents SPA-817) followed by horseradish peroxidase-linked anti-mouse IgG 

secondary antibody (sc-2031, Santa Cruz Biotechnology). Horseradish peroxidase was 

visualized using LumiGLO (Cell Signaling Technology, Danvers, MA) according to the 

manufacturer's instructions. 
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Chapter 3: Phenotypic Characterization of pex7-2 and other PTS receptor mutants 

This chapter summarizes my characterization of the physiological defects in 

Arabidopsis pex7 andpex5 mutants. The alleles under investigation are depicted in 

Figure 3.1. I compared thepex7-2 mutant to thepex7-l mutant (Woodward and Battel, 

2005) and two mutants defective in the PTS1 receptor PEX5, thepex5-l missense allele 

(Zolman et al., 2000) and the pex5-10 T-DNA insertion allele (Zolman and Battel, 2004). 

3.1. pex7-2 isolation 

Because peroxisomes are the site of fatty acid (3-oxidation and metabolism of the 

auxin precursor indole-3 -butyric acid (IB A), sucrose dependence and IB A resistance can 

be used to assess peroxisome function in Arabidopsis seedlings (Zolman et al., 2000). To 

identify new peroxisome defective mutants, we screened for mutants with IBA-resistant 

root elongation to isolate IBA-response (ibr) mutants that remain sensitive to the active 

auxin indole-3-acetic acid (IAA). Arthur Millius and Ana Raquel Adham originally 

identified B1017, a mutant that was IBA resistant and sucrose dependent during early 

seedling growth. Rotation student Neda Nikravan and I used recombination mapping to 

localize the lesion in one such mutant to a region on chromosome 1 north of the 

centromere (Figure 3.2.A.). This region contains PEX7 (Atlg29260), which encodes the 

Arabidospis PTS2 receptor. Because the previously characterized pex7-7 insertion 

mutant also displays reduced IBA response (Woodward and Bartel, 2005), IPCR-

amplified and sequenced the PEX7 coding region from mutant DNA. We found a C to T 

base change at position 371 (where the A of the ATG start codon is position 1) that 

results in a threonine to isoleucine amino acid change in the second WD-40 repeat of 

PEX7 (Figure 3.2.A), and we named this new allele pex7-2. 
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Figure 3.1. Genes and mutants under investigation. 

pex7-l contains a T-DNA insertion (triangle) 95 bp upstream of the start site. pex7-2 
contains a threonine to isoleucine missense mutation in the coding region. The pex5-l 
mutant contains a serine to leucine mutation in the presumed PEX7 binding site. pex5-10 
contains a T-DNA insertion in exon 5. Triangles designate positions of T-DNA inserts, 
and asterisks indicate point mutations. 
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To determine whether the IBA-resistant root elongation of pex 7-2 was caused by 

the mutation in the PEX7 gene, we conducted a complementation test with pex 7-1. I 

found that pex7-2 was recessive, demonstrated by the wild-type sensitivity of 

pex7-2/PEX7 Fi seedlings to IBA (Figure 3.2.B.), and thatpex7-2 failed to complement 

the pex7-7 resistance to IBA (Figure 3.2.B.), confirming that the lesion that I identified in 

the PEX7 gene was responsible for the pex7-2 mutant phenotypes. Moreover, we could 

fully restore pex 7-2 mutant defects by expressing a wild-type version of the PEX7 open 

reading frame from the cauliflower mosaic virus 35S promoter in the pex7-2 mutant 

(Figure 3.2.C. and 3.2.D.). Because pex7-/ is a partial loss-of-function allele (Woodward 

and Bartel, 2005) that is not in the coding sequence (Figure 3.1.), this new allele allowed 

a more extensive characterization of PEX7 function in plants. 

3.2. pex7-2 |3-oxidation defects 

I used physiological assays that require peroxisomal metabolism to compare the 

extent of peroxisomal deficiency in the various pex7 and pex5 mutants. pex7-2 displayed 

resistance to inhibition of root elongation by IBA similar to pex5-l andpex7-l. Like 

pex5-l and pex7-l, pex7-2 seedlings responded to IBA at higher concentrations, whereas 

the severe pex5-10 insertion allele appeared unresponsive to IBA in this assay (Figure 

3.3.A. and 3.3.B.). pex7-2 was more resistant to the promotion of lateral roots by IBA 

than pex 7-1, but like other pex mutants, still responded robustly to the promotion of 

lateral roots by the synthetic auxin 1-naphthaleneacetic acid (NAA) (Figure 3.4.A. and 

3.4.B.), implicating conversion of the IBA protoauxin to active IAA rather than the 

ability to form lateral roots as the pex 7-2 mutant defect. 
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Figure 3.2. Positional cloning of the gene defective in pex7-2. 

A. Mapping with PCR-based markers nga63, F28N24, F27G20, F6N18, and T9L6 
localized the defect between F27G20 and the F28N24. Examination of genes in this 
region revealed the PEX7 gene (Atlg29260), which encodes the PTS2 receptor, a WD-40 
repeat protein. pex7-2 has a C to T mutation at position 371 (where 1 is the A in the 
initiator ATG) that causes a threonine to isoleucine missense mutation in the second WD-
40 repeat. B. pex7-2 fails to complement pex7-l. Roots of eight-day-old seedlings 
grown under yellow-filtered light on 10 ^M IBA or medium containing no hormone were 
removed from the agar for photography. Col-0 plants were used as wild type 
(PEX7/PEX7). Four seedlings representing the range of observed responses were 
arranged on a new plate for photography. Scale bar represents 1 cm. C. 35S-PEX7 
rescues pex7-2 sucrose dependence. Roots of seedlings grown under white light for 1 
day and transferred to the dark for five additional days of growth on medium containing 
0.5% sucrose or no sucrose were removed from the agar and hypocotyl lengths were 
measured. Bars show mean + SE; n •> 9. D. 35S-PEX7 rescues pex7-2 IBA resistant root 
elongation. Eight-day-old seedlings grown under yellow-filtered light on 10 ̂ M IBA or 
medium containing no hormone were removed from the agar and roots were measured. 
Bars show mean + SE; n s 10. 
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Figure 3.3. pex mutants are resistant to root elongation inhibition by IBA. 

A. Seedlings stratified 3 days at 4°C then grown for 8 days under yellow-filtered light on 
medium without hormone or supplemented with IBA were removed from the agar and 
roots were measured. Bars show mean + SE; n > 8. B. Four seedlings representing the 
range of observed responses were arranged on a new plate for photography; scale bar 
represents 1 cm. 
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Figure 3.4. pex mutants are resistant to lateral root promotion by IBA. 

Four-day-old seedlings were transferred from hormone-free medium to medium 
containing IBA, the synthetic auxin NAA, or no hormone. After 4 additional days, plants 
were removed from the agar and root length was measured (A) and lateral roots emerged 
from the primary root were counted (B). Bars show mean + SE; n > 10. 
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In addition to IBA response defects, peroxisome-defective mutants often fail to 

efficiently p-oxidize seed storage fatty acids following germination, resulting in 

developmental arrest or delays that can be restored by the provision of sucrose (Hayashi 

et al., 1998; Zolman et al., 2000). I found that pex7-2, unlike pex7-l, was markedly 

sucrose dependent in the dark, similar to pex5-l but not as severe as pex5-10 (Figure 

3.5.A. and 3.5.B.). When grown in the light, however, pex7-2 was severely sucrose 

dependent, whereaspex5-1 andpex7-l resembled wild type (Figure 3.5.C. and 3.5.D.). 

3.3. pex7-2 is developmentally delayed 

When grown on sucrose in the light, pex7-2 seedlings were smaller thanpex7-l and 

pex5-l, which resembled wild type, but not as small as pex5-10 (Figure 3.6.A.). 

Although pex7-2 andpex5-10 are developmentally delayed as seedlings, they eventually 

produce healthy, fertile adult plants (Figure 3.6.B.). 

3.4. Severe pex receptor mutants are resistant to paraquat 

Because pex mutants have deficient peroxisomes, we expected that the ability of 

these mutants to neutralize oxidative stress might be impaired. I analyzed the response of 

pex7 andpex5 mutants to conditions of high oxidative stress by growing the mutants in 

the presence of paraquat, an herbicide that produces superoxide radicals through 

inhibition of photosynthesis (Asada, 1996). Based on Joseph Faust's preliminary results 

showing that Drosophilapexi RNAi lines are paraquat super-sensitive, I expected to see 

enhanced sensitivity to paraquat inpex7 andpex5 mutants. However, the more severe 

pex mutants pex5-10 and pex7-2 displayed resistance to paraquat in a root elongation 

assay (Figure 3.7). 

We can envision several possibilities that might explain the enhanced resistance of 

the pex mutants to paraquat. Reduced photosynthetic efficiency in plants causes 
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Figure 3.5. pex7-2 sucrose dependence suggests defects in fatty acid metabolism. 

A. Hypocotyl lengths of seedlings grown on sucrose-free medium for 1 day in the light 
and 5 days vertically in darkness compared to plants grown on 0.5% sucrose. Bars show 
mean + SE; n 2* 9. B. Four seedlings representing the range of observed hypocotyl 
lengths in panel A were arranged on a new plate for photography; scale bar represents 1 
cm. C-D. Sucrose dependence of light-grown pex mutants. C. Root lengths of seedlings 
grown for 8 days on sucrose-free medium under white light compared to plants grown on 
medium supplemented with 0.5% sucrose. Bars show mean + SE; n s 10. D. Four 
seedlings representing the range of observed responses in panel C were arranged on a 
new plate for photography; scale bar represents 1 cm. 
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Figure 3.6. Developmental defects ofpex5 and pex7 mutant plants. 

A. pex5-10, pex7-2, and pex5 pex7-l double mutants are developmentally delayed. 
Seedlings were grown for 26 days on medium supplemented with 0.5% sucrose under 
white light. Bar, 1 cm. B. pex5 and pex7 mutants produce relatively healthy and fertile 
adult plants. Plants from panel A were transferred to soil and grown under constant white 
light. Representative 55-day-old plants are shown. Scale bar represents 10 cm. 
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Wild type pex5-1 pex5-10 pex7-1 pex7-2 pex5-1 pex5-1Q 
pex7-1 pex7-1 

Figure 3.7. Severe pex mutants are resistant to paraquat. 

Roots of eight-day-old seedlings grown under yellow-filtered light on paraquat or 
unsupplemented medium were removed from the agar and root length was measured. 
Bars show mean + SE; n s: 8. 
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resistance to paraquat (Chase et al., 1998). Some photorespiration mutants have reduced 

photosynthesis (Somerville and Ogren, 1980; Somerville and Ogren, 1981). Severe pex 

mutants are pale when grown in the light suggesting a deficiency in photorespiration. 

Thus, it is possible that the reduced photorespiration in severe pex mutants is causing 

resistance to paraquat through a reduction in photosynthetic efficiency. An alternative 

hypotheis, is that, perhaps, in peroxisome import mutants, catalase remains in the cytosol 

in a stable and active form, as in some patients with peroxisome biogenesis disorders 

(Fujiwara et al., 2000; Akiyama et al., 2002), and can therefore fight off superoxide 

radicals in the cytosol. Additional experiments will be needed to distinguish amongst 

these possibilities. 

3.5. Enhanced peroxisome-defective phenotypes mpex7pex5 double mutants 

The phenotypically weakpex7-l mutation dramatically enhances pex5-1 

phenotypes, consistent with the finding that both single mutants confer partial defects in 

PTS2 import (Woodward and Bartel, 2005). In contrast to pex7-l, I was unable to 

recover viable pex5-l pex7-2 oxpex5-10pex7-2 double mutants. For example, I analyzed 

the progeny of pex5-l/pex5-l pex7-2/PEX7 individuals and found 69% (18/26) 

pex5-l/pex5-l pex7-2/PEX7 plants and 31% (8/26) pex5-l/pex5-l PEX7/PEX7 plants, 

suggesting that the pex5-l pex7-2 double mutant is lethal. Similarly, in the progeny of 

pex5-10/PEX5 pex7-2/pex7-2 plants, I observed 62% (8/13) pex5-10/PEX5 pex7-2/pex7-2 

plants and 38% (5/13) PEX5/PEX5pex7-2/pex7-2 plants, suggesting that pex5-1 Opex7-2 

is also lethal. 

Altogether, I analyzed 343 progeny of pex5-l xpex7-2 crosses and 91 progeny of 

pex5-10xpex7-2 crosses without recovering either double mutant. I analyzed 

developing seeds in pex5-l/pex5-l pex7-2/PEX7 and pex5-10/PEX5 pex7-2/pex7-2 

siliques and found that these plants generate approximately 9% (16/184) and 10% 

(24/249) shrunken seeds, respectively (Figure 3.8.B). I concluded that combining pex7-2 
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with either pex5-l or pex5-10 confers embryonic lethality, confirming that peroxisome 

matrix protein import is essential for Arabidopsis embryogenesis. Moreover, our 

inability to recover the pex5~ 1 Opex7-2 double mutant strongly suggests that the pex5-10 

allele does not completely abolish PEX5 function, despite the presence of a T-DNA in 

exon five (Zolman and Bartel, 2004). 

In contrast to the inviability of the pex5 pex7-2 double mutants, I was able to 

isolate the pex5-10 pex7-l double mutant. The pex5-10pex7-l mutant resembled 

pex5-10; it did not germinate without sucrose (Figure 3.5.A-D) and displayed similar IB A 

resistance as pex5-10 in root elongation (Figure 3.3.A and B) and lateral root initiation 

(Figure 3.4.A and B) assays. The general growth and development of pex5-10pex7-l 

also was similar to that of pex5-10; both mutants were slow to develop when grown with 

sucrose in the light or the dark (Figure 3.5.A-D and 3.6.A), but eventually produced 

relatively healthy, fertile adult plants (Figure 3.6.B). The viability of pex5pex7-l double 

mutants coupled with the inviability ofpex5pex7-2 double mutants is consistent with our 

phenotypic analyses of the relative defects in the pex7-l and pex7-2 single mutants, 

which also suggest that pex 7-2 more completely blocks PEX7 function than pex 7-1. 

3.6. Conclusions 

The sucrose dependence and IB A resistance defects in the pex receptor mutants 

suggest that the mutants have defective peroxisomes (Figure 3.5). The resistance of the 

strong receptor mutants pex7-2, pex5-10, and the pex5-l pex7-l and pex5-10pex7-l 

double mutants to the effects of paraquat (Figure 3.7) could be due to reduced 

photosynthesis efficiency. The enhanced phenotypes seen in the pex5 pex7-2 doubles 

support the hypothesis that Arabidopsis PEX7 functions in a manner that is not entirely 

dependent on PEX5. The following chapters will describe my exploration of the 

molecular defects underlying the physiological defects that I have observed. 
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Figure 3.8. pex7-2 confers embryo lethality in combination with pex5 mutants. 

A. Valves were removed from siliques of the indicated genotypes to reveal developing 
seeds. Images are arranged in order of increasing silique maturity (top to bottom). B. 
Mature seed phenotypes of lines in panel A; the fraction of shrunken versus filled seeds is 
shown below the images. Bar, 1 mm. 
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Chapter 4: Characterization of PEX7 and PEX5 interactions 

Nito et al. have shown in Arabidopsis that the region in which pex5-l is mutated 

is necessary but not sufficient for PEX5 binding to PEX7 (2002). Studies of human 

PEX5, however, implicate the same region in the Arabidopsis pex5-l mutant as being 

sufficient to bind PEX7 (Braverman et al., 1998; Otera et al., 1998). The pex7-2 

mutation could be detrimental to the formation of a PEX5-PEX7 complex or may bind 

PEX5 but not cargo PTS2 proteins. I used directed yeast 2-hybrid experiments using 

pex7-2 andpex5-l to determine whether the residues that are mutated in either mutant are 

vital to the protein binding domains. I generated PEX7, pex7-2, PEX5, pex5-l, PEX7-

SKL, pex7-2-SKL, PED1, and PED1-SKL constructs fused to the Gal4 activation domain 

using the pBI771 "prey" vector (Kohalmi et al., 1998) or to the Gal4 DNA-binding 

domain using the pBI770 "bait" vector (Kohalmi et al., 1998). Various construct 

combinations (Table 4-1 and Figure 4.1) were transformed into the AH 109 yeast strain 

following standard procedures (Gietz and Schiestl, 1995). 

4.1. pex7-2-PEX5 interactions 

In plants and mammals, PEX7 must bind both PTS2 cargo and the PTS1 receptor 

PEX5 to deliver PTS2 cargo to peroxisomes (Braverman et al., 1998; Otera et al., 1998; 

Nito et al., 2002; Hayashi et al., 2005; Woodward and Bartel, 2005). I used directed 

yeast two-hybrid assays to determine whether one or both of these functions was altered 

in pex7-2. As previously demonstrated (Nito et al., 2002), I found that Arabidopsis 

PEX7 and PEX5 interacted in the yeast two-hybrid assay. However, pex7-2 did not 

interact with PEX5 in this assay (Figure 4.2. A). Because pex7-2 protein efficiently 

accumulated in yeast (Figure 4.2.B), a failure to grow suggests a deficiency in receptor 

binding. 
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Figure 4.1. Peroxin and thiolase constructs used in yeast two-hybrid analysis. 

The PEX7 constructs were all fused to the Gal4-DNA binding domain (BD), PEX5 
constructs were fused to the Gal4-activation domain (AD), and PED1 constructs were 
fused to both the Gal4-DNA BD and Gal4-AD. TPR, tetratricopeptide repeat; PPR, 
pentapeptide repeat; PTS1/2, peroxisome targeting signal 1/2. Numbers below 
schematics indicate amino acid residues in the corresponding proteins. Asterisks denote 
the location of point mutations. 
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Figure 4.2. The pex7-2 lesion disrupts PEX5 and PTS2-cargo binding in yeast. 

A. Yeast two-hybrid assays were conducted with PEX7 and pex7-2 fused to the GAL4-
DNA binding domain (BD) and PEX5, PED1 (a PTS2 protein), and tPEDl (without the 
PTS2 region) fused to the GAL4 activation domain (AD). See Figure 4.1. for a 
description of the constructs. Serial dilutions spotted onto permissive plates (+His) and 
plates on which growth requires interaction (-His) are shown after incubation at 30°C for 
2 days. B. Proteins extracted from yeast strains in panel A were separated using SDS-
PAGE and immunoblots were sequentially probed with the indicated antibodies 
generated against PEX5 (top), PEX7 (middle), and PED1 (bottom). Extracts from 8-day-
old wild-type Arabidopsis seedlings and the untransformed AH109 yeast were included 
as controls (left two lanes). 
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4.2. pex7-2-cargo interactions 

To determine if the pex7-2 mutation disrupted cargo binding, I also compared PEX7 

and pex7-2 interactions with the PTS2 protein thiolase (PED1). As expected, PEX7 

interacted with PED1 but not with a N-terminally truncated version of PED1 (tPEDl) 

lacking the PTS2 region (Figure 4.2.A). In contrast, I found that pex7-2 paired with 

PED1 did not grow on selective medium (Figure 4.2.A). Because the Gal4-pex7-2 and 

Gal4-PEX7 proteins accumulated similarly in yeast (Figure 4.2.B), our yeast two-hybrid 

results suggest that the pex7-2 mutation disrupts both PEX5 and PTS2 cargo binding. 

This result may mean that the pex7-2 mutation alters folding in such a way that impedes 

all PEX7 interactions. Alternatively, PEX7 may need to bind cargo to bind PEX5, or 

PEX7 may need to bind PEX5 to bind cargo, and a direct disruption of one of these 

interactions impairs the other as well. 

4.3. PEX5-cargo interactions 

The pex5-l mutant displays reduced levels of PTS2 protein import into 

peroxisomes (Woodward and Bartel, 2005). One hypothesis to explain this defect is that 

pex5-l impairs PEX7 binding. If this hypothesis is correct it may be possible to rescue 

pex5-l phenotypes by making PTS2 proteins recognizable to PEX5 through addition of a 

PTS1. To test the feasibility of this idea, I generated a PED1-PTS1 construct (PED1-

SKL) fused to the GAL4-DNA binding domain and expressed it in yeast along with 

PEX5 and pex5-l fused to the GAL4 activation domain. I found that PED1-SKL did in 

fact bind to PEX5 and pex5-l (Figure 4.3), whereas the control PED1 construct did not 

bind PEX5, as expected (Figure 4.3). Because we have a construct that will bind pex5-l, 

it will be interesting to see if transforming PED1-SKL into pex5-l plants will rescue 

mutant phenotypes. This result also supports the conclusion that pex5-l is not deficient 

in GFP-PTS1 import (Woodward and Bartel, 2005) because it is still able to interact with 

a PTS1 -containing protein. 
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Figure 4.3. Full-length and truncated PEX5-cargo interaction. 

A yeast two-hybrid assay was conducted with PED1 and PED1-SKL fused to GAL4-
DNA binding domain (BD) and PEX5 and pex5-l fused to the GAL4 activation domain 
(AD). The PEX4-PEX22 interaction was used as the positive control (Zolman et al., 
2005). Colony replicates were spotted onto permissive plates (+His) and plates on which 
growth requires interaction (-His). Plates were incubated at 30°C for 2 days. The AD-
tPEX5 construct contains a frameshift mutation and thus strains containing AD-tPEX5 
cannot grow on -His. 
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4.4. pex5-l-PEX7 interactions 

The pex5- J mutant has a defect in PTS2-GFP import and not GFP-PTS1 import 

(Woodward and Bartel, 2005). Because pex5-l contains a mutation in the presumed 

PEX7 binding site, we hypothesized that the reason for the disruption in PTS2 import in 

this mutant could be due to a disruption of interaction with PEX7. Surprisingly, I found 

that strains coexpressing pex5-l and PEX7 were able to grown on -His, suggesting that 

interaction between these two proteins is not disrupted by the Ser to Leu mutation (Figure 

4.4). Because pex7-2 was not able to interact with PEX5 (Figure 4.2. A), I did not expect 

to see pex7-2 interaction with pex5-l. Indeed, pex7-2 did not grow on -His when paired 

with pex5-l (Figure 4.4). It is possible that although pex5-l still interacts with PEX7, it 

may have a weaker interaction that the yeast two-hybrid is not sensitive enough to detect. 

Another possibility is that the pex5-l mutation may actually strengthen the interaction 

with PEX7 causing PEX7 to be unable to release from PEX5 and somehow disrupting 

PEX7 function. In the future, P-galactosidase assays may assist in distinguishing 

between stronger and weaker binding interactions. I will discuss my exploration of a 

third possible explanation in the following sections. 

4.5. Truncated pex5-l-PEX7 interactions 

The existence of a yeast protein or proteins possessing both a PTS1 and PTS2 that 

bridges pex5-l and PEX7 could explain the ability of pex5-l to bind to PEX7 in the yeast 

two-hybrid assay. A few Arabidopsis peroxisomal proteins contain both a PTS1 and a 

PTS2 (Fulda et al., 2002; Shockey et al., 2002) and such proteins may bridge the 

interaction between PEX5 and PEX7. Pex8p in the yeast Hansenula polymorpha 

possesses both a PTS1 and PTS2 (Waterham et al., 1994). Similary, S. cerevisiae Pex8p 

possesses a PTS1 that is not essential for peroxisomal targeting, suggesting that it may 
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possess another localization signal (Waterham et al., 1994; Rehling et al., 2000; Wang et 

al., 2004). 

To test the hypothesis that yeast proteins containing both a PTS1 and PTS2 could 

be bridging the interaction between pex5-1 and PEX7,1 created truncated PEX5 and 

pex5-l constructs so that they would lack the TPR repeat-containing cargo-binding 

region (Figure 4.1) and coexpressed these truncated versions with the PEX7 construct. 

Surprisingly, PEX7 no longer interacted with tPEX5 (data not shown), suggesting that 

PEX5 may need to bind cargo to bind PEX7. However, strains containing tpex5-l 

coexpressed with PEX7 were still able to grow on -His medium (data not shown). When 

I sequenced the tPEX5 construct, I discovered a stop codon early in the coding sequence, 

explaining why tPEX5 could not bind PEX7 but tpex5-l could. 

4.6. Truncated pex5-l-cargo interactions 

As expected, when I coexpressed tpex5-l with PED1-SKL the strain was unable 

to grown on -His suggesting that the truncated version of pex5-l successfully disrupts 

interaction with PTS1 -cargo (Figure 4.3). 

4.7. Engineering an alternate PEX5-PEX7 interaction 

We had originally expected that pex5-l would show reduced binding to PEX7, 

and therefore I engineered PEX7 with a C-terminal PTS1 (PEX7-SKL) to provide an 

alternate means for PEX7 to bind to pex5-l and perhaps deliver PTS2 cargo to the 

peroxisome. Indeeed, PEX7-SKL binds pex5-l in the yeast two-hybrid, but so does 

PEX7 (Figure 4.4), so this experiment was not informative. 

When I examined a pex7-2-SKL construct in these assays, I found that unlike 

pex7-2, slight growth was observed for the pex7-2-SKL/PEX5 and pex7-2-SKL/pex5-l 

pairs (Figure 4.4), suggesting that the SKL was able to direct binding of pex7-2-SKL to 

the PEX5 cargo-binding region, and supporting the conclusion that pex5-l is not 
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Figure 4.4. Rescue receptor interaction. 

A yeast two-hybrid assay was conducted with PEX7 and pex7-2SKL fused to GAL4-
DNA binding domain (BD) and PEX5 and pex5-l fused to the GAL4 activation domain 
(AD). Colony replicates were spotted onto permissive plates (+His) and plates on which 
growth requires interaction (-His). Plates were incubated at 30°C for 2 days. 
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deficient in PTS1 binding. The growth on -His in the pex7-2-SKL/pex5-l pair (Figure 

4.4), however, is much weaker than the PEDl-SKL/pex5-l pair (Figure 4.3) or the 

PEX7-SKL/pex5-l pair (Figure 4.4) further implying that the pex7-2 mutation somehow 

hinders binding to PEX5. 

4.8. Conclusions 

My yeast two-hybrid analysis revealed that pex7-2 disrupts interaction with cargo 

and PEX5 and furthermore, that these interactions can be partially restored through the 

addition of a C-terrninal PTS1. I unexpectedly found that pex5-l did not disrupt 

interaction with cargo or PEX7 and, in this case, my assays were not sensitive enough to 

distinguish whether these interactions were in fact weaker than those with PEX5. 

Through the use of a truncated pex5-l version, I was able to eliminate the possibility that 

a yeast protein possessing both a PTS1 and PTS2 could be bridging the interaction of 

pex5-l with PEX7. Chapter 5 describes my determination of the effects these disrupted 

interactions might have in vivo. 
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Table 4-1. Summary of yeast strains used in this study. 

Strain 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

pBI770 
(BD) 

PEX7 

PEX7 

PEX7 

PEX7 

pex7-2 

pex7-2 

pex7-2 

PEX7SKL 

PED1SKL 

PEX4 

pBI770 

PEX7 

pex7-2 

PEX7SKL 

PED1SKL 

pBI770 

pBI770 

pBI770 

pBI770 

PED1 

PED1 

pex7-2-SKL 

pex7-2-SKL 

PED1 

PED1SKL 

PEX7SKL 

pex7-2-SKL 

PEX7SKL 

pex7-2-SKL 

PEX7 

PED1 

PED1 

PED1 

pB1770 

pBI771 
(AD) 

PED1 

tPEDl 

PEX5 

pex5-l 

PED1 

PEX5 

pex5-l 

pex5-l 

pex5-l 

PEX22 

pBI771 

pBI771 

pBI771 

pB1771 

pBI771 

PED1 

tPEDl 

PEX5 

pex5-l 

PEX5 

pex5-l 

pBI771 

pex5-l 

pBI771 

PEX5 

PED1 

PED1 

PEX5 

PEX5 

PEX7 

PEX7 

pex7-2 

PEX7SKL 

PEX7 

Stock number 

2228 

2229 

2230 

2231 

2232 

2233 

2234 

2235 

2236 

2237 

2238 

2239 

2240 

2241 

2242 

2243 

2244 

2245 

2246 

2247 

2248 

2249 

2250 

2252 

2253 

2254 

2255 

2256 

2257 

2263 

2264 

2265 

2266 

2267 

-His growth 

++ 

no 
+++ 

+++ 

no 

no 

no 

+++ 

+++ 

+++ 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 
+++ 

no 

no 

+++ 

+ 

no 

no 

no 
+ 

no 

'We discovered that the tPEX5 construct has a frameshift mutation. Any yeast two-hybrid results 
from strains containing tPEX5 therefore are not shown. 
2pBI770-PEX5 (Nito et al., 2002) andpBI770-tpex5-l self activate. Any yeast two-hybrid results 
from strains containing pBI770-tpex5-l were deemed unreliable and are not shown. 
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Strain 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

541 

592 

701 

75 

76 

77 

78 

79 

83 

84 

85 

86 

87 

88 

89 

pBI770 
(BD) 

pB1770 

pBI770 

PED1SKL 

PED1SKL 

PED1SKL 

pex7-2 

pex7-2 

pex7-2 

PEX7 

PEX7 

PEX7SKL 

PEX7SKL 

PEX7SKL 

pex7-2SKL 

pex7-2SKL 

pex7-2SKL 

PEX7 

pex7-2 

PEX7SKL 

tPEX5 

tpex5-l 

pBI770 

pB1770 

PEX7 

pex7-2 

PEX7SKL 

pex7-2SKL 

PED1 

tPEDl 

PED1SKL 

pBI770 

pBI770 

pex7-2 

tPEDl 

pBI771 
(AD) 

pex7-2 

PEX7SKL 

PEX7 

pex7-2 

PEX7SKL 

PEX7 

pex7-2 

PEX7SKL 

PEX7SKL 

pex7-2 

PEX7 

pex7-2 

PEX7SKL 

PEX7 

pex7-2 

PEX7SKL 

PED1SKL 

PED1SKL 

PED1SKL 

pBI771 

pBI771 

tPEX5 

tpex5-l 

tpex5-l 

tpex5-l 

tpex5-l 

tpex5-l 

tpex5-l 

tpex5-l 

tpex5-l 

PED1SKL 

pex7-2SKL 

tPEDl 

pBI771 

Stock number 

2268 

2269 

2270 

2271 

2272 

2273 

2274 

2275 

2276 

2277 

2278 

2279 

2280 

2281 

2282 

2283 

2304 

2305 

2306 

2307 

2312 

2323 

2328 

2329 

2330 

2331 

2332 

2335 

2372 

2336 

2373 

2374 

2375 

2376 

-His growth 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

+++ 

no 

+++ 

no 

+++ 

no 

no 
+++ 

no 
+++ 

no 

no 

no 

no 
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Chapter 5: Molecular Analysis of pex7-2 

This chapter describes my characterization of the molecular defects that underlie 

pex7 and pex5 phenotypes. I used western blotting to monitor protein accumulation and 

to indirectly assess defects in PTS2 protein import. GFP analysis helped me to directly 

assess defects in both PTS1 and PTS2 import in the mutants. 

5.1. Matrix Protein Import Analysis 

5.I.A. PTS2-protein processing 

I indirectly assessed PTS2 cargo import into pex7 peroxisomes by using 

immunoblotting to monitor removal of the PTS2 signal from thiolase and peroxisomal 

malate dehydrogenase (PMDH). PTS2 processing occurs after import and requires the 

action of the peroxisomally localized PTS2-processing protease DEG15, which is a PTS1 

protein (Helm et al., 2007; Schuhmann et al., 2008). Similar to previous reports of 

thiolase processing defects mpex7-l, pex5-10, andpex7-l pex5-l (Woodward and Battel, 

2005; Zolman et al., 2005), I found that thiolase and PMDH were fully processed in wild 

type, partially processed in the pex7-1, pex7-2, andpex5-l single mutants, and only 

minimally processed inpex5-10 and the double mutants (Figure 5.1). I found similar 

thiolase processing defects in light- and dark-grown seedlings, although some defects 

appeared somewhat more severe when seedlings were grown in the light (Figure 5.1). 

For example, about half of the thiolase was processed in dark-grown pex7-2 seedlings, 

whereas thiolase was almost completely unprocessed in light-grown pex7-2 seedlings. 

PMDH does not accumulate in dark-grown seedlings (data not shown). 
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Figure 5.1. pex7 and pexS single and double mutants have PTS2 processing defects. 

A. Dark-grown pex7 mutants have PTS2 processing defects. Proteins were extracted 
from seedlings grown 1 day in light and 4 days in darkness on 0.5% sucrose and analyzed 
by immunoblotting with the indicated antibodies. B. Light-grown pex7 mutants have 
PTS2 processing defects. Proteins extracted from 7-day-old seedlings grown on 0.5% 
sucrose under white light were analyzed by immunoblotting. The pmdhlpmdh2 double 
mutant, which contains T-DNAs inserted in both of the genes encoding peroxisomal 
malate dehydrogenase isozymes (Pracharoenwattana et al., 2007), is included as a control 
for the PMDH antibody. 
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5.I.B. Peroxisomally-targeted GFP analysis 

To directly analyze the effects of the pex7-2 mutation on matrix protein import, 

we crossed pex7-2 to transgenic lines containing peroxisome-targeted green fluorescent 

protein (GFP) derivatives and I examined the resultant homozygous plants using confocal 

fluorescence microscopy. The PTS2-GFP construct contains the first 147 base pairs from 

the PED1 thiolase isoform, which includes the PTS2 sequence, fused to the N-terminus 

of GFP (Woodward and Bartel, 2005). Whereas wild-type cotyledon cells efficiently 

imported PTS2-GFP into punctate structures diagnostic of peroxisomes, I found that in 

pex7-2 cotyledons, PTS2-GFP displayed some cytosolic fluorescence in the dark and 

mostly cytosolic fluorescence in the light (Figure 5.2). This localization confirmed that, 

although not completely blocked, PTS2 import is defective in pex 7-2. 

I also examined a PTS1 reporter (Zolman and Bartel, 2004), and found that GFP-

PTS1 displayed the expected punctate peroxisomal fluorescence pattern in cotyledons of 

dark-grown pex7 seedlings (Figure 5.3). Surprisingly, however, GFP-PTS1 displayed 

primarily cytosolic fluorescence in light-grown pex7-2 seedlings, indicating a defect in 

GFP-PTS1 import into peroxisomes (Figure 5.3.). This PTS1 import defect was apparent 

in multiple cell types, including cotyledon epidermal cells and the underlying mesophyll 

cells (Figure 5.3). To assess whether this defect in PTS1-GFP was unique to pex7-2,1 

also examined cotyledons of the weaker pex7-l allele and in thepex5-l pex7-l double 

mutant. In both cases I detected substantial cytosolic GFP-PTS1 in light-, but not dark-

grown seedlings (Figure 5.3), confirming that reduced PTS1 import can result from 

decreased PEX7 function. 

5.2. Protein accumulation analysis 

The cytosolic fluorescence pattern of GFP-PTS1 in light-grown pex7 mutants 

suggested that PTS1 import, and by extension PEX5, depends on PEX7. To further 

understand the basis of the pex7 PTS1 import defects, I analyzed peroxin protein levels in 



68 

Dark Light 
epidermis epidermis epidermis mesophyll 

/PI /chl 

Figure 5.2. pex7-2 has defective PTS2-GFP import. 

Cotyledons of 7-day-old light-grown seedlings or of seedlings grown 1 day in the light 
and 4 days in the dark on 0.5% sucrose were analyzed using confocal fluorescence 
microscopy. Matrix protein import defects were visualized by imaging fluorescence from 
a GFP derivative (PTS2-GFP) carrying the N-terminal peroxisome targeting sequence 
from PED1 (Woodward and Bartel, 2005). Dark-grown cotyledons were briefly stained 
with propidum iodide, which stains cell walls, before visualization of epidermal cells; the 
second column from the left shows merged images of GFP (green; third column) and 
propidium iodide (red) fluorescence. Epidermal cells (third column) and the underlying 
mesophyll cells (last column) were imaged from light grown seedlings. The mesophyll 
column shows merged images of GFP (green) and chlorophyll (red) fluorescence. 
Because of the large central vacuole of expanded plant cells, most of the cytosol is 
consolidated at the cell margins. Scale bar represents 20 urn. 



69 

i 

X 

a 

i 

X 
CD 

CN 
hi 
X 
CD 

a 

Dark 
epidermis epidermis 

Light 
epidermis mesophyll 

Figure 5.3. pex7-2 has defective GFP-PTS1 protein import in the light. 

Cotyledons of seedlings grown as in Figure 5.2 were analyzed using confocal 
fluorescence microscopy as in Figure 5.2. Matrix protein import defects were visualized 
by imaging fluorescence from a GFP derivative (GFP-PTS1) carrying the a C-terminal 
PTS1 (Zolman and Bartel, 2004). Scale bar represents 20 urn. 
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mutant seedlings. I found that PEX7 levels were similar to wild type in both pex5 alleles 

but were reduced in bothpex7 alleles (Figure 5.4), consistent with the reduced PEX7 

mRNA level in pex7-l (Woodward and Bartel, 2005) and suggesting that the pex7-2 

lesion might impair PEX7 stability in seedlings in addition to disrupting PEX5 and cargo 

interactions (Figure 4.2.A). As previously reported (Woodward and Bartel, 2005; 

Zolman et al, 2005), pex5-l andpex5-10 mutants accumulated normal and undetectable 

levels of full-length PEX5, respectively. Although PEX5 levels were nearly normal in 

pex7 mutants grown in the dark (Figure 5.4.A), both pex 7 mutant alleles accumulated 

substantially less PEX5 than wild type in light-grown seedlings (Figure 5.4.B). This 

result suggested that the unexpected defects in GFP-PTS1 import displayed by the pex7 

mutants could be explained by the reduced accumulation of PEX5 in these mutants and 

that PEX5 might depend on PEX7 for stability in light-grown seedlings. 

5.3. Conclusions 

In this chapter, I have described direct and indirect evidence that pex receptor 

mutants have defects in PTS2 protein import. These defects seem to be enhanced when 

seedlings are grown in the light versus the dark, implying a direct or indirect effect of 

light conditions on peroxisome development. In pex 7 mutants, protein accumulation 

analysis revealed that low PEX7 levels probably contribute to the PTS2 defects I 

observed. In Chapter 4,1 demonstrated that pex5-l did not disrupt interaction with cargo 

or PEX7 in the yeast two-hybrid assay, and in this chapter, I found that pex5-l had no 

obvious effect on PEX5 or PEX7 protein accumulation, so it is still unclear what is 

causing the pex5-l PTS2 defects. Unexpectedly, I observed a defect in PTS1 protein 

import in light-grown pex7 mutants. Protein accumulation analysis revealed that this 

PTS1 defect is accompanied by a decrease in PEX5 levels in the light, suggesting the 

possibility that restoring PEX5 levels might ameliorate pex7 phenotypes. In Chapter 6,1 
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describe my attempts to rescue the pex receptor mutant phenotypes by overexpressing 

each receptor in each mutant. 
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B Light 

Figure 5.4. PEX7 and PEX5 accumulation in pex7 and pex5 single and double 
mutants. 

A. Dark-grown pex7 mutants have PEX7 accumulation defects. Proteins were extracted 
from seedlings grown 1 day in light and 4 days in darkness on 0.5% sucrose and analyzed 
by immunoblotting with the indicated antibodies. B. Light-grown pex7 mutants have 
reduced PEX7 and PEX5 accumulation. Proteins extracted from 7-day-old seedlings 
grown on 0.5% sucrose under white light were analyzed by immunoblotting. The 
pmdhlpmdh2 double mutant, which contains T-DNAs inserted in both of the genes 
encoding peroxisomal malate dehydrogenase isozymes (Pracharoenwattana et al., 2007), 
is included as a control for the PMDH antibody. 
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Chapter 6: Overexpression analysis ofpex mutants 

In Chapter 5,1 described a decrease in PEX5 and PEX7 protein accumulation in 

pex7 mutants. This deficiency in protein levels may contribute to the physiological 

phenotypes as well as the defects in PTS1 and PTS2-GFP import I observed. I also 

confirmed that pex5 mutants have deficiencies in PTS2 processing and import. In this 

chapter, I describe my attempts to rescue physiological and molecular defects in both 

pex5 and pex7 mutants by overexpressing various proteins in these mutants. As outlined 

below, I found that 35S-PEX7 partially rescued pex5-1, but that 35S-PEX5 did not rescue 

pex7-l or pex7-2 phenotypes. These results are summarized in Tables 6-1 and 6-2. 

I generated constructs in which PEX5, PEX7, and PED1 cDNAs are driven by the 

35S promoter as described in Chapter 2. I also created PTS1-tagged versions of PEX7, 

PED1, and pex 7-2. All constructs (Tables 6-1 and 6-2) were transformed into wild type 

to assess whether they had no deleterious effects on physiological and molecular 

phenotypes, and into various mutants to assess phenotypic rescue. 

6.1. PEX5 overexpression 

6.1.A. PEX5 overexpression in wild type 

Receptor levels in the light and dark. I used western blotting with anti-PEX5 

antibody to monitor PEX5 levels. The wild type (35S-PEX5) transgenic line (Col (35S-

PEX5)) had significantly higher PEX5 levels than untransformed wild type in both the 

light and the dark, indicating successful PEX5 overexpression (Figure 6.1). 35S-PEX5 

had no effect on PEX7 levels in wild-type transgenic lines (Figure 6.1). 
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Table 6-1. Summary of results for receptor overexpression analysis. 

Construct Plant line 

ft, 
I 

co 
"•"•> 

PEX7 PEX5 PTS2 IBA sucrose 
levels levels processing response dependence 

Wild type no change elevated no change no change no change 

pex5-l no change elevated rescued rescued rescued 

pex5-10 no change elevated rescued rescued not tested 

elevated 
pex7-l no change (dark) 

no change no change no change 

CI GVatSfl 
pex7-2 no change , , , . no change no change no change 

(̂ darKj 

Wild type no change no change no change no change no change 

ft. 
to " - > 

pex5-l elevated no change partial no change partial 

pex7-l restored no change rescued rescued rescued 

pex7-2 restored no change rescued rescued rescued 

Wild type no change no change no change defective not tested 

CO 

% 
ft, 
co " - > 

pex5-l no change no change rescued partial not tested 

pex7-l no change no change partial rescued not tested 

pex7-2 no change no change partial partial not tested 

rt Wild type no change no change no change no change not tested 

i 

^ pex7-l no change no change partial rescued not tested 
•?> 

CO 

~i pex7-2 no change no change partial partial not tested 
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Table 6-2. Summary of results for PED1 and PED1-SKL overexpression analysis. 

Construct Plant line 

CO 

PED1 PEX7 PEX5 PTS2 IBA sucrose 
levels levels levels processing response dependence 

Wild type no change no change no change 

pex7-l no change no change no change 

pedl-1 elevated no change no change 

no no change , not 
° change 

tested 

no change partial not tested 

rescued rescued not tested 

3 

CO 

Wild type elevated no change no change no no change . not tested 
° change 

pex5-l elevated no change no change partial partial not tested 

pex7-l no change restored no change rescued partial not tested 

pedl-1 restored no change no change rescued rescued not tested 
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Figure 6.1. Receptor accumulation in overexpression lines. 

A. PEX5 and PEX7 accumulation in light-grown seedlings. Seeds were surface-
sterilized prior to plating for growth on PNS. Seedlings were grown for seven days under 
white light at 22°C. Each lane contains protein from at least ten seedlings. B. PEX5 and 
PEX7 accumulation in dark grown seedlings. Seedlings were grown under white light for 
1 day at 22°C then transferred to the dark and grown vertically for 4 days at 22°C. Each 
lane contains protein from between 10 to 15 seedlings. Proteins were separated by 
SDS-PAGE and analyzed by western blotting with the indicated antibodies. !Plant lines 
segregating for the transgene. 
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Figure 6.2. PTS2 processing in overexpression lines. 

A. Thiolase and PMDH processing in light-grown seedlings. Seeds were surface-
sterilized prior to plating for growth on PNS. Seedlings were grown for seven days under 
white light at 22°C. Each lane contains protein from at least ten seedlings. The PMDH 
panel was probed with PMDH antibody after the PEX7 antibody. Residual PEX7 signal 
is seen between the precursor and mature PMDH in the 35S-PEX7 lanes (marked with an 
asterisk; compare to second panel in Figure 6. LA). B. Thiolase processing in dark 
grown seedlings. Seedlings were grown under white light for 1 day at 22°C then 
transferred to the dark and grown vertically for 4 days at 22°C. Each lane contains 
protein from between 10 to 15 seedlings. Proteins were separated by SDS-PAGE and 
analyzed by western-blotting with the indicated antibodies. l Plant lines segregating for 
the transgene. 
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PTS2 processing in the light and dark. I analyzed processing of thiolase in the 

light and dark and PMDH in the light in wild type (35S-PEX5) (Figure 6.2). 35S-PEX5 

had no observable effect on thiolase and PMDH processing in wild-type plants (Figure 

6.2). 

IBA resistance and sucrose dependence. Wild type (35S-PEX5) plants 

remained sucrose independent in the dark (Figure 6.3) and retained IBA responsive 

primary root elongation (Figure 6.4). Together these experiments demonstrated that 

increasing PEX5 levels in wild-type plants does not detectably alter peroxisome 

functioning. 

6.I.B. PEX5 overexpression in pex5-l and pex5-10 

Western receptor levels in the light and dark. In the light and in the dark, 

pex5-l (35S-PEX5) had increased PEX5 accumulation compared to untransformed 

pex5-l (Figure 6.1). pex5-10 (35S-PEX5) also displayed elevated levels of full-length 

PEX5 in the light (Figure 6.5). 

PTS2 processing in the light and dark. pex5-l (35S-PEX5) lines displayed a 

clear reversal of the ratio of processed PTS2 protein to unprocessed PTS2 protein 

compared to untransformed lines (Figure 6.2). The residual unprocessed thiolase and 

PMDH in pex5-l (35S-PEX5) (Figure 6.2) was probably due to the fact that the line was 

segregating for the transgene. 

IBA resistance and sucrose dependence. To avoid skewing the data with 

segregating lines, I measured all seedlings in each transformed line, and then transferred 

them to soil and tested for BASTA resistance. Those seedlings that were not BASTA 

resistant were eliminated from the data analysis. As expected, pex5-l sucrose 

dependence (Figure 6.3) and IBA resistance (Figure 6.4) were rescued by transformation 
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Figure 6.5. Protein accumulation in pex5-10 and pex7-l overexpression lines. 

Seeds were surface-sterilized prior to plating for growth on PNS. Seedlings were grown 
on PNS for 7 days under white light at 22°C. Each lane contains protein from 10 to 15 
seedlings. Proteins were separated by SDS-PAGE and analyzed by western blotting with 
the indicated antibodies. *The western analysis is consistent with the possibility that this 
line is actually pex5-10 (35S-PEX5) rather thanpex5-70 (35S-PED1). Future genotyping 
will resolve this issue. 
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with 35S-PEX5. pex5-10 (35S-PEX5) also displayed restored response to IB A (Figure 

6.6). Together, these experiments demonstrated that the 35S-PEX5 construct was 

expressing functional PEX5 protein. 

6.I.C. PEX5 overexpression in pex7-l and pex7-2 

Light-grown pex 7 mutants are deficient in PTS1 protein import (Chapter 5), 

possibly because of a decrease in PEX5 accumulation in the light (Chapter 5). By 

restoring PEX5 levels in pex7 mutants, we thought we might be able to rescue PTS1 

import and possibly defects in IBA response and fatty acid metabolism. 

Receptor levels in the light and dark. pex7-l and pex7-2 (35S-PEX5) lines 

appeared to have slightly higher PEX5 levels than the untransformed mutants when 

grown in the light (Figure 6.1 .A) although not as high as when those lines were grown in 

the dark (Figure 6.1.B). However, 35S-PEX5 did not restore PEX7 levels in pex 7 

mutants in either the light or the dark (Figure 6.1). 

PTS2 processing in the light and dark. pex7-l and pex7-2 (35S-PEX5) lines did 

not have noticeably different thiolase processing or PMDH processing from 

untransformed pex7 mutants in the light (Figure 6.2. A) or the dark (Figure 6.2.B), 

suggesting that restoring PEX5 levels in these mutants is not enough to rescue PTS2 

import defects. 

IBA resistance and sucrose dependence. pex7-l and pex7-2 (35S-PEX5) lines 

did not have restored response to IBA (Figure 6.4). pex7-2 (35S-PEX5) grew similarly to 

pex7-2 in the presence and absence of sucrose (Figure 6.3). Thus, pex7 physiological 

phenotypes were not restored by restoring PEX5 levels. 
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• N o hormone 

B I O M M I B A 

JL 

wt wt 
35S-PEX5 

T3-F5 

pex5-1 pex5-1 
35S-PEX5 

T3-C1 

pex5-10 pex5-10 
35S-PEX5 

T3-A1 

Figure 6.6. IBA resistance of pex5 mutants is rescued by overexpression of PEX5. 

Seedlings grown for 8 days under yellow-filtered light on medium without hormone or 
supplemented with IBA were removed from the agar and roots were measured. Bars 
show mean + SE; n > 10. 
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6.2. PEX7 overexpression 

6.2.A. PEX7 overexpression in wild type 

Receptor levels in the light and dark. I did not isolate a line that accumulated 

PEX7 to significantly higher levels than in wild type plants, despite analyzing progeny 

from three primary transformants (Figure 6.1 and 6.7). 

PTS2 processing in the light and dark. None of the wild type (35S-PEX7) lines 

analyzed exhibited defects in PTS2 processing in the light or in the dark (Figures 6.2 and 

6.8). 

Physiology: IBA resistance and sucrose dependence. Wild type (35S-PEX7) 

lines exhibited normal growth with and without sucrose in the dark (Figure 6.3) and 

retained IBA responsiveness (Figure 6.4). 

6.2.B. PEX7 overexpression in pex7-l and pex7-2 

Receptor levels in the light and dark. pex7-l andpex7-2 (35S-PEX7) lines had 

elevated PEX7 accumulation in the light and in the dark (Figure 6.1). PEX5 levels did 

not seem to be fully restored by the increase in PEX7 accumulation (Figure 6.1). This 

result is unexpected and this experiment needs to be repeated. 

PTS2 processing in the light and dark. As expected, in light- and dark-grown 

pex7 mutants overexpressing PEX7 rescued both thiolase and PMDH PTS2 processing 

defects (Figure 6.2). 

IBA resistance and sucrose dependence. pex7-l andpex7-2 (35S-PEX7) lines 

exhibit restored response to IBA in root elongation assays (Figure 6.4). pex7-2 

(35S-PEX7) is also no longer sucrose dependent in the dark (Figure 6.3). Together, these 

experiments show that the physiological and PTS2 processing defects of the pex 7-2 

mutant stem from reduced PEX7 function. 
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Figure 6.7. Protein accumulation in light-grown wild-type overexpression lines. 

Seedlings were grown on PNS for 7 days under white light at 22°C. Each lane contains 
protein from 10 to 15 seedlings. Proteins were separated by SDS-PAGE and analyzed by 
western blotting with the indicated antibodies. 
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Figure 6.8. Protein accumulation in pex5-l overexpression lines. 

Seedlings were grown on PNS for 7 days under white light at 22°C. Each lane contains 
protein from 10 to 15 seedlings. Proteins were separated by SDS-PAGE and analyzed by 
western blotting with the indicated antibodies. 
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6.2.C. PEX7 overexpression in pex5-l 

Receptor levels in the light and dark. pex5-l (35S-PEX7) accumulated PEX7 

to significantly higher levels than the untransformed jpex5-7 mutant in both light- and 

dark-grown conditions (Figures 6.1). This increase in PEX7 accumulation appeared to 

have no effect on PEX5 levels in pex5-l (Figure 6.1). 

PTS2 processing in the light and dark. The ratio of processed to precursor 

PMDH and thiolase mpex5-l lines overexpressing PEX7 was higher than in 

untransformed/?ex5-./ (Figure 6.2), suggesting that PEX7 overexpression partially 

rescued PTS2 processing in pex5-l. 

IB A resistance and sucrose dependence. In two different trials, pex5-l IB A 

resistant root elongation was not (Figure 6.4) or was partially (Figure 6.11) rescued by 

PEX7 overexpression. This experiment needs to be repeated using a range of IBA 

concentrations. In addition, the pex5-l partial sucrose dependence in the dark was 

rescued upon overexpression of PEX7 (Figure 6.3), suggesting that the partial restoration 

of PTS2 proccessing that accompanied PEX7 overexpression was enough to fully rescue 

pex5-l sucrose dependence in the dark. 

6.3. PED1 overexpression 

6.3.A. PED1 overexpression in wild type 

I did not obtain a wild-type line that accumulated significantly higher levels of 

PED1 than untransformed wild type (Figure 6.7). Wild type (35S-PED1) did not exhibit 

defects in thiolase processing (Figure 6.7), altered PEX5 and PEX7 levels (Figure 6.7), or 

altered IBA responsiveness in root elongation assays (Figure 6.9). 

6.3.B. PED1 overexpression in pedl-1 

pedl-1 (35S-PED1) had restored PED1 levels, no defects in PTS2 processing 

(Figure 6.10), and restored response to IBA in primary root elongation inhibition (Figure 
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6.9), confirming that my S5S-PED1 construct was working properly. Overexpression of 

35S-PED1 appeared to have no effect on PEX5 or PEX7 levels inpedl-1 (Figure 6.10). 

6.3.C. PED1 overexpression in pex7-l 

PED1 levels were not elevated inpex7-l (35S-PED1) compared to pex7-l and 

PED1 processing was not rescued (Figure 6.5). PEX7 and PEX5 levels were unaffected 

inpex7-l (35S-PED1) (Figure 6.5). Despite the apparently unchanged PED1 protein 

levels, 35S-PED1 appeared to partially rescue pex7-l defects in IBA response (Figure 

6.9). 

6.4. PEX7-SKL and pex7-2-SKL overexpression 

pex5-l is deficient in PTS2 protein transport, possibly because of an altered 

ability of PEX5 to bind PEX7 (Woodward and Battel, 2005). Because oligomeric 

proteins can be imported into the peroxisome (McNew and Goodman, 1994; Kato et al., 

1999), we hypothesized that PEX7 containing a C-terminal PTS1 sequence might bind 

PEX5 in a different manner and that I might rescue the pex5-l mutant by introducing a 

PTS1-targeted PEX7. I overexpressed PEX7-PTS1 driven by the constitutive 35S 

promoter inpex7-l, pex7-2, pex5-l, and wild type. 

Based on the results of the yeast-2-hybrid experiments in Chapter 4,1 

overexpressedpex7-2-?TS>\ driven by the 35S promoter in the variouspex5 andpex7 

mutants. PEX7-PTS1 transformed into pex7-1 and pex7-2 were controls to determine 

whether a PTS1 interferes with PEX7 function and accumulation, and PEX7-PTS1 

transformed into pex5-10 was a negative control that I did not expect to rescue. If PEX7-

PTS1 rescues pex7-1 and pex7-2 phenotypes, this result would indicate that the modified 

PEX7 is still functional. If PEX7-PTS1 is able to rescue pex5-l, but not the putative null 

pex5-10 mutant, this result would suggest that targeting PEX7 for PEX5 binding by 

another means can restore peroxisome function. 
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Figure 6.10. Protein accumulation inpedl-1 and pex7-2 overexpression lines. 

Seedlings were grown on PNS for 7 days under white light at 22°C. Each lane contains 
protein from 10 to 15 seedlings. Proteins were separated by SDS-PAGE and analyzed by 
western blotting with the indicated antibodies. 
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6.4.A. PEX7-SKL and pex7-2-SKL overexpression in wild type 

Receptor levels. In the light, 35S-PEX7-SKL and 35S-pex7-2-SKL did not 

accumulate to notably higher levels in either of the examined transformed plant lines 

compared to the untransformed plant lines (Figure 6.7). In addition, PEX5 protein levels 

were unaffected in these lines. One important factor to consider is that our PEX7 

antibody recognizes the extreme C-terminus of the PEX7 protein and any alterations to 

the C-terminus, such as the addition of a PTS1, could cause the protein to be 

unrecognizable by the antibody. The PEX7 protein band that is visible in Figure 6.7 

could be endogenous PEX7 and not PEX7-SKL or pex7-2-SKL. 

PTS2 processing. In the light, PED1 was processed similarly to wild type in wild 

type (35S-PEX7-SKL) and wild type (35S-pex7-2-SKL). 

IBA resistance. Wild type (35S-pex7-2-SKL) was unaffected in IBA primary 

root elongation assays. Surprisingly, wild type (35S-PEX7-SKL) exhibited moderate 

IBA-resistant root elongation (Figure 6.11). This result suggests that the C-terminal 

PTS1 tag interferes with wild-type PEX7 or PEX5 function. 

6.4.B. PEX7-SKL overexpression in pex5-l 

Receptor levels. pex5-l (35S-PEX7-SKL) did not overaccumulate PEX7 in the 

light (Figure 6.8). Once again, our PEX7 antibody may not recognize the protein 

encoded by the transgene, and the PEX7 seen in Figure 6.8 could be endogenous PEX7 

and not PEX7-SKL. 

PTS2 processing. Although PEX7 was not more abundant in pex5-l (35S-PEX7-

SKL) than in pex5-l, this transgenic line displayed completely rescued thiolase 

processing (Figure 6.8). In contrast, multiple pex5-l (35S-PEX7) lines only partially 

restored thiolase processing (Figure 6.8). 
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IBA resistance. PEX7-SKL was also able to partially restore IBA responsiveness 

to pex5-l roots (Figure 6.11). This rescue appeared to be somewhat more effective than 

rescue by 35S-PEX7 (Figure 6.11), even though the latter lines accumulated more PEX7 

than the PEX7-SKL line (Figure 6.8). These results are consistent with the possibility 

that pex5-l is deficient in PEX7 binding and that this deficiency can be rescued by 

providing an alternate binding site. 

6.4.C. PEX7-SKL and pex7-2-SKL overexpression in pex7-l and pex7-2 

Receptor levels in the light. PEX7-SKL and pex7-2-SKL did not accumulate to 

detectable levels in eitherpex7 mutant (Figure 6.5 and 6.10). PEX5 levels remained 

unaltered in pex7 mutants (Figure 6.5). 

PTS2 processing. Although PEX7-SKL and pex7-2-SKL failed to accumulate in 

pex7 mutants (Figure 6.5 and 6.10), I observed a partial rescue of thiolase processing 

defects (Figure 6.5 and 6.10) in both mutants with both constructs. 

IBA resistance. Additionally, bothpex7 mutants displayed partially restored 

responses to IBA (Figure 6.11) when either 35S-PEX7-SKL or 35S-pex7-2-SKL were 

introduced. pex7-l was more completely rescued thanpex7-2 (Figure 6.11). 

6.5. PED1-SKL overexpression 

pex5 and pex7 mutants have defects in PTS2 import (Chapter 5) and thiolase 

processing (Chapter 5). pex7-2 is unable to bind PED1 in yeast two-hybrid assays 

(Chapter 4). These results suggest that thiolase is not being delivered to the peroxisome 

efficiently mpex5 andpex7 mutants. To determine if thiolase not entering the 

peroxisome is the major defect causing the molecular defects in PTS2-GFP import and 

thiolase processing I engineered a thiolase construct containing a C-terminal PTS1 

(PED1-SKL). In Chapter 4,1 demonstrated that PED1-SKL binds to PEX5, suggesting 

that the C-terminal PTS1 will provide an alternate route for PED1 into the peroxisome. 
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6.5.A. PED1-SKL overexpression in wild type 

Unlike 35S-PEDJ, PED1-SKL accumulated to significantly higher levels than 

PED1 in untransformed wild type (Figure 6.7). PED1 was completely processed in wild 

type (35S-PED1-SKL). Wild type (35S-PED1-SKL) lines had normal PEX5 and PEX7 

levels (Figure 6.7). 35S-PED1-SKL had no effect on wild type IBA response (Figure 

6.9), suggesting that my construct does not interfere with normal peroxisomal processes. 

6.5.B. PED1-SKL overexpression in pedl-1 

I was able to express PED1-SKL in light-grown pedl-1 although PED1-SKL did 

not accumulate to the same level as 35S-driven PED1 in pedl-1 (Figure 6.10). As 

expected, pedl-1 (35S-PED1-SKL) did not exhibit defects in thiolase processing (Figure 

6.10). I found thatpedl-1 (35S-PED1-SKL) had restored responsiveness to IBA in root 

elongation assays (Figure 6.9), suggesting that PED1-SKL functions similarly to PEDl. 

6.5.C. PED1-SKL overexpression in pex5-l 

PED1-SKL accumulated inpex5-l (35S-PED1-SKL) overexpressed mpex5-l and 

the transgenic line seemed to have a partial rescue of thiolase processing (Figure 6.8). 

35S-PED1-SKL had no effect on receptor levels inpex5-l (Figure 6.8). pex5-l (35S-

PED1-SKL) appeared to have partially restored response to IBA in root elongation assays 

(Figure 6.9). 

6.5.D. PED1-SKL overexpression in pex7-l 

35S-PED1-SKL restored thiolase processing inpex7-l. pex7-l (35S-PED1-SKL) 

had increased PEX7 compared to the untransformed mutant but PEX5 levels remained 

the same (Figure 6.5). pex7-l (35S-PED1-SKL) had a partially restored response to IBA 

root elongation inhibition (Figure 6.9). 
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6.6. Conclusions 

The experiments in this chapter are preliminary; the promising experiments will 

need to be repeated with additional lines and more in depth analyses. Following are some 

tentative conclusions and areas warranting further investigation. 

Although pex5 mutants do not have PEX7 accumulation defects, overexpression 

of PEX7 in pex5-l partially rescued thiolase processing and sucrose dependence 

phenotypes. These results are consistent with the idea that pex5-l defects stem from a 

partial loss of PEX7 function. 

When I introduced a PTS1-tagged PEX7, PEX7-SKL, into wild-type plants, I 

observed a decrease in IBA response, suggesting that PEX7-SKL partially interferes with 

peroxisome function. PEX7-SKL did not overaccumulate in wild type plants and was not 

detected in either pex 7 mutant in a western blot. However, PEX7-SKL was still able to 

rescue IBA response in pex7-1 and partially rescue IBA response in pex7-2. 

35S-PEX7-SKL also partially rescued thiolase processing in pex7 mutants. Additionally, 

PEX7-SKL overexpression, unlike PEX7, was able to fully rescue pex5-1, further 

suggesting that pex5-l has a PEX7 binding defect that can only be more completely 

overcome by allowing PEX7 to bind PEX5 in a different manner. 

It was interesting that overexpression of PEX7 in pex 7 mutants appeared to rescue 

PTS2 processing as well as IBA response and sucrose dependence phenotypes without 

fully restoring PEX5 levels. If this result is confirmed, it would be interesting to assess 

the effects on GFP-PTS1 and PTS2-GFP import in these lines to determine whether 

elevated PEX7 in a background with decreased PEX5 can restore the molecular defects in 

import. 

I did not isolate a pex 7 (35S-PEX5) line that accumulated PEX5 to higher levels 

than wild type. The defect in PEX5 accumulation is less severe inpex7 mutants grown in 

the dark, and accordingly, I observed that PEX5 accumulated to slightly higher levels in 
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the dark inpex7 (35S-PEX5) lines. It is possible that PEX5 is not easily overexpressed in 

pex7 because PEX5 requires PEX7 for stability. To test this hypothesis, we have crossed 

the pex7 mutants to the wild type (35S-PEX5) T3-F5 line, which very noticeably 

overaccumulates PEX5. Analysis of PEX5 levels inpex7 (35S-PEX5) plants from this 

cross will allow us to remove any variation caused by the position of the 35S-PEX5 

T-DNA insertion site. 
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Chapter 7: Genetic Analysis of IBA-Response Mutants 

Hormone homeostasis and signaling has an essential role in the plant life cycle. 

This project involves the study of the hormone IBA and its conversion to IAA in the 

model plant Arabidopsis thaliana. It has been suggested that IBA is converted to IAA in 

a process that is similar to fatty acid P-oxidation (Fawcett et al., 1960). Several IBA-

response {ibr) mutants have been isolated and studied with the aim of determining the 

steps involved in the conversion of IBA to IAA. ibr mutants are resistant to root 

elongation inhibition by IBA, but respond normally to IAA (Zolman et al., 2000). This 

project focused on the identification and characterization of proteins that help convert 

IBA to IAA. 

An unresolved question about IBA p-oxidation to IAA is whether the enzymes 

acting in fatty acid p-oxidation are the same as those used to convert IBA to IAA. One 

possibility is that the enzymes used in fatty acid metabolism recognize IBA-CoA as a 

substrate and act directly on IBA-CoA. Another possibility is that enzymes exist that act 

solely on IBA-CoA and are independent of fatty acid metabolism (Figure 7.1). A piece 

of evidence that supports the former possibility is that pedl, aiml, and acx mutants are 

deficient not only in fatty acid (3-oxidation, but also in IBA responses, suggesting there 

are shared factors between the two processes (Hayashi et al., 1998; Zolman et al., 2000; 

Adham et al., 2005). This chapter describes evidence supporting the latter possibility 

from the characterization of three IBA-response mutants, ibr3, ibr 10, and ibrl. These 

mutants are deficient in IBA responses but lack defects in fatty acid (3-oxidation. Part of 

the work described in this chapter has been published (Zolman et al., 2008). 
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Figure 7.1. Fatty acid P-oxidation (right) versus a model for IBA P-oxidation (left). 

A. A proposed pathway for IBA to IAA conversion may involve the proteins IBR3, a 
putative acyl-CoA dehydrogenase, IBR10, a putative enoyl-CoA hydratase, and IBR1, a 
putative hydroxyacyl-CoA dehydrogenase. B. Fatty acid P-oxidation is carried out by the 
sequential action of acyl-CoA synthetases (ACS), acyl-CoA oxidases (ACX), 
multifunctional proteins (AIM1/MFP2) responsible for two different enzymatic activities, 
and thiolases including PED1 (peroxisome defective). (Modified from Zolman et al., 
2008). 
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7.1. ibr3, ibrlO, and ibrl are defective in peroxisomal enzymes 

Three mutants have been isolated, ibr3, ibrlO, and ibrl, that display an IBA 

resistant, IAA sensitive phenotype without any apparent defect in fatty acid P-oxidation 

(Zolman et al., 2000; Zolman et al., 2008). These mutants are defective in proteins 

similar to three proteins involved in fatty acid |3-oxidation: an acyl-CoA 

oxidase/dehydrogenase, an enoyl-CoA hydratase, and a hydroxyacyl-CoA 

dehydrogenase, respectively (Zolman et al., 2007; Zolman et al., 2008). Thus the IBR3, 

IBR10, and IBR1 proteins are candidates for catalyzing sequential steps of IBA |3-

oxidation (Figure 7.1). 

Multiple alleles of ibrl were isolated by Bethany Zolman through a screen for 

IBA resistant root elongation (Zolman et al., 2000; Zolman et al., 2008). ibrl was 

mapped to a region of chromosome 4 (Figure 7.2.A) and found to be defective in a PTS1 

enzyme similar to a short-chain dehydrogenase reductase (Figure 7.3). The focus of my 

efforts on this project was limited to ibrl-2, which has a G to A mutation that disrupts a 

3' splice site (Figure 7.2.B). 

Multiple ibr3 alleles were isolated by Bethany Zolman in a screen for IBA 

resistant root elongation (Zolman et al., 2000; Zolman et al., 2007). ibr3 was mapped to 

the top of chromosome 3 (Figure 7.2.C) and found to be defective in an enzyme similar to 

acyl-CoA dehydrogenases. This project focuses on characterization of ibr3-l, which has 

a G to A mutation that leads to a Glu to Lys amino acid change and a second G to A 

mutation that disrupts a 3' splice site (Figure 7.2.D). 

ibrlO was isolated by Arthur Millius from a T-DNA mutagenized population 

through a screen for IBA-resistant root elongation (Zolman et al., 2008). Positional 

cloning revealed a 78-bp deletion south of IBR1 on chromosome 4 (Figure 7.2.E, F) in a 

gene (At4gl4430) encoding a PTS1 enzyme similar to enoyl-CoA hydratases (Figure 

7.4). 
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Figure 7.2. Positional cloning of IBR1, IBR3, and IBR10. 

A and B. ibrl mutants were identified in a forward genetics screen for elongated roots on 
inhibitory concentrations of IBA. Recombination mapping localized the ibrl mutations to 
the top of chromosome 4. C and D. ibr3 mutants were identified in a forward genetics 
screen for elongated roots on inhibitory concentrations of IBA. Recombination mapping 
localized the mutations to the top of chromosome 3. E and F. ibrl0-1 was identified in a 
forward genetics screen for elongated roots on inhibitory concentrations of IBA. 
Recombination mapping localized ibrlO to chromosome 4. At4gl4440 is a close 
homologue of IBR10. Arrows show point mutations; triangles indicate positions of T-
DNA insertions. (Modified from Zolman et al., 2007; Zolman et al., 2008). 
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Figure 7.3. IBR1 resembles short-chain dehydrogenase/reductase enzymes. 

Using the Clustal W method, an alignment was made of Arabidopsis (At) IBR1 with rice 
(Os), beetle (Tc), human (Hs), Tetrahymena (Tt), and Algoriphagus (Al). Conserved 
residues are highlighted in black. The C-terminal PTS1 is highlighted in gray. Asterisks 
denote the catalytic residues characteristic in SDR proteins (Kallberg et al. 2002). 
(Modified from Zolman et al., 2008). 
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Figure 7.4. IBR10 resembles enoyl-CoA hydratases. 

An alignment of IBR10 with enoyl-CoA hydratases from Arabidopsis (At), rice (Os), 
Thermobifida fusca (Tf), Dictyostelium (Dd), and humans (Hs) was made using the 
Clustal W method. Conserved residues are highlighted in black. The C-terminal PTS1 is 
highlighted in gray. An asterisk denotes a Glu residue important for activity in various 
organisms. (Modified from Zolman et al., 2008). 
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7.2. Complementation of ibrlO-1 

To confirm that the ibrlO-1 mutation was responsible for the IBA-resistant root 

elongation and lateral root initiation phenotypes, we overexpressed wild type IBR10 in 

ibrlO-1 using the 35S promoter from cauliflower mosaic virus. I found that 35S-IBR10 

rescued both IBA-resistant root elongation and IBA-resistant lateral root formation of 

ibrlO-1 (Figure 7.5.A, B), indicating that the correct gene had been identified. 

7.3. Mutations in IBR10 homologs do not cause IB A resistance 

The two closest homologs of IBR10, At4gl4440 and Atlg65520 encode proteins 80% 

identical and 49% identical to IBR10, respectively (Figure 7.4). At4gl4440 does not 

contain a known PTS, whereas Atlg65520 possesses a C-terminal SKL. I tested 

insertion mutations (SALKO12852 and SALK036386) in the closest homologs of 

IBR10 for IBA-resistant root elongation and found that these mutants were not defective 

in IBA response (Figure 7.5.C), suggesting that the two IBR10 homologs do not have an 

important role in IBA response. 

7.4. Phenotypic analysis of ibrl and ibrlO 

7.4.A. Response to auxins 

To assess the ibr mutant phenotypes, I compared ibrl and ibrlO to ibr3 and chyl. I 

found that in root elongation assays, similar to ibr3 and chyl (Zolman et al., 2001a; 

Zolman et al., 2007), ibrl and ibr 10 responded normally to the naturally occurring auxin 

IAA and to the synthetic auxins 2,4-D and NAA (Figure 7.6.B). When grown in the 

presence of IBA, ibrl and ibr10 displayed more severe defects in root elongation 

response than the previously characterized ibr3 mutant (Figure 7.6.A). Both ibrl and 

ibr 10 were also resistant to root elongation inhibition caused by the 2,4-D precursor 2,4-

DB, similar to ibr3 and chyl (Figure 7.6.B). 
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Figure 7.5. ibrlO-1 is rescued by IBR10. 

A. Root elongation inhibition by IBA is restored in ibrlO-1 overexpressing IBR10. Bars 
show mean + SE (n > 12). B. Lateral root initiation by IBA is restored in ibrlO-1 
overexpressing IBR10. Bars show mean + SE (n > 12). C. Mutations in IBR10 
homologues do not cause IBA resistant root elongation. Bars show mean + SE (« > 11). 
(Modified from Zolman et al., 2008). 
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Figure 7.6. The ibr single, double, and triple mutants are resistant to 2,4-DB and 
IBA, but respond normally to 2,4-D and NAA. 

A. ibr single, double, and triple mutants eventually respond to IBA at high 
concentrations. Seeds were stratified for 3 
days at 4°C then germinated under white light for 2 days at 22°C. Germinating seeds 
were transferred to medium containing 0.5% sucrose (no hormone) or supplemented with 
IBA. Roots were measured after 8 additional days of growth under yellow-filtered light. 
Bars show mean + SE (n > 10). B. ibr mutants are resistant to 2,4-DB but respond 
normally to other synthetic auxins. Bars show mean + SE (n > 12). C. ibrl ibr3 ibr 10 
has enhanced IBA resistant root elongation compared to chyl-3 but is less IBA resistant 
than ibr3 chyl. Bars show mean + SE (n a 8). (Modified from Zolman et al , 2008). 
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Because auxin promotes lateral root formation, I tested ibrl and ibrlO for defects 

in lateral root formation in response to IBA and NAA. I found that although ibrl and 

ibrlO produced lateral roots normally in response to NAA, both mutants produced 

significantly fewer lateral roots than wild type when grown on IBA (Figure 7.7.A). 

We expressed the auxin-inducible DR5-GUS reporter (Guilfoyle, 1999) in ibrlO-1 

and wild type plants to allow visualization of lateral root induction. I found that DR5-

GUS was induced normally in ibrl 0-1 in response to NAA treatment but exhibited a 

dampened response when treated with IBA (Figure 7.7.B). The specific response defects 

of ibrl and ibrlO to IBA and not other auxins led us to conclude that both genes are 

important in IBA metabolism. 

7.4.B. Are IBR1 and IBR10 important in other peroxisomal pathways? 

Defects in fatty acid (3-oxidation are typical of some peroxisomal mutants. Fatty 

acid p-oxidation mutants are unable to develop normally following germination without 

the addition of sucrose (Hayashi et al., 1998). Mutations likely to cause sucrose 

dependent phenotypes include mutations in fatty acid P-oxidation enzymes (Hayashi et 

al., 1998; Zolman et al., 2001a; Adham et al , 2005), mutations in the peroxisome import 

receptors (Hayashi et al., 2005; Woodward and Bartel, 2005), or mutations in other 

peroxisome biogenesis factors (Hayashi et al., 1998; Zolman et al., 2001b; Zolman and 

Bartel, 2004; Zolman et al., 2005). Because it is unclear whether the enzymes required 

for fatty acid and IBA metabolism overlap, I tested the ibr mutants for sucrose 

dependence. When grown in the presence or absence of sucrose, ibrl and ibr 10 

developed normally resembling ibr3 but unlike chyl, which acts indirectly in fatty acid |3-

oxidation (Figure 7.8.A). 

CHY1 is involved not only in valine catabolism (Zolman et al., 2001a) but also in 

propionate and isobutyrate metabolism, as evidenced by the hypersensitive root 

elongation inhibition of the chyl mutant when treated with either compound (Lucas et al., 
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2007). I found that ibrl, ibr3, and ibrlO responded normally to isobutyrate and 

propionate (Figure 7.8.B), suggesting that IBR1, IBR3, and IBR10 are not involved in 

isobutyrate or propionate metabolism. 

The sucrose independent phenotype and normal responses to isobutyrate and 

propionate, coupled with the IBA-specific response defects of the ibrl and ibrlO mutants, 

together suggest that IBR1 and IBR10 are solely involved in IB A metabolism and do not 

participate in the other peroxisomal pathways tested. 

7.4.C. Higher order mutants 

Double and triple mutants are important in discovering whether two proteins have 

redundant or overlapping roles. I isolated an ibrl ibr3 ibrlO triple mutant. I compared 

the single, double, and triple combinations of ibrl, ibrS, and ibrlO mutants on IB A and 

IAA, and tested these mutants for sucrose dependence. 

Enhanced defects with progressive loss of gene function will suggest that the 

corresponding genes are acting in different pathways, or that the lesions only partially 

disrupt the pathway. Alternatively, if the multiple mutants are no more IBA resistant 

than the parents, this will suggest that the corresponding genes act in the same pathway. 

I found that the double and triple mutants were not notably different from wild 

type in morphology, growth, or fertility. The double and triple mutants also responded 

normally to NAA and 2,4-D (Figure 7.6.B). In IBA resistance assays, the double and 

triple mutants were IBA resistant compared to wild type; however, like the single 

mutants, they did eventually respond to inhibition by IBA at high concentrations (Figure 

7.6.A). Additionally, I tested the double and triple mutants for fatty acid (3-oxidation 

defects and found that all combinations remained sucrose independent (Figure 7.8.A). 

Because I observed only slight enhancement of mutant phenotypes in the double and 

triple mutants, we concluded that IBR1, IBR3, and IBR10 may act in the same pathway. 
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Figure 7.7. Lateral root initiation of ibr mutants on auxin. 

A. ibrl and ibr 10 mutants produce normal roots in response to NAA but fail to induce 
lateral roots in response to IBA. Seeds were stratified 3 days at 4°C then plated on 
medium containing 0.5% sucrose and incubated under white light for 4 days at 22°C. 
Seedlings were then transferred to medium containing 0.5% sucrose with no hormone or 
supplemented with auxin. Roots were measured and lateral roots were counted after 4 
additional days of growth. Bars show mean + SE («> 8). B. DR5-GUS expression in 
response to auxin in wild type and ibr 10-1 seedlings, ibr 10-1 has normal DR5-GUS 
expression in NAA treated seedlings but reduced DR5-GUS expression when treated 
with IBA. Seedlings containing the DR5-GUS transgene were germinated on medium 
containing 0.5% sucrose, grown for 4 days, then transferred to medium containing no 
hormone, IBA, or NAA. After the indicated number of days, seedlings were removed 
from the medium, stained, and mounted for photography. Lateral root primordia of NAA-
treated plants can be seen in the higher magnification insets. Scale bars represent 1 mm. 
(Figure from Zolman et al., 2008). 
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Figure 7.8. Assaying defects in alternative peroxisomal processes. 

A. Hypocotyl length of seedlings grown with and without sucrose in the dark reveals that 
fatty acid P-oxidation is occurring normally in the single, double, and triple mutants. 
Seeds were stratified 4 days at 4°C prior to plating on medium with our without 0.5% 
sucrose. Seedlings were grown for 1 day at 22°C under white light then transferred to the 
dark at 22°C for 5 additional days. Bars show mean + SE (n > 10). B. Root elongation of 
ibr mutants is normal on propionate and isobutyrate. Seeds were stratified 3 days at 4°C 
then germinated under white light for 2 days at 22°C. Germinating seeds were transferred 
to medium containing 0.5% sucrose with or without 150 uM propionate or 350 uM 
isobutyrate. Roots were measured after 7 additional days of growth. Bars show mean + 
SE (n > 11). (Figure from Zolman et al., 2008). 
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7.5. Conclusions 

IBR enzymes have homology to known fatty acid P-oxidation enzymes but 

because mutations in the corresponding genes do not lead to sucrose dependence, it is 

likely that IBR enzymes do not act in fatty acid metabolism. Additionally, ibr mutants 

are resistant to IBA and 2,4-DB but not to NAA, IAA, or 2,4-D; therefore, it is likely that 

IBR enzymes may act directly or indirectly in IBA to IAA conversion and the analogous 

process of 2,4-DB to 2,4-D conversion, chyl contributes to IBA responses indirectly 

through build-up of toxic intermediates in valine catabolism (Zolman et al., 2001a). 

Because ibr mutants respond normally to propionate and isobutyrate, we conclude that 

the IBR enzymes do not participate in the CHY1 pathway and it is unlikely that the IBR 

proteins act in the same manner as CHY1 to contribute to IBA response. Mutant 

phenotypes were only slightly enhanced in higher order mutants, consistent with the 

possibility that IBR1, IBR3, and IBR10 act in the same IBA to IAA conversion pathway, 

as modeled in Figure 7.1. Future biochemical analysis testing the in vitro activity of 

IBR1, IBR3, and IBR10 with the potential substrates depicted in Figure 7.1 will allow a 

more definitive elucidation of the roles of IBR proteins in peroxisomal processes. 
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Chapter 8: Conclusions and future directions 

8.1. The interdependence of PEX5 and PEX7 

Previous studies have shown that import of PTS2 cargo into mammalian and plant 

peroxisomes requires not only the PTS2 receptor PEX7, but also the PTS1 receptor PEX5 

(Braverman et al., 1998; Otera et al., 1998; Hayashi et al., 2005; Woodward and Bartel, 

2005; Lee et al., 2006). In this work, I have employed a newpex7 allele,pex7-2, to 

demonstrate that the reciprocal is also true: Arabidopsis PEX5 and PTS1 import depend 

on the PTS2 receptor PEX7. The pex7-2 mutant displayed typical peroxisome-defective 

phenotypes such as IBA resistance and sucrose dependence during seedling development 

(Chapter 3), and the pex7-2 missense mutation disrupted interactions with both PTS2 

cargo and the PTS1 receptor PEX5 in yeast two-hybrid assays (Chapter 4). I found that 

not only PEX7, but also PEX5 protein levels were reduced in light-grown pex 7 mutants 

(Chapter 5), suggesting that PEX5 depends on PEX7 for stability. Moreover, GFP-PTS1 

was mislocalized to the cytosol in light-grown pex7-2 mutants (Chapter 5), indicating that 

the reduced PEX5 levels that I observed inpex7 were accompanied by a reduced 

efficiency of PTS 1 import. 

It is interesting that the more severe pex 7-2 sucrose dependence in the light 

compared to the dark (Chapter 3) was accompanied by more substantial defects in PEX5 

and PEX7 accumulation in the light (Chapter 4). Other peroxisome-related mutants with 

light-enhanced sucrose dependence include acx4, a mutant defective in a PTS 1-targeted 

short-chain acyl-CoA oxidase that is sucrose dependent in the light but not in the dark 

(Adham et al., 2005), andpex6-l, which displays severe sucrose dependence in the light 

but only partial sucrose dependence in the dark (Zolman and Bartel, 2004). These light-

exacerbated phenotypes suggest that particular PEX protein roles might have varied 

importance in different environmental conditions. It is intriguing that PTS2 proteins are 
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over-represented among fatty acid (3-oxidation enzymes (Kamada et al., 2003), which act 

to metabolize fatty acids stored in seeds immediately following germination, whereas 

virtually every photorespiration enzyme is a PTS1 protein. It is possible that the role of 

PEX7 in promoting PEX5 accumulation becomes more important in the light when there 

is a reduced demand for PTS2 import. 

pex7-2 pex5-l andpex7-2pex5-10 double mutants fail to complete embryogenesis 

(Chapter 3), similar to the embryo lethality observed in null alleles of the ring-finger 

peroxins PEX2, PEX10, and PEX12 (Hu et al., 2002; Schumann et al., 2003; Fan et al., 

2005). This lethality implies that peroxisomal matrix protein import is required during 

Arabidopsis embryogenesis. Moreover, the enhanced defects observed in the pex5 pex7 

double mutants suggest that even the severe pex 7-2 and pex5-10 mutations are not null 

alleles. Consistent with this possibility, thiolase processing is not completely blocked in 

pex7-2 (Chapter 5), and we occasionally detect a small fraction of processed thiolase 

even inpex5-10 plants (Zolman et al., 2005), suggesting that thepex5-10 allele may 

produce a partially functional pex5-10 protein. Indeed, a smaller protein that cross-reacts 

with our PEX5 antibody, which was generated to a peptide corresponding to the PEX5 C-

terminus (Zolman and Bartel, 2004), is sometimes detected in pex5-10 extracts (Chapter 

5). 

I attempted to restore PEX5 levels in the pex 7 mutants, but after analyzing 

multiple transformants, I did not isolate a line that overaccumulated PEX5 to higher than 

wild type levels when grown in the light. I did observe a slight increase in PEX5 

accumulation in these transgenic lines when grown in the dark (Chapter 6). PEX7 

accumulation defects in the pex7 mutants seem to be less severe in the dark (Chapter 5), 

and it is possible that if PEX7 is stabilized in the dark, then PEX5 also can be stabilized 

and accumulate to high levels. Additional western analyses with light- and dark-grown 

overexpression lines will illuminate this possibility. It also would be interesting to 

determine more directly the effect of pex7 mutations on PEX5 stability by crossing pex7 
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to a 35S-PEX5 wild-type line that overaccumulates PEX5. Although 35S-PEX5 did not 

rescue the thiolase processing, sucrose dependence, or IBA responses ofpex7 mutants, I 

did not assess the effects on GFP-PTS1 import; it remains possible that PTS1 import 

defects were restored, but that the remaining PTS2 import defects caused the 

physiological phenotypes. 

Mutations in either the Arabidopsis PEX5 or PEX7 receptors can cause 

deficiencies in PTS2 import (Hayashi et al, 2005; Woodward and Bartel, 2005). Based 

on the results of the yeast two-hybrid analysis discussed in Chapter 4, the pex7-2 defects 

might be caused by an inability of pex7-2 to bind cargo or by an inability of pex7-2 to 

enter the peroxisome because of a disruption in PEX5 binding. To distinguish further 

between these two possibilities, I created PTS1-tagged versions of PEX7, pex7-2, and 

PED1 to allow an alternate route for the receptor and one of its primary cargos into the 

peroxisome, and introduced these constructs into the various receptor mutants. I was 

surprised to find that PEX7-SKL decreased IBA responsiveness in wild type while fully 

rescuing IBA response in pex 7-1 and partially rescuing IBA response in pex 7-2 (Chapter 

6). This result suggests that PEX7-SKL can provide some PEX7 function, but that it also 

interferes with wild type PEX7 function. Inpex5-1, which, based on yeast two-hybrid 

analyses (Chapter 4), does not seem to disrupt interaction with PEX7, PEX7-SKL 

partially rescued both thiolase processing and IBA response. The finding that pex7-2-

SKL also rescued IBA response and partially restored thiolase processing in pex7-l and 

pex7-2 suggests that the inability of pex7-2 to bind PEX5 is only partially contributing to 

the PTS2-specific phenotypes of the pex7-2 mutants. Future analysis of lines 

overexpressing the untagged pex7-2 protein would likely clarify this issue. 

In Chapter 6,1 described how overexpressing PED1 from the 35S promoter in 

pex7-l partially rescued IBA response. This was surprising because pex7-1 has no 

defects in accumulating PED1. Adding an SKL to PED1 also partially rescued pex 7-1 

IBA response but also fully rescued thiolase processing. It would be interesting to 
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overexpress PED1 in the stronger pex 7-2 and assess rescue. PED1 accumulation varies 

with plant age (Lingard et al., 2009) and in the future, a time course experiment with 

pex7 (35S-PEDJ) lines may give further insight into the mechanisms behind this rescue. 

PED1-SKL partially rescued pex5-1IBA response, suggesting that PEX7 cargo-

binding is impaired mpex5-l and can be circumvented by providing PTS2 cargo an 

alternative means to bind PEX5. Moreover, this result suggests that peroxisomal thiolase 

becomes limiting for IBA ^-oxidation in the pex5-l mutant. 

One intriguing observation was that although I did not isolate wild-type lines that 

overaccumulated PEX7 or PED1 to much higher levels than normal, the 35S-PEX7 and 

35S-PED1 constructs did drive protein overaccumulation and phenotypic rescue inpex7 

and pedl mutants, respectively. When we select for transformants by screening for Basta 

resistance, we also are selecting for healthy plants. Perhaps by selecting for healthy 

seedlings, I also selected for those transformants with higher overexpression, in cases 

when overexpression rescued the mutant phenotypes. Because wild-type growth is not 

enhanced by PEX7 or PED1 overexpression, it may be more difficult to find a wild-type 

line that overaccumulates these proteins. 

The possibility that PTS1 import can depend on PEX7 may not be unique to 

plants. A recent study in trypanosomes revealed that pex7 RNAi lines had low PEX5 

levels and mislocalized not only PTS2, but also PTS1 proteins (Galland et al., 2007). 

Although this role cannot be universal among eukaryotes, given the lack of PEX7 and 

PTS2 proteins in C. elegans (Gurvitz et al., 2000; Motley et al., 2000), a role for PEX7 in 

PEX5 stabilization or accumulation provides a rationale for the continued existence of an 

apparent PEX7 homolog in Drosophila melanogaster (Motley et al., 2000), which lacks 

readily identifiable PTS2 proteins (Woodward, 2005). 



115 

8.2. New insights into the nature of pex5-l defects 

A mammalianpex5 mutant with a mutation (Ser to Phe) analogous to the 

Arabidopsis pex5-l Ser to Leu mutation disrupts binding to PEX7 in vitro (Matsumura et 

al., 2000; Dodt et al., 2001). After molecular and physiological analysis, the defects that 

underlie pex5-l phenotypes remain unknown. pex5-l mutants do not display PEX5 or 

PEX7 protein accumulation defects (Chapter 5). Moreover, I unexpectedly found that 

pex5-l did not disrupt interaction with cargo or PEX7 in the yeast two-hybrid assay 

(Chapter 4). Through the use of a truncated pex5-l derivative, I eliminated the 

possibility that a yeast protein possessing both a PTS1 and PTS2 could be bridging the 

interaction of pex5-l with PEX7 in yeast. Nito et al. (2002) demonstrated that a N-

terminal PEX5 derivate lacking the pex5-l mutation region interacts with PEX7 in a 

yeast two-hybrid assay less efficiently than full-length PEX5 (Nito et al., 2002). It 

remains possible that quantitative comparisons of pex5-l and PEX5 interactions with 

PEX7 would reveal a difference. 

Rather than altering interaction in a manner that disrupts binding, it is also 

possible that the serine to leucine change in pex5-l creates a stronger binding to PEX7 

such that PEX7 cannot be efficiently released from PEX5. Leucine is more hydrophobic 

than serine and this hydrophobicity may create a need to remain "hidden" within the 

binding pocket with PEX7. If PEX7 release from PEX5 is necessary for PEX7 to carry 

out its function, then this tighter binding might disrupt PTS2 import and other 

peroxisome processes associated with PEX7. However, my observation that PEX7 

overexpression is able to partially rescue pex5-l phenotypes (Chapter 6) seems more 

consistent with the possibility that PEX7 binds pex5-l less avidly than wild-type PEX5. 

Regardless of whether pex5-l binds more or less strongly to PEX7,1 found that 

35S-PEX7-SKL was able to more fully rescue pex5-l phenotypes than was 35S-PEX7. 
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Because providing PEX7 with an alternate means to bind PEX5 partially restores pex5-l 

phenotypes, it is likely that the pex5-l lesion impacts PEX7 binding or release. 

In the future, it might be informative to create the Ser to Phe mutation found in 

the mammalian mutant (Matsumura et al., 2000) in Arabidopsis PEX5 to determine if this 

residue disrupts interaction with Arabidopsis PEX7. 

Our models for pex5-l defects are limited by the dearth of structural information 

about peroxins. The C-terminal, PTS1-binding region of Trypanosoma brucei PEX5 and 

the N-terminal domain of mammalian PEX14 are the only regions in peroxins with 

solved crystal structures (Sampathkumar et al., 2008; Su et al., 2009). Future 

crystallographic studies of peroxins, in particular of PEX5 and PEX7, may in the future 

clarify some of the findings reported here. For example, structural studies of PEX7 might 

reveal whether the pex7-2 lesion is likely to disrupt the integrity of the WD-40 structure 

or have more specific effects. 

8.3. Additionalpex7 mutants 

The two Arabidopsis PEX7 single mutants have relatively weak phenotypes and 

no presumptive PEX7 null alleles are available in T-DNA collections. PEX7 mutations 

that completely abolish PTS2 import have yet to be recovered. My analysis in Chapter 3 

is consistent with the possibility that PEX7 null alleles may be embryo lethal. 

TILLING (Colbert et al., 2001) has been employed to isolate point mutations in 

PEX7 with the aim of recovering additional informative alleles. Five point mutations 

have been isolated (Chapter 1). pex7-6 mdpex7-7 are of particular interest because they 

contain mutations in completely conserved residues (Chapter 1). Preliminary analysis 

has shown that none of the TILLING alleles have defects in thiolase processing (data not 

shown). However, pex7-1 often shows completely processed thiolase while maintaining 

reduced PEX5 and PEX7 levels. In the future, analysis of receptor levels in these 
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mutants could be used to reveal whether they alter PEX7 function similarly to the 

previously characterized alleles. 

8.4. Future studies on PEX7 and the docking complex 

Beyond the questions that remain to be answered regarding PEX7 interactions 

with PEX5, many questions remain about how PEX7 interacts with the docking complex 

prior to translocation. What effect might pex7 mutations have on PEX14 and PEX13 

docking or dynamics? Preliminary western blots using an anti-PEX14 antibody did not 

reveal decreased PEX14 accumulation inpex7 mutants (data not shown). It is clear that 

PEX5 has a dependence on PEX7, but the details of that dependence remain to be further 

understood. It is possible that PEX5 depends on PEX7 for docking to the peroxisome 

membrane. If pex7-2 disrupts PEX5 binding, and PEX5 depends on PEX7 for function, 

can PEX5 still bind to PEX 14? An interesting future study could involve localization 

studies in pex7 mutants to determine whether the distribution of PEX5 between the 

peroxisome and cytosol is altered. 

Because Arabidopsis PEX7 binds PEX13 and not PEX14 (Nito et al., 2002; Mano 

et al., 2006), we expect that combining pex 7 alleles W\ih.pexl3 andpexl4 alleles might 

be informative. Moreover, overexpressing PEX7 in pexl4 and pexl3 mutants could yield 

more information about the interaction between PEX7 and the docking complex. 

8.5. Future Studies on PEX7 recycling 

Neither pex4-1 nor pex6-l have defects in PEX7 accumulation (data not shown) 

but both exhibit defects in thiolase processing (Zolman and Battel, 2004; Zolman et al., 

2005). Although PEX7 levels are normal in these mutants, we do not know if PEX7 

localization is affected. In an effort to shed some light on how PEX7 is recycled from the 

peroxisome, I introduced the 35S-PEX7 construct mtopex4-l and pex6-l mutants. A 

current graduate student in our lab, Sarah Ratzel, is currently characterizing these lines 
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for peroxisome-defective phenotypes. If PEX7 depends on these peroxins for recycling, 

then we would expect that adding excess PEX7 might magnify defects. 

pex6-l has decreased PEX5 accumulation and mutant phenotypes can be partially 

rescued through PEX5 overexpression (Zolman and Bartel, 2004); preliminary studies 

show a partial restoration of thiolase processing (S. Ratzel personal communication). 

Just as the dependence of PEX5 on PEX7 remains unclear, so does the dependence of 

PEX7 on PEX5. If PEX5 can partially rescue PTS2 defects in pex6-l, this might be a 

clue that PEX7 may depend on PEX5 for recycling. 

Future analysis of pex7pex4 andpex7pex6 double mutants may provide further 

insight into the PEX7 recycling process. Furthermore, a yeast two-hybrid analysis to 

assess PEX7 and PEX5 interactions with PEX4 and PEX6 may be informative. 

8.6. Final thoughts 

Perhaps because the majority of peroxisomal matrix proteins are PTS1 -containing 

proteins, PEX5 has been at the forefront of peroxisome receptor research. This study has 

uncovered an importance for the PTS2 receptor PEX7 in facilitating PTS1 import in 

Arabidopsis peroxisomes. Although the molecular mechanisms by which PEX7 

promotes PEX5 accumulation and function remain to be determined, the tools are now in 

place to make progress in this area. It will be interesting to learn which other organisms 

share the reciprocal receptor dependence uncovered here. 

Many questions remain about the roles of auxin metabolism in plant growth and 

development. To begin to unravel some of the complexities of auxin metabolism, I have 

isolated and characterized new ibr mutants, tested candidate genes for roles in IBA (3-

oxidation, biochemically characterized enzymes defective in known ibr mutants, and 

analyzed the effects of multiple mutations on IBA responses and fatty acid metabolism. 

My mutant screen may have uncovered novel players in the conversion of IBA to IAA. 

This research is enhancing our understanding of IBA metabolism in plants. Because IBA 
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is an important in vivo IAA precursor, and because IBA is widely used commercially for 

its ability to initiate lateral roots, this research may also proved insights for the 

manipulation of auxin levels in agriculturally important plants. 
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Appendix 

A. A screen for IBA resistant root elongation in a Landsberg background 

In a forward genetics approach to identify mutant plants resistant to IBA, I 

screened the progeny of ethyl methane sulfonate (EMS) mutagenized Landsberg erecta 

(Ler) seeds on inhibitory concentrations of IBA for enhanced root length. 

Although a variety of peroxisomal mutants have been isolated over the years 

through forward and reverse genetics approaches (Zolman et al., 2001a; Zolman et al., 

2001b; Zolman and Bartel, 2004; Adham et al., 2005; Woodward and Battel, 2005; 

Zolman et al., 2005; Zolman et al., 2007; Zolman et al., 2008) there are many genes 

expected to contribute to peroxisome functioning in Arabidopsis for which mutants have 

yet to be identified (Figure A.l), suggesting that the screen for mutants defective in 

peroxisomal processes is far from saturated. Most of the mutations isolated to date have 

been in the Columbia accession. Different Arabidopsis accessions display distinct 

responses to stimuli such as IBA and other hormone treatments (reviewed in Koornneef 

et al., 2004). Isolating mutations in multiple accessions can help us further dissect 

peroxisome function. In this project, I attempted to isolate mutants defective in IBA 

response in a her background. We decided to conduct the screen in a Ler background 

because it is largely sequenced (http://www.tigr.org/tdb/e2kl/athl/atgenome/Ler.shtml), 

and previous researchers were successful in isolating peroxisome-defective mutants in 

this accession (Hayashi et al., 1998). 

http://www.tigr.org/tdb/e2kl/athl/atgenome/Ler.shtml
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Figure A.l. Candidate genes and peroxisomal mutants identified in Arabidopsis 
through forward and reverse genetics. 

Bars depict the five Arabidopsis chromosomes; numbers in parentheses denote number of 
alleles isolated in ibr screens in the Battel lab. 
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A.l. Materials and methods 

A.l.A. Phenotypic analysis 

Root elongation on IBA. Surface-sterilized seeds were plated on medium 

supplemented with 0.5% sucrose with or without 10 uM IBA. Seedlings were grown for 

8 days under yellow-filtered light at 22°C before removing seedlings for root 

measurements. 

Sucrose dependence assays. Surface-sterilized seeds were plated on medium 

with or without 0.5% sucrose. Seedlings were grown 1 day under white light at 22°C 

then transferred to the dark and grown for an additional 5 days at 22°C before removing 

seedlings for hypocotyl measurements. 

Lateral root assays. Surface-sterilized seeds were plated on medium 

supplemented with 0.5% sucrose and grown for 4 days under yellow-filtered light at 

22°C. Four-day-old seedlings were transferred to medium supplemented with 0.5% 

sucrose with or without 10 uM IBA and grown for an additional 4 days under yellow-

filtered light at 22°C. 

A.l.B. PCR-based accession identification 

SSLP markers and primers used to verify accession are summarized in Table A-l. 

A.2. Phenotypic characterization of putative mutants from the Ler screen 

A.2.A. Mutant isolation 

EMS mutagenized her M2 seed pools were purchased from Lehle Seeds (Round 

Rock, TX). I screened 104,000 Ler accession M2 seeds from fourteen different pools on 

either 20 or 25 jxM IBA for IBA resistant root elongation. I isolated 50 putative mutants 

with a long root on IBA. Putative mutants were transferred from IBA to soil and M3 

seed was harvested from the 34 surviving mutants. 
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Table A-l. PCR-based markers used for genotyping accessions. 
Expected Product sizes 

Chr Marker Primer pairs Enzyme Col Ler Ws Cvi 

1 

1 

1 

1 

2 

3 

3 

3 

4 

4 

4 

5 

5 

5 

5 

NAX101* 

F6N18 

T12C22 

LCS104 

NGA168 

NAX302* 

NGA172 

NAX301* 

NAX401* 

T18A10 

F8L21 

NAX501* 

NGA249 

NGA129 

NAX502* 

NAX101-1,TGGCGGTGTAACAAACTCATCTTC „ „ 
PvuII 

NAX101-2, AGCGGAAGCAGCAAACGAAAAG 
F6N18-2, 
ATTGATTTCTAACTCCAACTCTACATAGC 
F6N18-4, GTTTGTGTTCTTTGTTGTTTTCTTTTAG 
T12C22-1, 
ACTAGAAATTACCAGTAAGATTGTTGGCA 
T12C22-2, 
TAACTATTAGCTATGTGTCTTACAGTTCC 
LCS104-1, CC AAGTAGGCC ACC ATCTCCTCTTG 
LCS104-2, EcoNI 
AGGCTCACACTCAATCTGCAAACCAAAATA 
NGA168-1, GGCCTTTGGTGGCATGATATTCATCC 
NGA168-2, GCCTCGAATGATGAAGCATGTGC 
NAX302-1, 
AAAAGTTTGATTCCACGAGATGATGTTC 
NAX302-2,TTCTGGACTCTTGGTTATAAATGGAC 

NGA172-1, 
TACATCCGAATGCCATTGTTCCTATCATTG 
NGA172-2, 
AGCACATCAAGCTGCTTCCTTATAGCGTCC 
NAX301-1, 
AATTGCACCTCCACTAGCTTCATCATCTTC 
NAX301-2, TspRI 
TCTGCTGCACCTTTTAATACCTTCACAATCC 

NAX401 -1, GACCCAACATTTCCTCTCAACCAAC 
NAX401-2, 
CTTCGTAGTGATCTTCCCGTCTCCGTCCTTG P 

T18A10-1, 
ATTTACTCATAAGAGGAGGAATCTGATACG 
T18A10-2, 
GACGTTAAAAACTTAAAATGTGTGGTCAGG 
F8L21-3, 
AGTTTCAGAGTCATTCCAAGTGTTTATGAC 
F8L21-4, 
AGATGTTTGCCACAATATCGAAATTAATAC 
NAX501-1,GGTTTATGTTATTGGCCCGCTTTGTTC 
NAX501-2, ATCACAGCCCCACTCGTTATCCCTTC CC 

NGA249-F, TTACCGTCAATTTCATCGCCG 
NGA249-R, TGGATCCCTAACTGTAAAATCCC 
NGA129-F, TCAGGAGGAACTAAAGTGAGGG 

NGA129-R, CACACTGAAGATGGTCTTGAGG 
NAX502-1, 
TGATACAGGGGACGAGTTAGTGGAAGAGC „ T 

NAX501-2, 
AGGAGGCAATGCACCGTAAATAACACAAC 

383 

202 

164 

185 

161 

362 

32 

170 

264 

93 

159 

99 

87 

175 

285 

321 
63 

125 

177 

208 

383 

181 

147 

165 

145 

240 

122 
32 

150 

264 

93 

159 

99 

87 

195 

270 

321 
63 

115 

179 

165 

43 

383 

202 

147 

165 

145 

150 

264 

93 

159 

99 

87 

185 

255 

321 
63 

115 

165 

165 

43 

255 
128 

165 

240 

122 
32 

175 

93 

89 
258 

87 

384 

208 

* Newly developed markers for this study 
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A.2.B. Determining the background accession 

While waiting for the M2 plants to produce seed, I realized that some of the plants 

I was working with were not phenotypically similar to Landsberg erecta (Ler) plants. 

Although we had purchased Ler M2 seed pools, the aerial phenotype suggested either 

that the seed pools were contaminated with Landsberg ER or that the seed pools were 

contaminated by a different accession. To determine which possibility had occurred, I 

proceeded to verify the accession of some of the mutants by genotyping at various 

polymorphic regions. The results are summarized in Table A-2. 

By combining the data I obtained from PCR analysis with the adult phenotype of 

each putative mutant, I concluded that only Bl 132, Bl 137, Bl 143, Bl 153, Bl 169, and 

Bl 170 were in the Ler background. Bl 162, Bl 163, and Bl 164 appear to be in a Col 

background. B1150, B1151, B1154, B1156, and B1158 were neither Col, Ler, or Ws and 

will need further analysis to determine the background. 

A.2.C. Responses to auxin 

M3 lines were retested for IBA resistance then divided into different classes as 

outlined in Figure A.2 (Zolman et al., 2000). 

A.2.C.I. Root elongation. I rescreened 33 of the 34 putative mutants for IBA 

resistant root elongation and found that 12 displayed wild type responses to IBA and 21 

remained IBA resistant to root elongation inhibition (Figure A.3). Two of the mutants, 

Bl 169 and Bl 170, appeared to be completely resistant to the inhibitory effect of IBA at 

the concentration tested. 

I attempted to screen putative mutant lines for IAA resistant root elongation but 

the IAA stock that I was working with was not efficiently inhibiting Col or Ler. I set 

aside only those mutants that retained 100% or greater root length on IAA as general 

auxin response mutants (data not shown). 9 mutants were classified as general auxin 

response mutants and were not further characterized. 
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marker 

NAXI01 

F6N18 

T12C22 

LCS104 

NGA168 

NAX302 

NGA172 

NAX30I 

NAX401 

TI8AI0 

F8L21 

NAX501 

NGA249 

NGAI29 

NAX502 

Phenotype 

Likely 
Accession 

11
32

 

m 

L 

L/W 

L/W 

L/W 

L/W 

C/L 

L/W 

: er-

L 

11
37

 

03 

L 

H 

L/W 

L/W 

L/W 

L/W 

er-

L 

ON 

CD 

c/w 
c 

c 
c 
c 

c 

c 
C/L 

Er+ 

C 

11
43

 

02 

L 

L/W 

L/W 

L/W 

L/W 

L 

L/W 

L/W 

<?>•-

L 

11
50

 

oa 

C/L/W 

L 

Cvi/W 

L/W 

C 

C 

C/L/W 

C/L/W 

Cvi/C 

W 

Er+ 

•> 

11
51

 

03 

C/L/W 

L 

Cvi/W 

L/W 

C 

C 

C/L/W 

C/L/W 

Cvi/C 

W 

Er+ 

0 

11
53

 

03 

L 

L/W 

L/W 

L/W 

C/L 

er-

L 

11
54

 

03 

C/L/W 

L 

L/W 

Cvi/W 

L/W 

C 

C 

C/L/W 

C/L/W 

Cvi/C 

£r+ 

9 

11
56

 

03 

C/L/W 

L 

Cvi/W 

LAV 

C 

C 

C/L/W 

C/L/W 

Cvi/C 

W 

Er+ 

>y 

11
58

 

03 

C/L/W 

Cvi/W 

C 

C 

C/L/W 

C/L/W 

cvyc 

w 

£r+ 

o 

11
62

 

03 

c/w 

c 
c 

C/L 

£r+ 

C 

03 

C/W 

c 
c 

C/L 

Er+ 

C 

11
64

 

03 

C/W 

c 
c 

C/L 

£r+ 

C 
11

69
 

03 

er-

L 

o 

03 

er-

L 

Each marker distinguishes between various accessions as summarized in Table A-l. 
C represents Columbia accession 
L represents Landsberg erecta accession 
W represents Wassileskija accession 
Cvi represents Cape Verde Islands accession 
Er+ does not display the erecta mutation phenotype 
er- displays erecta mutation phenotype 
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A.2.C.2. Lateral root initiation. I tested Bl 153, Bl 154, and Bl 156 for lateral 

root initiation by IBA (Figure A.5). I observed that all three mutants initiate lateral roots 

less efficiently than wild type, an observation that reinforces a deficiency in IBA 

responses. 

A.2.D. Sucrose dependence in the dark 

I tested 18 putative mutants for defects in fatty acid metabolism by growing 

seedlings in the dark with and without an exogenous carbon source. I found that Bl 169 

and Bl 170 had reduced hypocotyl elongation when grown in the absence of sucrose 

(Figure A.4), suggesting that these mutants have defects in fatty acid P-oxidation. 

A.3. Conclusions and future work 

Twelve new ibr mutants have been isolated; these are summarized in Table A-3. 

The commercial M2 seed pools from Lehle seeds were badly contaminated with multiple 

accessions of Arabidopsis, as I found mutants not only in the expected her accession, but 

also what appears to be Col-0 and a third, unidentified accession. Future work with these 

mutants could include additional biochemical and cell biological characterization and 

map-based identification of the defective genes. In preparation for mapping, 11 of the 

mutants in the her accession have been outcrossed to Col-0. 
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•£3k 

Mutant with IBA resistant root elongation (21) 

IAA resistant root elongation? 

y e s / \ no 

"/ X 
Genera! Auxin-response mutant (9) IBA-response (ibi) mutants (12) 

tf 
Sucrose-dependent for hypocotyl elongation in the dark? 

Lateral root initiation on IBA and IAA? 

yes 

Class III mutants (?) 

Class I mutants (2) Class II mutants (3) 

Figure A.2. Mutant classification scheme. 

Second generation EMS-mutagenized seedlings were selected for IBA resistant root 
elongation. Progeny of the putative mutants were retested for resistance to IBA and for 
resistance to IAA. IAA resistant mutants were categorized as general auxin-response 
mutants, whereas IAA sensitive mutants were further tested for sucrose dependence in 
the dark. Some of the seed lines that were sucrose independent were tested for lateral 
root initiation on IBA and IAA. The number of mutants found in each category is 
indicated in parentheses. 
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Figure A.5. B1153, B1154, and B1156 have reduced lateral root responses to IBA. 

Surface-sterilized seeds were plated on medium supplemented with 0.5% sucrose and 
grown for 4 days under yellow-filter light at 22°C. 4-day-old seedlings were then 
transferred to medium supplemented with 0.5% sucrose with or without 10 uM IBA and 
grown for an additional 4 days. Seedlings were removed from the agar for root 
measurements and lateral root tallies. Bars show mean + SE (n s: 10). 
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Table A-3. ibr mutant classifications (as defined in Figure A.2) 

Class Pool 
Seedling 

phenotype 
Adult 

phenotype M3 genotype 
Class 1 " ' , • ' " - ' - ' 
B1169 
B1170 

EMS46 
EMS47 

IBAR, SucD 

IBAR, SucD 
er-
er-

Class2 ., - •, ' 
B1153 
B1154 
B1156 

Class 2 or 

EMS44 
EMS44 
EMS44 

3 

IBAR, Few lats 
IBAR, Few lats 
IBAR, Few lats 

er-
Er+ 
Er+ 

Ler 
not Ws/Ler/Col 
not Ws/Ler/Col 

B1137 EMS42 
B1148 EMS43 
B1150 EMS44 
B1151 EMS44 
B1175 EMS47 
B1181 EMS48 

IBAK er-
IBAR er-
IBAR Er+ not Ws/Ler/Col 
IBAR Er+ not Ws/Ler/Col 
IBAR er-
IBAR er-
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B. Reverse genetic experiments to identify IBA-activating enzymes 

The active form of auxin, IAA, can be formed from auxin precursors with longer 

even-numbered chain lengths, such as IBA, with a 4-carbon side chain, and indole-3-

caproic acid (ICapA), with a 6-carbon side chain (Fawcett et al., 1960). Genetic analyses 

have provided extensive evidence that IBA to IAA conversion occurs through the action 

of enzymes similar to those acting in fatty acid p-oxidation (Zolman et al., 2000; Zolman 

et al., 2007; Zolman et al., 2008). The IBR proteins have arisen as likely candidates to 

carry out intermediate steps in IBA P-oxidation (Chapter 6). However, we have yet to 

identify a candidate likely to carry out the activation step of IBA p-oxidation (Chapter 7 

Figure 7.1). 

The first step of peroxisomal p-oxidation involves the activation of a precursor 

through the addition of a CoA group. Arabidopsis encodes 44 apparent acyl-activating 

enzymes (Shockey et al., 2003); 18 of these enzymes have an apparent peroxisome 

targeting signal (PTS) (Reumann, 2004). The 44 apparent acyl-CoA activating enzymes 

(AAE) fall into six phylogenic clades (Shockey et al., 2003), and four of these clades 

include proteins predicted to be peroxisomal (Reumann, 2004). 

In clade I, two of 11 long chain acyl-CoA synthetases, LACS6 and LACS7 are 

peroxisomal enzymes that activate fatty acids (Fulda et al., 2002; Shockey et al., 2003). 

Iacs6 and lacs7 do not exhibit fatty acid metabolism defects as single mutants but when 

combined, the double mutant is sucrose dependent (Fulda et al., 2002; Shockey et al., 

2003). However, the lacs6 lacs7 double mutant responds normally to IBA and 2,4-DB 

(Fulda et al, 2002; Shockey et al., 2002; Shockey et al., 2003), indicating that LACS6 

and LACS7 are unlikely to act on auxin precursors. 

Two of the three AAE enzymes in clade II are peroxisomal, AAE 17 and AAE 18 

(Shockey et al., 2003; Reumann, 2004). AAE18 has been implicated in the activation of 

the synthetic auxin 2,4-dichlorophenoxybutyric acid (2,4-DB); aael8 and aael7 aael8 
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mutants are 2,4-DB resistant but respond normally to IBA (Wiszniewski et al., 2008), 

suggesting that AAE18 and its closest homolog AAE17 do not act on IBA. 

All eight of the 4-coumarate:CoA-ligase-like (4-CL-like) of clade V are predicted 

to be peroxisomal. OPCL1 is in clade V and has been implicated in jasmonic acid (JA) 

activation (Koo et al., 2006; Kienow et al., 2008). Finally, six of the 14 AAE enzymes in 

clade VI are predicted to be peroxisomal. This clade includes ACN1/AAE7, a 

peroxisomal acetyl-CoA synthetase (Turner et al., 2005). CoA ligases for naturally 

occurring auxin precursors, such as IBA and possibly ICapA, have not been uncovered 

using either forward or reverse genetic approaches. 

Because several of the eight 4-CL-like proteins proteins of clade V have been 

implicated in activation of JA precursors (Kienow et al. 2008), and all of these enzymes 

are predicted to be peroxisomal (Koo et al., 2006), these enzymes are candidates for IBA-

activating enzymes. However, some p-oxidation enzymes, such as LACS6 and LACS7, 

have redundant functions and will not easily be identified through forward genetics 

screens. In this project, I used reverse genetic analysis to study the role of the 4-CL-like 

proteins in IBA and ICapA metabolism, and uncovered two enzymes, OPCL1 and 

At4g05160, that may redundantly act in IBA activation. 

B.l. Materials and methods 

B.l.A Plant materials 

Homozygous seed stocks for the 4CL-like T-DNA insertion mutants (Table B-l) 

are in the Columbia (Col-0) accession and were obtained from John Browse. A double 
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Table B-l. Arabidopsis genes encoding peroxisomal 4-CL-like enzymes 

Protein Locus T-DNA Line Genotyping primers 

4CL-like protein-10 Atlg20480 Unknown Salk line 

4CL-like protein Atlg20490 No mutant 

4CL-like protein-6 Atlg20500 SAIL_26_H04 

4CL-like protein-9 Atlg20510 SALK_140659 

(OPCL1) (opcll-1) 

4CL-like protein-12 At4g05160 SALK_050214 

4CL-like protein At4gl9010 No mutant 

4CL-like protein-8 At5g38120 Unknown Riken 

line 

4CL-like protein-11 At5g63380 SALK_003233 

Homozygous 

Homozygous 

OPCL1-1+OPCL1-2 

OPCLl-1+LBl-Salk 

C6L9-1 + C6L9-2 

C6L9-1+LB1-Salk 

Homozygous 

Homozygous 
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mutant homozygous for opcll-1 and atlg20510-l was isolated from progeny of a cross 

by PCR using a T-DNA insertion primer paired with an endogenous gene primer and 

looking for the presence of an insertion product. The absence of the endogenous gene 

product using two endogenous gene primers flanking the insertion site confirmed the 

gene was no longer intact. For the endogenous gene PCR, I used OPCL1-1 

(GATACGGCGACTTTGCTTTACTCTTCAG) paired with OPCL1-2 

(GGTACCGTATCTCCGACTTTCCTCAACAG) with the opcll-1 DNA template and 

C6L9-1 (TTCTATGTTTGCTCGTAATGTGTAAGGTTTC) paired with C6L9-2 

(TGATTGGCAAGTGAGAAGAAGAAGGAG) with the atlg20510-l DNA template. 

To detect the T-DNA inserts I used LBl-Salk 

(CAAACCAGCGTGGACCGCTTGCTGCAACTC) paired with OPCL1-1 and LBl-Salk 

withC6L9-l. 

B.l.B. Phenotypic analysis 

For phenotypic assays, seeds were surface-sterilized and plated on plant nutrient 

media (PN) (Haughn and Somerville, 1986) supplemented with sucrose and ICapA, IBA, 

or IAA as indicated. IBA was from Sigma, and ICapA was a gift of Jerry Cohen 

(University of Minnesota). Hormone stocks were dissolved in ethanol, and the volume of 

added ethanol was normalized for hormone-supplemented medium and unsupplemented 

controls. Seedlings were grown at 22°C under continuous yellow-filtered light 

(Stasinopoulos and Hangarter, 1990). 

B.2. Results 

B.2.A. A 4CL-like double mutant has defects in IBA response 

To determine if the 4CL-like enzymes are important in IBA response as possible 

IBA activators, I grew the 4CL-like single mutants on IBA and IAA. I found that none of 

the single mutants displayed robust IBA resistant root elongation (Figure B.l), suggesting 

that either none of the CL-like genes are important to IBA response, or that they may 
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30 H 

• No hormone 

» 1 0 M M IBA 

• 400 nM IAA 

Wild type opcl1-1 at4g05160-1 a!4g05160-1 at5g63380-1 o(1g20500-1 al5g38120-1 at1g20480-1 aMg19010-1 
opcl1-1 

Figure B.l. A higher order CL-like mutant is resistant to IBA. 

Surface-sterilized seeds were plated on medium supplemented with 0.5% sucrose 
containing no hormone, 400 nM IAA, or 10 uM IBA. Seedlings were grown for 8 days 
under yellow-filtered light before measuring. Bars show mean + SE (n s 9). 
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have redundant functions and impairing one gene is not enough to disrupt IBA 

metabolism. However, two of the single mutants {opcll-1 and at4g05160-1) showed 

slight IBA resistance in dose response curves (Data not shown). I therefore crossed these 

two mutants and isolated the double mutant. 

When I assayed the at4g05160 opcll-1 double mutant on IBA and IAA, I found 

that the double mutant had a defect in root elongation inhibition by IBA and not IAA 

(Figure B.l), suggesting that these genes are important for IBA response. 

B.2.B. Mutations in 4-CL-like genes have no effect on response to ICapA 

To determine if the 4-CL-like genes have a role in the metabolism of the IAA 

precursor ICapA, I grew the 4-CL-like mutants on ICapA. I found that all the tested 

mutants responded similarly to wild type when grown in the presence of ICapA (Figure 

B.2) suggesting that either the 4CL-like genes are not necessary for response to ICapA or 

they are redundant. 

B.3. Conclusions and future work 

Many IBA, JA, and fatty acid P-oxidation enzymes have overlapping roles or 

functions (Zolman et al., 2001a; Adham et al., 2005; Kienow et al., 2008). Because 4CL-

like single mutants were not IBA resistant but the 4CL-like double mutant was IBA 

resistant, several 4CL-like proteins may act redundantly in IBA activation. 

Recently, the in vitro activities of all eight 4-CL-like enzymes were compared on 

various cinnamic acids, fatty acids, hormones, and hormone precursors (Kienow et al., 

2008). Although At4g05160 showed highest activity with fatty acids, and OPCL1 

showed highest activity with fatty acids and jasmonate precursors, these two enzymes 

both displayed weak activity with IBA as well (Kienow et al., 2008). It will be 

interesting to learn whether higher order mutants in the 4CL-like family will display a 

more complete block in IBA responsiveness. Regardless of the outcome of such 
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Wild type opcl1-1 at4g05160-1 at4g05160-1 at5g38120-1 at1g20500-1 at1g20480-1 at5g63380-1 a!4g19010-
opcl1-1 

Figure B.2. Mutations in CL-like genes have no effect on root elongation inhibition 
by ICapA. 

Surface-sterilized seeds were plated on medium supplemented with 0.5% sucrose 
containing no hormone or 1 uM ICapA. Seedlings were grown for 8 days under yellow-
filtered light before measuring. Bars show mean + SE (n T> 9). 
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experiments, the residual IBA responsiveness that I observe even in the double mutant 

strongly suggests that there is not a single enzyme dedicated to IBA activation in 

Arabidopsis. Instead, it appears likely that this role is shared by several enzymes, at least 

some of which also act on other substrates. 

Interestingly, none of the single and double mutants assayed exhibited reduced 

responses to ICapA, suggesting either that the 4CL-like genes are not involved in ICapA 

activation, or that more double and higher order mutant analyses need to be completed to 

account for redundancy in protein function. 
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ABSTRACT 
Genetic evidence suggests that indole-3-butyric acid (IBA) is converted to the active auxin indole-3-

acetic acid (IAA) by removal of two side-chain methylene units in a process similar to fatty acid p$-
oxidation. Previous studies implicate peroxisomes as the site of IBA metabolism, although the enzymes 
that act in this process are still being identified. Here, we describe two /flA-response mutants, ibrl and 
ibrlO. Like the previously described ibr3 mutant, which disrupts a putative peroxisomal acyl-CoA oxidase/ 
dehydrogenase, ibrl and ibrlO display normal IAA responses and defective IBA responses. These defects 
include reduced root elongation inhibition, decreased lateral root initiation, and reduced IBA-responsive 
gene expression. However, peroxisomal energy-generating pathways necessary during early seedling 
development are unaffected in the mutants. Positional cloning of the genes responsible for the mutant 
defects reveals that IBR1 encodes a member of the short-chain dehydrogenase/reductase family and that 
IBR10 resembles enoyl-CoA hydratases/isomerases. Both enzymes contain C-terminal peroxisomal-
targeting signals, consistent with IBA metabolism occurring in peroxisomes. We present a model in which 
IBR3, IBR10, and IBR1 may act sequentially in peroxisomal IBA B-oxidation to IAA. 

BECAUSE the auxin indole-3-acetic acid (IAA) 
orchestrates many aspects of plant growth and 

development ( W O O D W A R D and BARTEL 2005b), the 

levels of IAA within a p lan t must be tighdy regulated. In 
addit ion to changes in IAA biosynthesis and oxidative 
degradat ion, IAA also is t ransformed into alternate 
forms, allowing the plant to store IAA until die time 
and place where acdve auxin is needed . In one type of 
storage compound , IAA is conjugated to amino acids or 
peptides by amide bonds or to sugars by ester bonds; 
conjugate hydrolases break these bonds to release free 
IAA (BARTEL et al. 2001; W O O D W A R D and BARTEL 2005b). 

In a second potential storage form, the side chain of the 
indole moiety is l eng thened by two methylene units to 
make indole-3-butyric acid (IBA), which can be short
ened to IAA when necessary (BARTEL et al. 2001; 
W O O D W A R D and BARTEL 2005b). 

Although both IBA and certain auxin conjugates have 
auxin activity in bioassays, genetic experiments suggest 
that in Arabidopsis this activity does no t result from 
direct effects of the storage compounds , bu t rather 
requires release of free IAA from these precursors 
(BARTEL and FINK 1995: ZOLMAN et al. 2000). Both 

1 Corresponding author: Department, of Biology. University of Missouri, 
R223 Research Bldg., 1 University Blvd.. St. Louis, MO 63121-4400. 
E-mail: zolmanb@umsl.edn 

-Present address: University of California, San Francisco, CA 94158. 

Genetics 180: 237-251 (September 2008) 

IAA conjugates and IBA appear to provide auxin dur ing 
early Arabidopsis seedling development . In particular, 
mutan ts defective in IBA metabolism or IAA-conjugate 
hydrolysis have fewer lateral roots than wild-type plants, 
suggesting diat the IAA released from storage forms 
plays a role in lateral root p romot ion (ZOLMAN et al. 
2001b; RAMPEY et al. 2004). Different auxin storage 
forms may have only partially overlapping activity or 
primarily regulate different physiological responses. For 
example , mutants with altered IBA responses have 
s t ronger rooting defects than IAA-conjugate mutants 
( Z O L M A N et al. 2001b; RAMPEY et al. 2004). 

Dedicated enzymes appear to be requi red to convert 
auxin storage forms to free IAA. A genetic approach 
identified a family of Arabidopsis hydrolases showing 
overlapping specificity in die conversion of various IAA-
amino acid conjugates to IAA; mutan ts defective in each 
enzyme have altered responses to application of the 
cor responding conjugates ( B A R T E L and FINK 1995; 

D A VIES et al. 1999; RAMPEY et al. 2004). We are taking 

a similar genetic approach to discover the enzymes 
required for conversion of IBA to IAA. 

Even-numbered side-chain-length derivatives of IAA 
(FAWCETT et al. 1960) and the synthetic auxin 2,4-

dichlorophenoxyacetic acid (2,4-D; W A I N and W I G H T M A N 

1954) possess auxin activity. WTieat and pea extracts 
shor ten these compounds in two-carbon increments 
( F A W C E T T et al. 1960). These results suggest that IBA, 

mailto:zolmanb@umsl.edn
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which is structurally identical to IAA but with two 
additional methylene units on the side chain, and 2,4-
dichlorophenoxybutyric acid (2,4-DB), the analogous 
elongated derivative of 2,4-D, are converted by plants to 
bioactive IAA and 2,4-D, respectively. T h e mechanism of 
this conversion was suggested to be similar to the two-
carbon el imination that occurs du r ing fatty acid (3-
oxidation ( F A W C E T T et al. 1960). In this model , IBAacts 
as a "slow-release" form of IAA (VAN DER KRIEKEN et al. 
1997), and auxin effects p romoted by IBA would be 
limited by the P-oxidation rate. 

To elucidate the proteins necessary for IBA activity, we 
have isolated Arabidopsis mutants with altered IBA 
responses. Exogenous IBA inhibits primary root elon
gation; mutants that canno t sense or respond to IBA 
have elongated roots on IBA compared to wild type 
(ZOLMAN etal. 2000). /£A-response (ibr) mutants remain 
sensitive to short-chain auxins (IAA and 2,4-D), whereas 
general auxin-response mutan ts defective in auxin 
signaling, such as axr2/iaa7 ( T I M P T E et al. 1994; NAGPAL 
et al. 2000) and axr3/iaal 7 (LEYSER et al. 1996; R O U S E et al. 

1998), or transport, including auxl (P ICKETT et al. 1990; 
B E N N E T T et al. 1996; M A R C H A N T et al. 1999), display 

reduced responses to both IBA and IAA (ZOLMAN et al. 
2000). 

Isolation of the genes defective in ibr mutants has 
revealed a close connec t ion between IBA metabolism 
and peroxisomal function. For example , mutants de
fective in the peroxins PEX4 (ZOLMAN et al. 2005), PEX5 
(ZOLMAN et al. 2000), PEX6 (ZOLMAN and BARTEL 

2004), PEX7 ( W O O D W A R D and B A R T E L 2005a), and 
PEX12 (FAN et al. 2005) o r in the PXA1/CTS1 /PED3 
transporter (ZOLMAN et al. 2001b), which is required for 
impor t of peroxisomal substrates ( F O O T I T T et al. 2002; 
H A Y A S H I et al. 2002; T H E O D O U L O U et al. 2005), are 

resistant to IBA. T h e isolation of IBA-response mutants 
defective in these factors, coupled with the fact that 
peroxisomes are the primary site of fatty acid f$-
oxidation in plants ( G R A H A M and EASTMOND 2002; 
BAKER et al. 2006), implicates peroxisomes as the sub
cellular location for IBA-to-IAA conversion. Mutants 
defective in peroxisomal biogenesis likely disrupt IBA 
responses by compromis ing the peroxisomal environ
m e n t or by limiting peroxisomal impor t of enzymes 
necessary for IBA p-oxidation. Indeed , these ibr mutants 
display additional phenotypes associated with peroxi
some defects, such as sucrose d e p e n d e n c e dur ing 
seedling development due to slowed p-oxidation of 
seed storage fatty acids (ZOLMAN el al. 2000). 

Other ibr mutants may be defective in enzymes mat act 
in the peroxisome matrix to catalyze the P-oxidation of 
fatty acids, IBA, or both. In Arabidopsis, at least two genes 
encode related isozymes for each fatty acid P-oxidation 
step (BAKER et al. 2006). Following substrate import into 
the peroxisome by PXA1, a CoA moiety is added by one of 
two long-chain acyl-CoA synthetases (IACS; FULDA et al. 
2002,2004). One of six acyl-CoA oxidases (ACX) catalyzes 

the oxidation step, adding a double bond while releas
ing hydrogen peroxide (HAYASHI et al. 1999; H O O K S et al. 

1999; EASTMOND et al. 2000; FROMAN et al. 2000; RYLOTT 

et al. 2003; ADHAM et al, 2005; PINFIELD-WELLS et al 2005). 
Next, a multifunctional protein (MFP2 or AIM1), contain
ing both enoyl-CoA hydratase and acyl-CoA dehydroge
nase activity, forms a B-ketoacyl-CoA diioester (RICHMOND 
and BLEECKER 1999; EASTMOND and GRAHAM 2000; 

RYLOTT et al. 2006). This substrate undergoes a thiolase-
mediated retro-Claisen reaction, releasing two carbons as 
acetyl-CoA and producing a chain-shortened substrate 
that can reenter die B-oxidation spiral for continued 
catabolism. PED1/KAT2 encodes the most highly ex
pressed thiolase in Arabidopsis (HAYASHI et al. 1998; 
GERMAIN etal. 2001). 

We recently described the ibr3 mutan t , which displays 
defective IBA and 2,4-DB responses bu t responds 
normally to o the r condi t ions tested (ZOLMAN et al. 
2007). IBR3 (At3g06810) encodes a putative peroxi
somal acyl-CoA dehydrogenase or oxidase that resem
bles the mammal ian ACAD 10 and ACAD 11 enzymes. 
Because the ibr3 mutan t does not have apparent fatty acid 
P-oxidation defects, IBR3 may act in IBA p-oxidation 
to IAA (ZOLMAN et al. 2007). In addit ion to ibr3, mu
tants defective in several fatty acid P-oxidation enzymes, 
including aiml, pedl, and multiple acx mutants , show 
altered responses to exogenous IBA (ZOLMAN et al. 2000; 
A D H A M et al, 2005); whether these IBA-response defects 
reflect a direct enzymatic role on IBA P-oxidation 
intermediates or an indirect disruption of IBA-to-IAA 
conversion remains an open question. 

Here , we describe the phenotypic characterization of 
ibrl and ibr 10, two strong IBA-response mutants tiiat, 
like ibr3, have no apparen t defects in peroxisomal fatty 
acid P-oxidation. We used map-based cloning to dem
onstrate that IBR1 and IBR10 encode a short-chain 
dehydrogenase / reduc tase (SDR) family enzyme and 
a putative enoyl-CoA hydratase / isomerase (ECH), re
spectively. Both IBR1 and IBR10 have peroxisomal-
targeting signals. T h e specific IBA-response defects of 
ibrl and ibrlO mutants suggest that IBR1 and IBR10 are 
n e e d e d for the peroxisomal conversion of IBA to IAA. 

MATERIALS AND METHODS 

Mutant isolation: The ibrl-1 and ibrl-2 mutants were de
scribed previously as Bl and B19, ethyl methanesulfonate 
(EMS)-induced IBA-response mutants in the Arabidopsis Ihali-
ana Columbia (Col-0) background (ZOLMAN et al. 2000). 
Additional screens of various mutagenized populations re
vealed several new mutants with IBA-resistant root elongation. 
ibrl-3, ibrl-4, and ibrlSwere isolated from the progeny of Col-0 
seed mutagenized by fast-neutron bombardment (ZOLMAN 
el al. 2007). ibrl-8 was isolated from the progeny of EMS-
rnutagenized Col-0 seeds (Lehle Seeds, Round Rock, TX). 
ibr 10-1 was isolated by screening T-DNA insertion lines in the 
Col-0 accession (pool CS75075; ALONSO el al. 2003), although 
our analysis indicated that the T-DNA was not linked to the 
IBA-resistant phenotype (data not shown), chyl-3 (ZOLMAN 
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et al. 2001a) and ibr3-l (ZOLMAN et al. 2007) were described 
previously and are Col-0 alleles with point mutations in CHYl/ 
At5g65940 and 1BR3/Al3g06810, respectively. 

The «Z>ri-7(SALK_010364), hcdl/al4gl4440(SALK_0V2852), 
and echk/atlg65520 (SALK_036386) mutants in the Col-0 
accession were from the Salk Institute sequence-indexed 
insertion collection (ALONSO el al. 2003). The three insertion 
mutants were genotyped using PCR amplification with a 
combination of genomic primers and a modified LBbl T-DNA 
primer (5'-CAAACCAGCGTGGACCGCTTGCTGCA-3'; hup:// 
signal.salk.edu). The T-DNA position in ibrl-7vas confirmed by 
sequencing the amplification product directly. 

Higher-order mutants were generated by crossing and were 
identified using PCR-based genotyping. For ibrl-2, amplification 
with die oligonucleotides T1J24-8 (5'-GAAGCTTTACCTGCAG 
GAGAAGTATAGAGG-3') andTlJ24-12 (5'-TAAGAGATGTCT 
TCTGTGTTTTTGGACTCA-3') yields a 175-bp product with 
one Ddel site in wild type that was absent in ibrl-2. For ibrl0-l, 
amplification with At4gl4430-1 (5'-ATTTGCACAATTCAACAA 
CAACACGATTTC-3') and At4gl4430-2 (5'-TAGCCCTAAC 
CAACGCCGAGAAATAATC-3') yields a 546-bp product in wild 
type and a 468-bp product in i.brlO-1. ibr.J-1 was genotyped using 
a derived cleaved amplified polymorphic sequence marker 
(MICHAELS and AMASINO 1998; NEFF et al. 1998) in which 
amplification with F3E22-22 (S'-ATGGTGCAGTCTTCCAGGG 
CCTAACCTAGC-3'; altered residue underlined) and F3E22-23 
(5'-GTTTTGATGACGCACCTCATGGAO\TGCTG-3') yields a 
240-bp product with one Alul site in ibr3-l that was absent in 
wild type. 

Plant growth and phenotypic characterization: Surface-
sterilized seeds were plated on plant nutrient (PN) medium 
(HAUGHN and SOMERVILLE 1986) solidified with 0.6% (w/v) 
agar and supplemented with 0.5% sucrose (PNS), hormones, 
kanamycin, or Basta (glufosinate-ammonium; Crescent Chem
ical, Augsburg, Germany) as indicated. Plates were incubated 
under continuous light at 22°; for auxin experiments, plates 
were placed under yellow filters to slow breakdown of indolic 
compounds (STASINOPOULOS and HANGARTER 1990). Seedlings 
were transferred to soil and grown at 18°-22° under continuous 
illumination. 

Prior to phenotypic analyses, ibrl-2 and ibrlO-1 were back-
crossed to the parental Col-0 accession four and two times, 
respectively. For root elongation assays, seeds were plated on 
PNS supplemented with hormones at the indicated concen
trations. Roots were measured after 7 or 8 days at 22° under 
yellow light. For some assays, seeds first were stratified for 
3 days in 0.1 % agar at 4° and germinated under white light for 
2 days at 22° before being moved to assay plates. For lateral 
root assays, seeds were stratified for 3 days at 4°, grown on PNS 
for 4 days under yellow light at 22°, and then transferred to 
PNS supplemented with the indicated hormone and grown for 
4 days under yellow light at 22°. To assay sucrose-dependent 
hypocotyl elongation, seeds were stratified for 3 days at 4° and 
grown on PN or PNS for 1 day under white light followed by 
5 days in the dark at 22°. 

ibrl0-1 was crossed to Col-0 earning a DR5-GUS transgene 
(GUILFOYLE 1999). Lines homozygous for DR5-GUS and UrrlO-1 
were selected on 12 )j.g/ml kanamycin and by genotyping as 
described above. For analysis of DR5-GUS reporter gene 
activation, seeds were germinated on PNS and grown for 4 days 
and then transferred to PNS supplemented with auxin for 
the indicated number of days. Histochemical localization was 
done by staining homozygous seedlings for 2 days at 37° with 
0.5 mg/ml 5-bromo-4-chloro-3-indolyl-P-D-glucuronide (BARTEL 
and FINK 1994). 

Positional cloning and mutant complementation: ibrl and 
ibrlO alleles were outcrossed to Landsberg erecla tl,4 (Ler) and 
Wassilewskija accessions for recombination mapping. Muta

tions were mapped using PCR-based molecular markers 
(http://www.arabidopsis.org) on DNA from IBA-resistant F2 

plants, ibrl-8 was identified as an ilnl allele on the basis of 
failure to complement ibrl-1. Candidate genes were PCR 
amplified from mutant DNA and sequenced directly using 
gene-specific primers. 

To make the 35S-lBRlc construct, the Sail/Noil insert from 
the 103N7T7 EST (NEWMAN et al. 1994) was ligated into the 
35SpBARN (LECLERE and BARTEL 2001) plant transformation 
vector cut with Xhol and Noll. An IBR1 genomic rescue 
construct was made by digesting the Tl J24 bacterial artificial 
chromosome containing IBR1 with BgUl, yielding a 4-kb 
fragment containing the 1BR1 coding sequence plus 1278 bp 
5' and 1118 bp 3' of the coding region. This fragment was 
subcloned into the BamHl site of pBluescript KS+ to give pKS-
IBRlg. An EcoRl/Xbal fragment was subcloned from pKS-
IBRlg into the plant transformation vector pBIN19 (BEVAN 
1984) cut with the same enzymes to give pBIN-ZBR/g. 

For complementation of the ibrlO mutant, Col-0 DNA was 
amplified with PfuTurbo DNA polymerase (Stratagene, l a Jolla, 
CA) using primers modified to add Sail and Noil restriction 
enzyme sites (added residues underlined): At4gl 4430-5 (5'-CGT 
CGACCATAGACCAATCAG<;ATAAGGTATATTTCTCTC-3') and 
At4gl4430^)(5'-GAGGCGGCCCKirGTCTCTTTCrCCCAAAAC 
ATGTG-3'). The purified PCR product was cloned into the 
PCR4-BIunt TOPO vector following the manufacturer's in
structions (Invitrogen, Carlsbad, CA) to give pTOPO-IBRMc. 
The insert of pTOPQ-lBRKk was sequenced to ensure the 
absence of PCR-derived mutations. The Sail/Noil fragment 
from pTOPO-IBRlOc was subcloned into Xhol/Noil-cui 
35SpBARN to give 35S-1BR10. 

Complementation constructs were introduced into Agro-
bacterium iumefaciens GV3101 (KONCZ et al. 1992) by electro-
poration (AUSUBEL el al. 1999) and transformed into mutant 
alleles using the floral dip method (CLOUGH and BENT 1998). 
Transformed T] seedlings and homozygous T3 lines were 
identified by selecting seedlings resistant to 7.5 u,g/ml 
glufosinate-ammonium (35S-R3Rlc and 35S-IBR10) or 12 n-g/ml 
kanamycin (pBJN-IBRlg). 

RESULTS 

ibrl and ibrlO have IBA-response phenotypes: Iso
lation and characterization of mutants with altered 
responses is a powerful m e t h o d for identifying proteins 
involved in specific metabolic pathways. We screened 
mutagenized seed pools for mutants with long roots on 
normally inhibitory IBA concentrat ions. In addit ion to 
two previously described ibrl alleles from EMS-muta-
genized pools (ZOLMAN et al. 2000), we isolated an 
addit ional EMS-induced ibrl allele, three ibrl alleles 
from a fast-neutron mutagenized popula t ion, and a 
single ibrlO allele from a T-DNA-mutagenized popula
tion ( A L O N S O et al. 2003). Both ibrl and ibrlO mutants 
were resistant to the inhibitory effects of IBA on root 
e longat ion (Figure 1A). All of the ibrl alleles displayed a 
similar level of IBA resistance (Figure 1A and data no t 
shown) and we chose ibrl-2 for m o r e detailed analysis. 

We examined IBA-response defects under several con
ditions, comparing ibrl and ibrlO with the previously de
scribed chyl-3 (ZOLMAN et al. 2001a) and ibr3-l (ZOLMAN 
et al. 2007) mutants . First, we examined the effects 
of increasing IBA concentrat ions on root elongat ion. 

http://signal.salk.edu
http://www.arabidopsis.org
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FIGURE 1.—ibrl and ibrlO mutants display IBA- and 2,4-DB-
resistant root, elongation. (A) ibr mutant root elongation on 
IBA and IAA. Col-0 (Wt), ilnlQ-1, and six ibrl alleles were 
plated on medium containing 0.5% sucrose with no hor
mone, 15 p.M IBA or 120 HM IAA. Root length was measured 
after 7 days. Error bars show standard errors of mean root 
lengths ( « > 13). (B) ibr mutant root elongation in response 

Al though the mutants had longer roots than wild type 
o n in termediate IBA levels, all of the mutants responded 
to IBA at h igher concentrat ions (Figure IB) . We found 
that ibrl was more IBA resistant than ibt3 and that ibr 10 
was m o r e IBA resistant than ibrl, ibr3, and chyl (Figure 
IB). Like ifrrJand chyl, ibrl and ibrlOmutants r e sponded 
normally to IAA (Figure 1A) and to synthetic auxins that 
are no t @-oxidation substrates, such as 1-naphthalene-
acetic acid (NAA) and 2,4-D (Figure 1C). ibrl and ibrlO 
mutants also were resistant to 2,4-DB (Figure 1C), a 
chain-elongated version of 2,4-D that may be converted 
to 2,4-D by p-oxidation ( H A Y A S H I et al. 1998). T h e 
phenotypes of ibrl and ibrlO—resistance to IBA and 
2,4-DB coupled with sensitivity to IAA, NAA, a n d 2,4-D— 
closely matches the ibr3 and chyl phenotypes . 

In addi t ion to assaying root e longat ion inhibit ion, we 
tested the ibrl and ibr 10 m u t a n t responses to the 
stimulatory effects of exogenous auxins on lateral root 
proliferation. At the concentrat ions used in ou r assay, 
wild-type plants p roduced similar numbers of lateral 
roots in response to IBA or NAA induct ion. Al though 
the ibrl and ibrl Omutants p roduced normal n u m b e r s of 
lateral roots in response to NAA (Figure 2A) o r IAA 
(data no t shown) t reatment , both mutants m a d e dra
matically fewer lateral roots than wild type in response 
to IBA stimulation (Figure 2A). 

T h e auxin-inducible DR5-GUS repor te r (GUILFOYLE 
1999) is expressed in root tips and lateral roo t primor-
dia, facilitating the visualization of lateral roo t induc
tion. In wild-type lines carrying the DR5-GUS transgene, 
lateral root pr imordia were appa ren t in response to IBA 
induct ion (Figure 2B). In ibrl0-l DR5-GUS, we found 
fewer lateral roots and less root staining in response to 
IBA (Figure 2B). In contrast, we found similar GUS 
induct ion th roughou t ibrl 0-1 and wild-type DR5-GUS 
lines following NAA t rea tment (Figure 2B). Similar 
results were seen in ibr 1-2 and ibr3-l lines carrying the 
r epor te r (data no t shown) . We concluded from these 
exper iments that, like ibr3, ibrl and ibrlO display de-

to increasing IBA concentrations. Seeds were stratified for 3 
days at 4° in 0.1% agar prior to incubation under white light 
for 2 days at 22°. Germinating seeds were transferred to me
dium containing 0.5% sucrose (no hormone) or supple
mented with the indicated concentration of IBA. Roots 
were measured after 8 additional days of growth under yel
low-filtered light. Error bars show standard errors of mean 
root lengths (n > 10). ibr3-l (ZOLMAN el al. 2007) is included 
for comparison with ibrlO and ibrl. chyl-3 (ZOLMAN et al. 
2001a) is included as an IBA-resistant control. (C) iftrmutant 
root elongation on synthetic auxins. Roots were measured as 
in B. Error bars show the standard errors of mean root lengths 
(« a 12). chyl-3 is included as a 2,4-DB-resistant control. (D) 
The ibrl ibr3 ibrlO triple mutant remains more IBA responsive 
than the ibr3 chyl double mutant. Root elongation was evalu
ated as in B. Error bars show standard errors of mean root 
lengths (n a 8). 
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FIGURE 2.—ibrl and HrrlO mutanLs fail to induce lateral 
roots in response to IBA. (A) //>r mutant lateral root initiation. 
Seeds were stratified for 3 days at 4° in 0.1 % agar prior to plat
ing on medium containing 0.5% sucrose and incubating" un
der white light for 4 days at 22°. Seedlings then were 
transferred to medium containing 0.5% sucrose with no hor
mone or supplemented with the indicated concentration of 
auxin. Roots were measured and lateral roots were counted 
after 4 additional days of growth. Data are presented as the 
mean number of lateral roots per millimeter of root length 
and error bars show the standard error of the means (n 2: 
8). thy 1-3 is included as an IBA-resistant control. (B) Visuali
zation of ibrlO lateral root initiation defects using the DR5-
GUS reporter. Wild type or ibrlO containing the DR5-GUS 
transgene were germinated on medium containing 0.5% su
crose and grown for 4 days and then transferred to unsupple-
mented medium or medium containing IBA or NAA. After 
the indicated number of days, seedlings were removed from 
the medium, stained, and mounted for photography. Lateral 
root primordia of NAA-treated plants can be visualized in the 
higher magnification insets. Bars, 1 mm. 

fective responses to IBA and 2,4-DB, but maintain 
normal responses to o the r auxins. 

Higher-order mutants show similar IBA-response 
phenotypes: Because ibrl, ibr3, and ibrl0 mutants were 
all incompletely defective in IBA responses (Figure IB), 

we generated double and triple mutants to de te rmine 
if we could further block IBA responsiveness. In root 
elongation assays, all of the mutant combinat ions were 
IBA resistant compared to wild type at in termediate IBA 
concentrat ions (Figure IB). At very high IBA concen
trations, all of the double and triple mutants still 
r esponded to IBA. Interestingly, at high IBA concen
trations, the ibrl ibr3 i^riO triple mu tan t was less resistant 
than the previously described (ZOLMAN et al. 2007) i!»3 
chyl double mutan t (Figure ID) . The limited enhance
men t of IBA resistance seen in higher-order / / / /mutants 
suggests that the IBR enzymes may act in the same 
pathway. The stronger resistance of ibr3 chyl suggests 
that the IBR pathway may p romote IBA responses 
independent ly of CHYl. chyl is believed to indirectly 
disrupt (3-oxidation at the thiolase step (ZOLMAN et al. 
2001a; LANGE et al. 2004). 

The double and triple mutants still r esponded like 
wild type to NAA and 2,4-D and were 2,4-DB resistant 
(Figure 1C), consistent with the defect specific to chain-
elongated auxins seen in the single ///militants. Also like 
the single mutants , the double and triple mutants made 
few lateral roots in response to IBA induct ion, but 
responded like wild type to induction by NAA (Figure 
2A). Because so few lateral roots were made in the single 
mutants in the presence of IBA, we did not a t tempt to 
assess the significance of additive o r altered effects on 
lateral root ing in the higher-order mutants . 

Other peroxisomal pathways are not detectably 
disrupted in ibrl and ibrlO: Previously isolated IBA-
response mutants fall into two categories: those with 
general peroxisomal defects, including reduced rates of 
fatty acid ^-oxidation and consequent sucrose depen
dence dur ing germinat ion, and those that are IBA 
resistant but appear to carry out o ther peroxisomal 
functions normally (ZOLMAN et al. 2000). To test wheth
er these new IBA-response alleles had general defects in 
peroxisomal metabolism manifested in reduced fatty 
acid 3-oxidation, we tested ibrl and ibrlO requirements 
for sucrose dur ing development . Wild-type seedlings 
can develop without an exogenous carbon source; early 
seedling growth is fueled by peroxisomal catabolism of 
seed storage fatty acids ( I IAYASHI et al. 1998). Mutants 
defective in seed oil catabolism, due to ei ther loss of a 
single fi-oxidation enzyme or disruption of general 
peroxisomal function, arrest dur ing early seedling de
velopment. Supplement ing the growth medium with 
sucrose, which provides the energy normally obtained 
from fatty acid 3~oxia<ation, can relieve the arrest. 
Therefore, comparison of growth with and without ex
ogenous sucrose can reveal defects in peroxisomal 
function. We found that, dark-grown hypocotyls of ibrl 
and ibrlO elongated normally in the absence of sucrose 
(Figure 3), suggesting that seed storage fatty acids are 
efficiently metabolized in both mutants . Indeed, pre
vious gas chromatography-mass spectrometry analysis 
indicated that seed-storage fatty acids are metabolized 
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FIGURE 3.—ibrl and ibrlO mutants metabolize peroxisomal 
substrates similarly to wild type. (A) ibr mutant hypocotyl 
elongation in the absence of sucrose. Seeds were stratified 
for 4 days at 4° in 0.1% agar prior to plating on unsupple-
mented medium or medium containing 0.5% sucrose. Plates 
were placed under white light for 1 clay at 22° and then trans
ferred to the dark at 22° for 5 additional days. Error bars show 
standard errors of mean hypocotyl lengths (« £ 10). chyl-3 
(ZOLMAN et al. 2001a) is included as a sucrose-dependent con
trol. (B) ifirmutant root elongation on propionate and isobu-
tryate. Seeds were stratified for 3 days at 4° in 0.1 % agar prior 
to incubation under white light for 2 days at 22°. Germinating 
seeds were transferred to medium containing 0.5% sucrose 
with or without 150 JAM propionate or 350 (JLM isobutyrate. 
Roots were measured after 7 additional days of growth. Error 
bars show standard errors of mean root lengths (n a 11). chyl-3 
is included as a propionate- and isobutyrate-hypersensitive 
control (LUCAS el al. 2007). 

normally dur ing early seedling deve lopment in ibrl-1 
and ibrl-2 (ZOLMAN et al. 2000). We also assayed the ibr 
double and triple mutants and found that n o n e dis
played sucrose-dependent growth compared to the chyl 
sucrose-dependent control (Figure 3A). We conc luded 
that, even in combinat ion, the ibrl and ibrlO mutat ions 
do no t appreciably disrupt fatty acid utilization dur ing 
development . 

In addit ion to IBA a n d fatty acids, peroxisomes are 
implicated in the metabolism of o ther substrates. CHY1 
encodes a peroxisomal (J-hydroxybutyryl-CoA hydro
lase similar to mammal ian mi tochondr ia l enzymes 
acting in valine catabolism (ZOLMAN et al. 2001a). chyl 
mutants are sucrose d e p e n d e n t (ZOLMAN et al. 2001a), 

resistant to IBA (ZOLMAN et al. 2001a) and 2,4-DB 
( L A N G E et al. 2004), and display he igh tened sensitivity 
to root e longat ion inhibi t ion caused by isobutyrate 
and prop iona te t rea tment ( L U C A S et al. 2007). These 
defects are though t to result from accumulat ion of 
toxic catabolic in termedia tes in the mutant . To de
termine whether the IBR1, IBR3, or IBR10 enzymes 
migh t be involved in metabol ism of prop iona te or 
the branched-chain substrate isobutyrate, we assayed 
responses of the zfrrmutants to these compounds . Unlike 
chyl, the j^rsingle-mutant roots were able to elongate like 
wild type on isobutyrate and propionate (Figure 3B), 
suggesting that the IBR proteins are not needed for 
metabolism of these compounds . 

acxl acx5 double mutants have decreased male fertility 
and reduced jasmonate product ion, suggesting that 
peroxisomal ACX enzymes are important for chain 
shortening of jasmonate precursors (SCHILMILLER et al. 
2007) in addition to fatty acids (ADHAM et al. 2005; 
PINFIELD-WELLS et al. 2005). In contrast, the ibrl ibr3 ibr 10 
triple mutan t was fully fertile, suggesting that the IBR 
enzymes are not essential for jasmonate biosynthesis. 
Soil-grown ibrl, ibr3, and ibrlO single, double, and triple 
mutants also were not notably different than wild type in 
size, morphology, or pigmentat ion (data not shown). 

Molecular character izat ion of the ibrl mutan ts : 
Using positional information, we mapped the ibrl 
mutan t defect to a 3-Mb region in the middle of 
chromosome 4 between the molecular markers F4C21 
and mi 167 (Figure 4A). Within this region are the 
chromosome 4 cen t romere and a large zone of reduced 
recombinat ion ( C O P E N H A V E N et al. 1999), as well as a 
chromosomal r ea r r angemen t between Col-0 and Lev 
(FRANSZ et al. 2000). We identified a candidate gene 
{At4g05530) within d ie ibrl mapp ing interval tha t 
encodes a protein in the SDR family with a C-terminal 
peroxisomal-targeting signal; recent proteomic analysis 
confirmed that the At4g05530 protein is peroxisomal 
(REUMANN et al. 2007). Because of previous connect ions 
between IBA response and peroxisomal function (see 
above), we hypothesized that disruption of this perox
isomal enzyme might cause the ibrl phenotypes. 

We sequenced At4g05530 using DNA from the ibrl-1 
m u t a n t and identified a C-to-T muta t ion at position 126 
(where 1 is the A of the initiator ATG), which alters an 
Arg to a Cys residue (Figure 4B). Figure 5 shows an 
al ignment of similar proteins from different k ingdoms; 
Arg l26 is conserved in 2 5 / 2 5 IBR1 homologs. ibr 1-8 
has a mutat ion at position 1090, which converts a Ser 
residue to Phe. In ibrl-2, we found a G-to-A muta t ion at 
position 828 that disrupts the 3'-splice junc t ion follow
ing the second int ron. T h e mutat ion changes the 
absolutely required G in the splice site, presumably 
destroying the splice site and altering the downstream 
protein. In ibrl-3, we found a 1-bp deletion at position 
859, causing a frameshift in the mutan t protein. The 
first 94 amino acids of the mu tan t ibrl-3 prote in are 
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shift and premature termination at 
amino acid 95 (see Figure 5). The posi
tion of the ibrl-7 T-DNA insertion 
(SALK.010364) is shown by a triangle. 
ibrl-8 has a C-to-T base-pair change, al
tering a Ser residue to Phe. (C) PCR 
analysis of the iiyrl-4 and ibrl-5 deletion 
alleles. Amplification reactions were 
performed on Col-0 (C), ibrl-2 (-2), 
ibrl-4 (-4), and ibrl-5 (-5) genomic 
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ing IBR3 and 1BR10. (D) Rescue of ibrl 
defects in IBA-responsive root elonga
tion inhibition by wild-type IBM. Wild-

type Col-0 (Wt), ibrl-1, ibrl-4, and ibrl-5 mutants and ibrl lines containing either S5S-IBMc (IBMc) or pBlN-IBMg (IBRlg) were 
germinated and grown on medium supplemented with 0.5% sucrose and 7.5 (JLM IBA for 8 days at 22°. Error bars indicate standard 
errors of the mean root lengths ( » £ 12). (E) Rescue of ibrl lateral root defects by wild-type IBRL Lines used in D were assayed for 
lateral root production. Seeds were plated on medium with 0.5% sucrose and grown for 5 days under white light and then trans
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identical to IBR1, followed by 50 amino acids translated 
in a different frame and a stop codon; the C-terminal 
peroxisomal-targeting signal in this protein is lost. 

The ibrl-4 and ibrl-5 mutants were isolated from 
distinct pools of fast-neutron mutagenized seeds. Both 
mutants appear to ha rbor a large delet ion removing all 
of IBR1, as mult iple p r imer sets spanning the gene did 
no t amplify products that were present in wild-type 
samples (Figure 4C). Fur the rmore , amplification reac
tions using primers 1500 bp upstream or 850 bp 
downstream did not yield products . For bo th ibrl-4 
and ibrl-5 mutan t alleles, we were able to amplify genes 
in o ther regions of the g e n o m e (Figure 4C), indicating 
that we had successfully p repared DNA from the mu
tants. However, we did no t explore the precise bound
aries of the deletions in e i ther ibrl-4 or ibrl-5 and do not 
know whether addit ional genes are affected in these 
alleles. 

We obtained a T-DNA insertion mutant (SALK_010364) 
in IBR1 from the Salk Institute collection (ALONSO et al. 
2003). Sequence analysis confirmed that tiiis mutant 
(ibrl-7) had an insertion at position 469 relative to the 
start codon, near die end of intron 1 (Figure 4B). When 
we compared the IBA responses of die ibrl alleles, we 
found that all were similarly defective in IBA responsive
ness (Figure 1A), indicating that we are likely examining 
the null phenotype for this gene. 

At4g05530 complements the ibrl mutants: To com
p lemen t the mu tan t alleles, we m a d e both a genomic 
construct driving IBR1 expression from the 1BR1 5 ' 
regulatory region and an overexpression construct 
driving an IBR1 cDNA from the constitutive 35S pro
moter from cauliflower mosaic virus, ibrl-1 was rescued 
similarly following transformation with either the geno
mic or overexpression construct (Figure 4, D and E) , 
indicating that bo th constructs provided sufficient pro-
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FIGURE 5.—IBR1 resembles short-chain dehy
drogenase/reductase enzymes. An alignment com
paring IBR1 to similar proteins from rice (Os), 
beetle (Tc; Tribolium• castaneum), human (Hs), Tet-
rahymena (Tt), and the prokaryote Algcrriphagussp. 
PR1 (Al) was generated in the MegAlign program 
(DNAStar) using the Clustal W method. Amino 
acid residues identical in at least four sequences 
are against a solid background; hyphens indicate 
gaps introduced to maximize alignment. The ibrl 
mutations are indicated above the sequence. The 
C-terminal PTS1 present in IBR1 and the three 
closest homologs is indicated by a shaded back
ground; HsHEP27 is not targeted to peroxisomes 
(PELLEGRINI et al. 2002). Asterisks above the se
quence denote three essential residues that com
pose die catalytic triad characteristic of SDR 
proteins (KAIXBERG el al. 2002). 

tein for wild-type function and that any overexpression 
did no t affect the response. In addit ion, we found that 
expression of genomic IBR1 in ibrl-3, ibrl-4, and ibrl-5 
restored IBA responses in root elongation and lateral 
root initiation (Figure 4, D and E, and data no t shown). 
We concluded that the IBA-response defects in ibrl 
result from disruption of the IBR1/At4g05530gene. 

Molecular characterization of the ibrlO mutant: We 
mapped the ibrlO-1 lesion to the middle of ch romosome 
4, 5.5 Mb below IBR1 (Figure 6A). Within the mapping-
region, we identified a gene encoding a putative enoyl-
CoA hydratase (At4gl4430). The At4gl4430 protein is 
similar to enzymes acting in fatty acid (3-oxidation 
(Figure 7) and recently was confirmed to localize in 
peroxisomes (REUMANN et al. 2007). Sequencing this 
candidate gene revealed a 78-bp delet ion in the ibrl 0-1 
mutan t (Figure 6B). This delet ion is predicted to 
remove 26 amino acids from the 240-amino-acid pro
tein, but leave the C terminus in frame with wild-type 
IBR10. The deletion removes several conserved amino 
acids; however, a predicted active site residue and the 
peroxisomal-targeting signal remain in the m u t a n t 
protein (Figure 7). If the mu tan t protein is able to fold 
correctly, re tent ion of this region may be sufficient to 
allow partial enzyme activity. Because publicly available 
T-DNA insertion collections contain n o insertions in the 
At4gl4430 coding sequence, we currently are unable to 
de te rmine whether the single ibrlO-1 allele displays a 
null phenotype . 

At4gl4430 complements the ibrl0-l mutant: Because 
we recovered only a single ibrlO allele, we sought to 
confirm that the mu tan t phenotypes were due to 
At4gl4430disruption. We created an IBR10overexpres
sion construct that drives expression of IBR10 from the 

cauliflower mosaic virus 35S promoter . ibrlO-1 plants 
t ransformed with the 35S-IBR10 construct displayed 
restored responses to IBA in bo th root elongation and 
lateral root initiation assays (Figure 6, C and D) , 
indicat ing that the identified lesion in At4gl4430caused 
the IBA-response defects that we observed in ibrlO-1. 

Mutants defective in the IBR10 homologs At4gl4440 
and Atlg65520 respond normally to IBA: IBR10 has two 
close Arabidopsis homologs. To de te rmine if either of 
these proteins contr ibutes to IBA responses, we exam
ined the phenotypes of insert ion mutants disrupting 
these two genes. T h e closest IBR10 relative in Arabi
dopsis is At4gl4440 (80% identical; Figure 7), which is 
encoded directly adjacent to IBR10 and likely results 
from a recent duplication. However, At4gl4440 ends 
with the C-terminal t r ipeptide "HNL," which is no t 
a known peroxisomal-targeting signal (REUMANN et al. 
2004). We isolated a T-DNA insertion line (SALK_012852) 
predicted to disrupt At4gl4440 (Figure 6B). The mutant 
responded like wild type to IBA (Figure 6E). We similarly 
examined a T-DNA insertion allele (SALK.036386) dis
rupt ing a second IBR10 homolog Atlg65520, which 
encodes a protein 49% identical to IBR10 that contains 
the canonical peroxisomal-targeting signal "SKL" (Fig
ure 7). We found that this m u t a n t also displayed wild-
type IBA responsiveness (Figure 6E) . We concluded that 
the two closest 1BR10 homologs in the Arabidopsis ge
n o m e are no t required for IBA-responsive root elonga
tion inhibit ion. 

Expression of IBR genes: T h e phenotypic similari
ties a m o n g the ilrr mutants suggest that IBR1, IBR3, 
and IBR10 might be involved in similar processes. We 
used the Genevestigator database of microarray data 
(ZIMMERMANN et al. 2004) to compare the expression 
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FIGURE 6.—Positional cloning 
of IBR10 and complementation 
of the ibrlO mutant. (A) Recombi
nation mapping of ibrlO to the 
middle of chromosome 4, south 
of IBRL IBA-resistant F2 plants 
were scored using PCR-based 
markers (above the bar) and the 
number of recombination events/ 
total number of chromosomes 
scored is shown below the bar. 
(B) Molecular lesion in ibrl0-l. 
Sequence analysis of the IBR10 
(Al4gl4430) candidate gene using 
mutant DNA revealed a 78-bp de
letion in ibrl0-l. This deletion 
removes 26 amino acids of die en
coded protein (see Figure 7), but 
leaves die C terminus of the pro
tein in frame. The position of the 
T-DNA insertion disrupting the up
stream IBR10 homolog, AtHCDl/ 
Al4gl4440, is indicated by a trian
gle. (C) Rescue of iinlO defects in 
IBA-responsive root elongation in
hibition by wild-type IBR10. Wild-
type Col-0 (Wt), the ibrlO mutant, 
and ibrlO containing 35S-IBR10 
were assayed as described in the 

legend for Figure IB. Error bars show standard errors of mean root lengths (n £ 12). (D) Rescue of ibrlO lateral root defects by 
wild-type IBR10. Lines used in C were assayed for lateral root production, as described in the legend for Figure 2A. Data are presented 
as the mean number of lateral roots per millimeter of root length and error bars show the standard error of the means (n & 12). (E) 
Root elongation of insertion mutants disrupting ibrlO homologs. T-DNA insertion mutants in the ibrl Ohomologs AtHCDl/At4gl4440 
(S_012852) and ECHk/Atlg65520 (S_036386) were assayed for IBA responses as described in the legend for Figure IB. Error bars show 
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pat terns of IBR1, IBR3, and IBR10 with genes encoding 
known fatty acid S-oxidation pro te ins (Figure 8). This 
analysis revealed that the three IBR genes show similar 
constitutive moderate-level expression in most tissues 
examined with apparen t increases in seeds (Figure 8B). 
This expression pat tern is similar to that of fatty acid 
|3-oxidation genes, except that the fatty acid P-oxidation 
genes generally have h igher expression levels (Figure 
8D). In particular, LACS6, LACS7, ACX3, MFP2,\nd 
PED1 seem to have a similar pat tern as IBR gene 
expression, albeit at apparent ly h igher levels. Interest
ingly, IBR1 and IBR3 transcripts appear to accumulate in 
senescing leaves, as d o many of the fatty acid B-oxidation 
genes (Figure 8, B and D) . 

DISCUSSION 

The isolation and characterization of two new IBA-
response mutants , ibrl and ibrlO, a long with the map-
based identification of the defective genes, revealed two 
novel peroxisome-targeted proteins . On the basis of 
mu tan t phenotypes and the identity of the encoded 
proteins, we hypothesize that IBR10 and IBR1 may act in 
sequential steps in the peroxisomal conversion of IBA 
to IAA. 

IBR10 contains an ECH domain (pfam00378) and 
has been anno ta t ed as ECHIb ( R E U M A N N et al. 2007). In 
a subset of characterized family members , including 
bacterial hydratases and a yeast isomerase, a conserved 
Glu residue is required for catalysis ( M U R S U L A et al. 
2001; W O N G and G E R L T 2004); this residue is present in 
IBR10 and retained in the ibrlO mu tan t prote in (Figure 
7). The substrates metabolized by ECH enzymes are 
diverse, a l though c o m m o n structural in termedia tes are 
typical and there is s t rong conservation within the CoA-
binding site ( A G N I H O T R I and Liu 2003). Enzymes in the 
ECH family often act in reversible reactions and include 
not only isomerases and hydratases, bu t also nap thoa te 
synthase, carni t ine racemase, and hydroxybutyryl-CoA 
dehydratases. In fatty acid |3-oxidation, ECH fami
ly enzymes catalyze a hydration reaction to p roduce 
hydroxyacyl-CoA thioester intermediates . For example , 
the Arabidopsis peroxisomal MFP2 and AIM1 multi
functional proteins acting in fatty acid 8-oxidation each 
contain an ECH domain and have enoyl-CoA hydratase 
activity ( R I C H M O N D and SOMMERVILLE 2000; R Y L O T T 

et al. 2006). Unlike these large multifunctional proteins, 
which also contain L-3-hydroxyacyl-CoA dehydrogenase 
and D-3-hydroxyacyl-CoA epimerase domains (RICHMOND 
and SOMMERVILLE 2000; RYLOTT et al. 2006), IBR10 is 
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FIGURE 7.—IBR10 resembles enoyl-
CoA hydratases. An alignment compar
ing IBR10 to similar proteins from Ara-
bidopsis (At), rice (Os), the bacterium 
Tliermobifula fusca (Tf), Dictyostelium 
(Dd), and humans (Hs) was generated 
in the MegAlign program (DNAStar) us
ing the Clustal W method. Amino acid 
residues identical in at least four se
quences are against a solid background; 
hyphens indicate gaps introduced to 
maximize alignment. The ibrl0-l dele
tion is indicated above the sequence. 
The C-terminal PTS1 present in IBR10 
and four of the homologs are indicated 
by a shaded background. The HsPECI 
homolog has an N-terminal extension 
compared to the Arabidopsis protein; 
for clarity, the first 95 amino acids of this 
protein are not shown. MFP2 is an Ara
bidopsis multifunctional protein acting 
in peroxisomal fatty acid B-oxidation 
that contains enoyl-CoA hydratase/ 
isomerase activity in the first 200 amino 
acids of the protein (RICHMOND and 
BLEECKER 1999); the C-terminal do
mains of MFP2 are not shown. A Glu 
residue important for activity in a 
Pseudonionas pulida hydratase (WONG 
and CERLT 2004), a yeast isomerase 
(MURSULA et al, 2001), and a rat ECH 
(HOLDEN el al. 2001) is indicated by 
an asterisk above the sequence. 

a single domain protein, reminiscent of enzymes acting in 
mammalian p-oxidation. 

Analysis of o the r sequenced genomes revealed single-
domain IBR10 homologs in several plants , including 
both monoco t s and dicots (REUMANN et al. 2007). The 
closest IBR10 relative in Arabidopsis is At4gl4440, which 
is 80% identical to IBR10 at the amino acid level bu t 
lacks a known peroxisomal-targeting signal. This IBR10 
homolog , recently named AtHCDl , can act as a /ivdrox-
yacyl-CoA dehydratase on very-long-chain substrates in 
wax biosynthesis (GARCIA et al. 2007). An insertion 
mutan t disrupt ing AtHCDl (SALK_0P2852) contains 
reduced wax levels and altered wax crystal morphology 
(GARCIA et al. 2007). We tested the hcdl/at4gl4440 
mutan t and found wild-type IBA responses (Figure 6E), 
suggesting that these two highly related pro te ins are no t 
functionally r e d u n d a n t in the examined responses. A 
second Arabidopsis homolog, At lg65520 (ECHIc) , is 
49% identical to IBR10 and is peroxisomal (REUMANN 
et al. 2007); disrupt ion of Allg65520 also did no t alter 
IBA responses (Figure 6E). Rice contains two clear 
1BR10 homologs ; as in Arabidopsis, one has a predicted 
peroxisomal localization whereas the o the r does no t 
(Figure 7) . 

Outs ide the plant kingdom, IBR10 has limited simi
larity ( ~ 2 0 % identical) to a mammal ian /peroxisomal 

moyl-CbA isomerase (PECI; G E I S B R E C H T et al. 1999) 
that is localized in both peroxisomes and mitochondria 
(GEISBRECHT etal. 1999; Z H A N G etal. 2002). This enzyme 
has A?'A2enoyl-CoA isomerase activity ( G E I S B R E C H T 
et al. 1999), which is required for rearranging double 
bonds to allow complete (3-oxidation of unsaturated 
fatty acids. The Saccharomyces cerevisiae homolog, Ec i lp , 
also has isomerase activity but lacks hydratase activity 
(GEISBRECHT et al. 1998). H u m a n PECI has an N-terminal 
extension compared to the other homologs (Figure 7) 
that resembles acyl-CoA-binding proteins (POIRIER et al, 
2006). 

IBR1 is in the SDR family, a large g roup of proteins 
with highly variable enzymatic functions. SDR proteins 
can have oxidoreductase, lyase, isomerase, or related 
activities and act on a wide variety of substrates, in
cluding steroids, sugars, and alcohols. Each enzyme 
requires NAD, NADP, or FAD as an electron carrier, 
which typically is b o u n d by a Rossman fold within the 
N-terminal region of the protein; the identity of this 
cofactor is used as a partial de te rminan t of enzyme 
classification (KALLBERG el al. 2002; KALLBERG a n d 

PERSSON 2006). The C-terminal region is typically less 
conserved and is impor tan t for substrate interactions. 

Arabidopsis IBR1 is in the dehydrogenase subcate
gory with different or unknown specificities (FabG/ 
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FIGURE 8.—Expression profiles of 
genes encoding IBR enzymes and en
zymes acting in fatty acid B-oxidation. 
(A) A model for the conversion of 
IBA to IAA. General enzymatic re
quirements are shown to the right 
of the arrows along with the hypoth
esized positions for IBR3, IBR10, 
and IBR1 activity. (B) Relative ex
pression levels (mRNA signal) for 
IBR3, IBR 10, and IBR1 in several 
Arabidopsis tissues. Genevestigator 
(ZIMMERMANN et al. 2004) data indi
cate that expression of the three IBR 
genes is similar among tissues. Error 
bars show the standard error of the 
mean expression levels; n = 121 for 
dry seeds, 26 for imbibed seeds, 944 
for seedlings, 419 for young plants, 
330 for roots, 619 for flowers, and 
3 for senescing leaves. Data were 
retrieved from Genevestigator in 
June 2008. (C) Pathway of fatty acid 
B-oxidation, where R represents a 
side-chain extension of additional 
carbon units. In plant peroxisomes, 
step 1 is catalyzed by long-chain 
acyl-CoA synthetases (LACS6 and 
LACS7), step 2 is catalyzed by a fam
ily of acyl-CoA oxidases (ACX1-6), 
steps 3 and 4 are catalyzed by multi
functional proteins (AIM1 or MFP2), 
and step 5 is carried out by thiolase 
(PED1/KAT2, KAT1, and KAT5). 
(D) Relative expression levels (mRNA 
signal) for genes encoding fatty acid 
8-oxidation enzymes in several Arabi
dopsis tissues. Genevestigator data 
were collected as described in B. 

COG1028 and COG4221; MARCHLER-BAUERand BRYANT 
2004). O n the basis of protein size and amino acid 
residues at conserved domains, IBR1 has been classified 
as a "classical" SDR (KALLBERG et al. 2002, 2007) and also 
has been annota ted as SDRa (REUMANN et al 2007). IBR1 
has an apparent nucleotide-binding site with a predicted 
preference for an NADP(H) cofactor (http://www.ifm. 
l iu .se/bioinfo/ ; KALLBERG and PERSSON 2006). In addi
tion, the three SDR catalytic amino acids (KALLBERG 
et al. 2002) are conserved in IBR1 (Serl46, Tyrl59, and 
Lysl63), along with o ther less tightly conserved amino 
acid sequences indicative of SDR classification (Figure 5; 
KALLBERG et al. 2002; REUMANN et al. 2007). 

IBR1 homologs are present in animals, bacteria, and 
plants. According to the classification system of KALLBERG 
et al. (2007), IBR1 is the only Arabidopsis family member 
in cluster 5c. H u m a n HEP27 (also known as DHRS2) is 
the most characterized member of this cluster and is 
45% identical to IBRl. HEP27 is a nuclear protein 
(PELLEGRINI et al. 2002) and can reduce dicarbonyl 
compounds , but not sugars, steroids, or retinoids 
(SHAFQAT et al. 2006). The mammalian protein NRDR 
(also known as DIIRS4, HEP27-like, RRD, PIICR, SDR-

SRL, and SCAD-SRL) is a closely related homolog that 
acts as a retinol dehydrogenase and a retinal reductase 
regulating retinoid metabol ism ( L E I et al. 2003). This 
enzyme has an "SRL" peroxisomal-targeting signal, like 
Arabidopsis IBRl , and has been shown to localize to 
peroxisomes using a fluorescent repor ter prote in 
(FRANSEN et al. 1999). Fur thermore , NRDR activity has 
been isolated from mouse peroxisomes and increases in 
the presence of peroxisome proliferators ( L E I et al. 
2003). Although characterization of the h u m a n NRDR 
protein lends c redence to the impor tance of IBRl in 
peroxisomal metabol ic pathways, retinol (vitamin A) or 
retinal are unlikely substrates for IBRl , as these mole
cules are not observed in plants ( W O L F 1984). 

Recent p ro t eomic analysis of soybean peroxisomal 
prote ins revealed GinSDR, which is 78% identical to 
IBRl (ARAI et al. 2008) , and analysis of sequenced 
databases identified IBRl homologs in a variety of 
m o n o c o t and dicot species ( R E U M A N N et al. 2007). 
N o n e of the closely related IBRl p lant homologs have 
known substrates, a l though a Solarium tuberosum tropi-
n o n e reductase (34% identical to IBRl) has been 
characterized ( K E I N E R et al. 2002). T rop inone reduc-

http://www.ifm
http://liu.se/bioinfo/
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tases are NADPH-dependen t enzymes acting in alka
loid metabol ism; these enzymes d o no t appea r to be 
localized to peroxisomes. More distant Arabidopsis 
relatives include ABA2, which acts in ABA biosynthesis 
(CHENG et al. 2002), and the ATA1 enzyme homologous to 
TASSELSEED 2 (LEBEL-HARDENACK et al. 1997), involved 
in sex determination in maize (DELONG el al. 1993). 

We can envision both direct and indirect mechanisms 
by which defects in peroxisomal enzymes might reduce 
IBA responsiveness. In the direct model , IBR enzymes 
would catalyze IBA B-oxidation reactions. The specific
ity of the iftr defects and the na ture of the mutated genes 
are consistent with the possibility that IBR1 and IBR10 
act directly in the conversion of IBA to IAA (Figure 8A). 
Because elimination of two carbons could convert IBA 
to IAA, we expect that the responsible enzymes will 
resemble those acting in fatty acid B-oxidation. In 
plants, fatty acid B-oxidation occurs by addit ion of a 
CoA moiety by an acyl-CoA synthetase followed by the 
repeat ing activities of ACX, MFP, and thiolase enzymes 
(Figure 8C). Previously, we suggested that IBR3 might 
act as an IBA-CoA dehydrogenase o r oxidase, carrying 
out the second step in IBA B-oxidation (Figure 8A, step 
2; ZOLMAN et al. 2007). T h e multifunctional proteins 
AIMI ( R I C H M O N D and BLEECKER 1999) and MFP2 

( R Y L O T T et al. 2006) are isozymes with different chain-
length specificities that carry out steps 3 and 4 of fatty 
acid 8-oxidation, which involve a hydration and sub
sequent NAD*-dependent dehydrogenat ion. AIM1 also 
might act in the conversion of IBA, as the aiml mu tan t is 
resistant to IBA (ZOLMAN et al. 2000) and 2,4-DB 
( R I C H M O N D and BLEECKER 1999). However, identifica
tion of IBR10, which encodes an enoyl-CoA hydratase / 
isomerase family member , and IBR], which encodes a 
dehydrogenase/reductase- l ike protein, suggests that 
IBR10 and IBR1 may toge ther provide AIMI activity in 
IBA B-oxidation, either in addition to or instead of AIMI. 

The activities of biochemically characterized enzymes 
similar to IBR1 and IBR10 fit with what would be 
required for IBA B-oxidation. ibrl and ibrlO, along with 
ibr3 (ZOLMAN et al. 2007), have specific defects in IBA 
responses, displaying reduced responses to IBA in root 
elongation, lateral root initiation assays, and IBA-
induced reporter gene expression, but normal responses 
to o the r forms of auxin (Figures 1 and 2). Because 
ne i the r ibrl no r ibrl 0 have pheno types typical of fatty 
acid B-oxidation defects (sucrose d e p e n d e n c e dur
ing early development ; Figure 3A), the disruptions of 
these genes are unlikely to affect general peroxisomal 
function or fatty acid B-oxidation. Genetic evidence 
suggests that IBA-to-IAA conversion is peroxisomal; 
therefore , we expect enzymes catalyzing this conver
sion to be peroxisomally targeted. Both IBR1 ("SRL") 
and IBRI0 ("PKL") have pred ic ted C-terminal type I 
peroxisomal-target ing signals (KAMADA et al. 2003; 
REUMANN et al. 2004) and recent pro teomic analysis 
of purified peroxisomes and YFP-localization studies 

confirm that both IBR1 and IBR10 are peroxisomal 
( R E U M A N N et al. 2007), consis tent with a role in IBA 
metabol ism. 

Ratiier than directly catalyzing IBA B-oxidation, IBR1 
and IBR10 might act in o ther peroxisomal processes 
that, when disrupted, indirectly i m p e d e IBA metabo
lism. An indirect model for IBA P-oxidation disruption 
is no t without precedent . Such a mechanism might 
result from accumulat ion of toxic intermediates , as in 
the chyl mu tan t (ZOLMAN et al. 2001a). CHY1 encodes a 
B-hydroxyisobutyryl-CoA hydrolase acting in peroxi
somal valine (ZOLMAN et al. 2001a; LANGE et al. 2004) 
or isobutyrate (LUCAS et al. 2007) catabolism. chyl 
mutants are sucrose d e p e n d e n t (ZOLMAN et al. 2001a), 
IBA resistant (ZOLMAN et al. 2001a), 2,4-DB resistant 
( L A N G E et al. 2004), and hypersensitive to isobutyrate 
and propionate (LUCAS el al. 2007). These phenotypes 
are though t to result from accumulat ion of a toxic valine 
catabolic intermediate that impedes thiolase activity 
(ZOLMAN et al. 2001a; LANGE et al. 2004). The ibrl, ibr3, 
and ibrlO mutants respond like wild type to exogenous 
isobutyrate and propiona te (Figure 3B), suggesting that 
the IBR proteins do not act in the CIIYI pathway. 

A second potential indirect mechanism for disrup
tion of IBA B-oxidation is decreased cofactor availability. 
For example , disrupting the second step of fatty acid B-
oxidat ion (Figure 8) in certain acx mutants leads to 
accumulat ion of fatty acyl-CoA esters ( R Y L O T T et al. 
2003; PINFIELD-WELLS et al. 2005). These activated, but 
unprocessed, substrates migh t deple te the CoA pool 
available to IBA and thereby limit IBA metabolism to 
IAA ( A D H A M et al. 2005). 

If IBR1 acts directly in IBA B-oxidation, it is curious 
that the prote in is in the short-chain alcohol dehydro
genase / reduc tase family ra ther than resembling acyl-
CoA dehydrogenases, as might be expected for an 
enzyme acting at this step of the pathway. However, 
the SDR family has a broad list of accepted substrates, 
pe rhaps indicating a catalytic pocket that could accom
moda te the IBA B-oxidation in termedia te . Previous 
bioinformatic analysis led to the suggestion that IBR1 
might act on B-hydroxyisobutyrate (REUMANN el al. 
2004); this model is attractive because the potential 
substrate lacks a CoA side chain. However, it is unclear 
how a block this late in valine catabolism would impede 
IBA responsiveness. Unlike the chyl mutan t that is 
disrupted in valine catabolism, ibrl mutants are not 
sucrose d e p e n d e n t (Figure 3A). Moreover, in contrast 
to chyl, ibi 1 does no t display increased sensitivity to 
isobutyrate or p rop iona te (Figure 3B). 

Ultimately, testing these compe t ing hypotheses will 
require biochemical assays to de te rmine the preferred 
substrates and specific activity of each enzyme. If 
potential substrates become available, we will be able 
to de te rmine the nature of the activity of the IBR 
enzymes on intermediates in IBA metabolism, revealing 
each as a direct enzymatic player o r as an indirect 
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participant acting in a pathway that overlaps or inter
feres with IBA metabolism in the peroxisome. In ad
dition to determining the enzymatic activity of IBR1, 
IBR3, and IBR10, enzymes catalyzing other steps of the 
pathway remain to be identified. The activating enzyme 
that adds CoA onto IBA (Figure 8, step I) has not been 
identified; LACS6 and LACS7 act on fatty acid substrates 
but appear not to act on IBA (FULDA et al. 2004). In 
addition, the enzyme acting in the thiolase step (Figure 
8, step 5) has not been established. Although PED1 is 
the best-characterized and most active thiolase, two 
other thiolases (KAT1 and KAT5) are encoded in the 
Arabidopsis genome (GERMAIN et al. 2001; CARRIE et al. 
2007) and could act on IBA intermediates. Further
more, we expect that an enzyme to remove the CoA 
moiety (Figure 8, step 6) will be required; several 
thioesterases with unknown substrates are predicted to 
reside in the peroxisome (REUMANN et al. 2004) and may 
catalyze this reaction. Finally, IAA acts outside of the 
peroxisome and therefore a transporter is expected to 
export the active auxin; whether this transporter re
moves IAA or IAA-CoA also is an open question. 

Although our genetic evidence in Arabidopsis sug
gests that IBA must be converted to IAA to exert auxin 
activity, IBA is proposed to promote lateral root forma
tion in rice independently of IAA signaling (CHHUN 

et al. 2003). Interestingly, IBR3 (ZOLMAN et al. 2007), 
IBR1 (Figure 5), and IBR10 (Figure 7) all have close 
homologs in rice that are predicted to be peroxisomal; 
the conservation of these proteins hints that IBA B-
oxidation may play a role in auxin metabolism in rice as 
well. Further examination of these proteins and IBA 
metabolism in a variety of plants will reveal whether 
different species have evolved different roles for IBA in 
auxin metabolism and action. 

Appropriate production, transport, and storage of 
IAA are essential for normal plant development. Our 
genetic studies implicate the peroxisomal enzymes IBR1 
and IBRI0 as likely players in the B-oxidation of IBA to 
free IAA, in conjunction with the previously character
ized IBR3. Continued elucidation of the regulation and 
mechanism of this conversion will provide a more 
complete understanding of inputs into the auxin pool 
and the control of auxin homeostasis. 
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