


ABSTRACT 

Peroxisome Biogenesis in Drosophila melanogaster:  
Protein Trafficking, Lipid Metabolism, and Muscle Function 

 

by 

Joseph E. Faust 

Peroxisomes are ubiquitous organelles required for many essential functions, such as fatty 

acid metabolism.  Defects in peroxisome biogenesis cause a spectrum of human diseases 

known as peroxisome biogenesis disorders (PBDs).  These devastating diseases lack 

effective therapies and it is unclear how peroxisome dysfunction causes the disease state.  

Animal models are needed to understand the connection between peroxisome biology and 

animal physiology.  The fruit fly, Drosophila melanogaster, has recently become an 

important animal model in the study of peroxisomes. We have identified the major 

peroxisomal proteins and pathways in flies and examined peroxisomal protein trafficking.  

We have found that fruit fly peroxisomes share many features in common with higher 

animals, but display some important differences.  Flies appear to have lost one of the 

pathways used in other organisms to target proteins to the peroxisomal matrix.  Also some 

proteins are dually localized to peroxisomes and the cytoplasm likely through a weak 

interaction with the protein machinery that brings peroxisomal proteins into the organelle.  

We have also generated fly mutants with impaired peroxisome biogenesis and shown that 

peroxisomes are required for normal development and lipid metabolism.  Flies with 

impaired peroxisome biogenesis also show defects in multiple processes that depend on 

muscle function, such as locomotion.  PBD patients also display muscle defects, but it is 

thought to be a secondary effect of neuronal dysfunction. We propose that peroxisome loss 

 
 



in humans, like in flies, may directly affect muscle physiology, possibly by disrupting 

energy metabolism. Understanding the role of peroxisomes in fly physiology and 

specifically in muscle cells may reveal novel aspects of PBD etiology. 
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Chapter 1: Background and significance 

1.1. Peroxisomes 

Peroxisomes are small, mostly spherical, single-membrane bound organelles found in 

almost all eukaryotic cells.  Most biochemical pathways in peroxisomes involve lipid 

metabolism, including β-oxidation of fatty acids (Fig. 1.3), α-oxidation of branched chain 

fatty acids (Fig 1.4), and ether lipid biosynthesis (Fig. 1.5; Wanders and Waterham, 2006).  

Peroxisomes also participate in reactive oxygen species (ROS) metabolism.  Sources of 

ROS, such as oxidases that produce hydrogen peroxide (H2O2), and antioxidant enzymes, 

such as catalase, are present in peroxisomes (Schrader and Fahimi, 2006).  Peroxisomes 

house many important biochemical pathways essential for human health and dysfunction 

of the organelle leads to human disease.  Peroxisome biogenesis disorders (PBDs) are 

devastating diseases that currently have no cure.  Many mysteries remain about the basic 

biology of peroxisomes and how their dysfunction causes the symptoms in PBD patients.  

Through the work described below, I seek to improve our understanding of this important 

organelle.  Building a detailed picture of peroxisomal formation and function is essential 

for developing effective treatments for PBDs. 

1.2. Peroxisome membrane biogenesis 

1.2.1. De novo biogenesis 

The biogenesis of peroxisomes, which requires membrane formation and import of proteins 

into the membrane and matrix of the peroxisome, is a highly orchestrated process involving 

the action of Peroxin (Pex) proteins (Ma et al., 2011).  Early studies observed peroxisomes 

in close apposition to the endoplasmic reticulum (ER), pointing to the ER as a source for 

peroxisomal membranes (Novikoff and Novikoff, 1972).  Many subsequent experiments 
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have shown that peroxisomes can indeed form de novo from the ER (Fig. 1.1; Tabak et al., 

2013).  Pex3, a peroxisomal membrane protein (PMP), localizes to the ER, concentrates 

into foci, and is carried away from the ER in buds that mature into peroxisomes (Hoepfner 

et al., 2005; Kragt et al., 2005; Tam et al., 2005).  Yeast, human cells and flies lacking Pex3 

display a complete block in peroxisome biogenesis (Hettema et al., 2000; Nakayama et al., 

2011; South et al., 2000).   Pex3 is clearly required for biogenesis, but its precise role in 

pre-peroxisome budding from the ER is unknown.  It has been suggested in yeast that two 

pools of pre-peroxisome vesicles bud from the ER and subsequently fuse, bringing together 

all of the protein machinery needed to import proteins into the peroxisomal matrix 

(Titorenko and Rachubinski, 2000; Titorenko et al., 2000; van der Zand et al., 2012).  The 

minimal machinery required to bud pre-peroxisomes from the ER is still unknown.  

Surprisingly, peroxisomes still form if Pex3 is mislocalized to mitochondria (Rucktäschel 

et al., 2010).  It is possible that Pex3 is able to recruit the machinery needed to bud 

peroxisomes from any membrane or a small fraction of Pex3 may still localize to the ER.  

Peroxisome budding from the ER does not require the COPI or COPII coat systems used 

in vesicular transport between the ER and Golgi (Agrawal et al., 2011; Lam et al., 2011). 

Pre-peroxisome formation may use a novel mechanism to shape the ER membrane. 
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Figure 1.1. Peroxisome biogenesis.   

Pex3 localizes to the ER, concentrates into ER subdomains and is carried in pre-
peroxisome vesicles.  This early budding step also requires Pex19, possibly involved in 
organizing protein complexes that will be captured in pre-peroxisomes.  PMPs are 
recognized by Pex19 in the cytoplasm and traffic to the peroxisomal membrane where PMP 
insertion occurs.  Mature peroxisomes, with a full complement of PMPs and matrix 
proteins, can also grow and divide to form new organelles. 

 

1.2.2. Growth and division 

In addition to the de novo biogenesis pathway, existing peroxisomes can grow and divide 

(Fig. 1.1; Motley and Hettema, 2007).  Pex11 is required for peroxisome division, where 

it is involved in elongation and may recruit proteins that catalyze membrane fission 

(Erdmann and Blobel, 1995; Koch and Brocard, 2012; Marshall et al., 1995).   Dynamin-

related proteins (DRPs), such as DLP1 in mammals and Dnm1 in yeast, are essential for 
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membrane fission (Koch et al., 2003; Kuravi et al., 2006).  DRPs and the membrane-

anchoring protein Fis1 are shared between mitochondria and peroxisomes (Koch et al., 

2005).  Growth and division require input of new lipids, presumably from the ER.  A non-

vesicular lipid transport between the ER and peroxisomes has been proposed, but the 

details remain to be discovered (Raychaudhuri and Prinz, 2008).  Physical connections 

between peroxisomes and the ER have been observed in yeast, but it is unknown if this 

occurs in other organisms (Knoblach et al., 2013).   

It is still unclear if de novo biogenesis and proliferation occur simultaneously.  

Additionally, the relative contribution of each pathway to the overall abundance of 

peroxisomes is uncertain.  In yeast, de novo biogenesis is slower than proliferation and may 

only occur if cells lack existing peroxisomes (Motley and Hettema, 2007).  In mammalian 

cells, de novo biogenesis and proliferation likely happen simultaneously (Kim et al., 2006). 

1.2.3. Peroxisome proliferators 

Proliferation of peroxisomes can be induced by some chemicals (e.g. fibrates) that activate 

Peroxisome Proliferator Activated Receptor (PPAR) α, a nuclear hormone receptor 

(Issemann and Green, 1990).  PPARα activates many genes involved in lipid catabolism as 

well as peroxisome proliferation, such as PEX11 (Rakhshandehroo et al., 2010).  The 

control of metabolic genes is conserved among species, but the induction of peroxisome 

proliferation by PPARα ligands appears to be restricted to rodents (Islinger et al., 2010).  

In one case, proliferation can also be induced independently of PPARα, where 4-

phenylbutyrate activates PEX11 expression, inducing the growth and division pathway 

(Wei et al., 2000).  
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1.3. Peroxisomal membrane protein import  

Two models exist for the insertion of PMPs.  In the classical model, PMPs are 

translated on free ribosomes and targeted directly to the peroxisomal membrane (Fig. 1.1; 

Fang et al., 2004; Jones et al., 2004). Pex19 acts as a chaperone by binding to newly 

synthesized PMPs containing an internal membrane peroxisome targeting signal (mPTS) 

and preventing their aggregation (Kashiwayama et al., 2005; Shibata et al., 2004).  Pex19 

translocates to the peroxisomal membrane where it interacts with Pex3 and allows insertion 

of its cargo into the peroxisomal membrane (Matsuzono and Fujiki, 2006; Shibata et al., 

2004).   

An alternative model suggests that PMPs first insert in the ER membrane and are 

carried in pre-peroxisomes that mature into peroxisomes.  In yeast, multiple peroxins have 

been shown to localize to the ER prior to trafficking to peroxisomes (Hoepfner et al., 2005; 

van der Zand et al., 2010).  Some PMPs, such as Pex2 and Pex16, are N-linked glycosylated 

(Titorenko and Rachubinski, 1998).  Since this modification only occurs in the ER lumen, 

these PMPs must travel through the ER en route to peroxisomes (Aebi, 2013).   Other 

PMPs engineered to contain a glycosylation site, become glycosylated while trafficking 

through the ER  (Lam et al., 2011).  The role of Pex19 in this model could be to interact 

with the mPTS after PMPs are in the ER and allow for PMP-containing pre-peroxisomes 

to bud from the ER (Kim et al., 2006; Lam et al., 2011).  As mentioned above, Pex19 can 

interact with Pex3 in the ER and PMP insertion may occur prior to the budding of pre-

peroxisomes (Hoepfner et al., 2005).  The mechanism and subcellular localization of PMP 

import is controversial.  It is possible that multiple pathways operate simultaneously and 

there may be species-specific differences in PMP import. 
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1.4. Matrix protein import 

1.4.1. Peroxisome targeting signal type 1 

The majority of Pex proteins are dedicated to the import of proteins into the peroxisomal 

matrix via two defined pathways, peroxisome targeting signal (PTS) type 1 (PTS1) and 

type 2 (PTS2; Fig. 1.2).  The PTS1 motif was originally described as a C-terminal tripeptide 

of SKL or a limited number of conserved variants (Gould et al., 1987).  Many peroxisomal 

proteins have been identified that do not match the original motif.  A more relaxed 

consensus sequence of (A/C/H/K/N/P/S/T)-(H/K/N/Q/R/S)-(A/F/I/L/M/V) accounts for 

these new peroxisomal proteins (Emanuelsson et al., 2003).  However, many non-

peroxisomal proteins match this motif.  There is also evidence that the signal can include 

up to 12 C-terminal residues important for binding to the PTS1 receptor, Pex5 (Neuberger 

et al., 2003). PTS1-containing proteins are bound in the cytoplasm by Pex5, shuttled to the 

peroxisome, and transported across the membrane (Dammai and Subramani, 2001).   
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Figure 1.2. Matrix protein import.   

PTS1-containing proteins are recognized in the cytoplasm by Pex5 and brought to the 
docking complex (Pex13 and Pex14) at the peroxisomal membrane.  Pex14 and/or Pex5 
itself may oligomerize and form a transient pore that allows the matrix protein to cross the 
membrane.  Pex5 is monoubiquitinated, possibly involving the RING complex (Pex2, 
Pex10, and Pex12).  Pex1 and Pex6 are involved in extracting Pex5 back to the cytoplasm, 
where it is deubiquitinated and available to additional rounds of import.  PTS2-containing 
proteins are recognized by Pex7 and likely follow a similar pathway for import. 

 

1.4.2. Peroxisome target signal type 2 

Fewer proteins contain an N-terminal PTS2 motif, with the consensus sequence (R/K)-

(L/V/I)-X5-(H/Q)-(L/A), are recognized by the Pex7 receptor, and transported into 

peroxisomes in a similar fashion to PTS1-containing proteins (Swinkels et al., 1991).  The 

PTS2 sequence can be cleaved from the matrix protein after import by a peroxisome-

resident protease, called Tysnd1 in mammals (Kurochkin et al., 2007).  In mammals and 

plants, interaction between Pex7 and a long splice form of Pex5 is essential for PTS2 import 

(Matsumura et al., 2000; Woodward and Bartel, 2005).  The PTS2 system is not conserved 

across species.  D. melanogaster and C. elegans appear to have lost the PTS2 system 

entirely and rely solely on the PTS1 import pathway (Faust et al., 2012; Motley et al., 2000). 

1.4.3. Receptor-cargo docking and translocation 

At the peroxisomal membrane, receptor-cargo complexes bind to a docking 

complex, consisting of Pex13 and Pex14 (Fig. 1.2; Purdue and Lazarow, 2001).  The 

mechanism of cargo transport across the membrane is still unclear.  Large proteins, even 

oligomers, can cross the peroxisomal membrane in a folded state (Glover et al., 1994; Léon 

et al., 2006; McNew and Goodman, 1994).  The upper size limit for cargo is unknown, but 

9 nm gold particles coated with PTS1 peptides can cross the membrane (Walton et al., 

1995).  Pex5 and Pex14 have been suggested to constitute a transient pore in the 
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peroxisomal membrane that expands to allow cargo entry (Erdmann and Schliebs, 2005; 

Ma et al., 2011; Meinecke et al., 2010).  Modified endocytosis and vesicle fusion have also 

been proposed as mechanisms for cargo entry into peroxisomes (McNew and Goodman, 

1994).  Pex5 appears to span the peroxisomal membrane during cargo import and may even 

translocate into the matrix along with its cargo (Dammai and Subramani, 2001).  Pex5 

releases its cargo in the peroxisomal matrix, possibly triggered by the reduction of a redox-

sensitive cysteine in the more reducing environment of the peroxisome (Ma et al., 2013). 

1.4.4. Receptor recycling 

After cargo release, Pex5 is recycled back to the cytoplasm in an ATP-dependent process 

that requires the ATPases Associated with diverse cellular Activities (AAA-ATPases) 

Pex1 and Pex6 (Fig. 1.2; Miyata and Fujiki, 2005; Platta et al., 2005).  The signal to recycle 

Pex5 back to the cytoplasm is thought to be mono-ubiquitination of the receptor, likely 

involving the E2 enzyme Pex4 in yeast or UbcH5 in humans and the really interesting new 

gene (RING) complex (Pex2, Pex10, and Pex12) (Grou et al., 2008; Ma et al., 2011; Platta 

et al., 2007).  Pex5 can also be poly-ubiquitinated while still in the membrane and this 

marks the receptor for degradation by the proteasome (Platta et al., 2004).  This pathway 

of receptor accumulation and degradation in the absence of recycling (RADAR) is thought 

to be a quality control mechanism to remove damaged receptors that can no longer function 

in matrix protein import (Kiel et al., 2005; Léon and Subramani, 2007). 

1.4.5. Dual localization of peroxisomal proteins 

Some peroxisomal proteins are also found in other cellular compartments.  For example, 

the carnitine acetyltransferase (CAT) gene encodes an N-terminal mitochondrial targeting 

signal (MTS) and a C-terminal PTS1.  Only under peroxisome-inducing conditions is a 
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shorter transcript made that lacks the MTS, which targets CAT to peroxisomes (Elgersma 

et al., 1995).  Other proteins, like Epoxide hydrolase, are dually localized to peroxisomes 

and the cytoplasm.  It has been suggested that this dual localization is due to the presence 

of a “weak” or non-canonical PTS1 (Arand et al., 1991; Gould et al., 1989).  Pex5 has 

lower affinity for non-canonical PTS1, e.g. –SKI, compared to canonical PTS1, e.g. –SKL 

(Williams et al., 2012).  A fraction of peroxisomal proteins with weak PTS1 motifs may 

evade detection by Pex5 and remain in the cytoplasm.  I have shown that the 10 C-terminal 

amino acids of Copper Zinc superoxide dismutase, which contains a non-canonical PTS1 

(-AKV), is sufficient to dually localize a fluorescent protein to peroxisomes and the 

cytoplasm (Faust et al., 2012).  Other proteins may use a weak PTS to delay import and 

allow time for proper folding.  Catalase from the yeast Hansenula polymorpha has a weak 

PTS1 (-SKI) and is imported slowly into peroxisomes.  Engineered SKL-containing 

Catalase is imported quickly, but aggregates after import (Williams et al., 2012).   

1.5. Peroxisomal biochemistry 

1.5.1. β-oxidation 

The most ubiquitous function of all peroxisomes is the breakdown of fatty acids (FA) by 

β-oxidation (Fig 1.3).  FAs are first activated by ligation to Co-enzyme A (CoA) by fatty 

acyl-CoA synthetases, likely outside of peroxisomes (Watkins and Ellis, 2012).  FA-CoAs 

are transported into peroxisomes by ABC transporters (Morita and Imanaka, 2012).  Inside 

the organelle, the FA-CoA undergoes a dehydrogenation, hydration, dehydrogenation, and 

thiolytic cleavage to produce a FA-CoA shortened by two carbons and an acetyl-CoA 

(Wanders and Waterham, 2006).  Acyl-CoA oxidase introduces a double bond between the 

alpha and beta carbon utilizing a bound flavin adenine dinucleotide (FAD) prosthetic group 

9 
 



 

and molecular oxygen.  Reoxidation of FADH2 to FAD uses O2 and produces H2O2, the 

hallmark metabolite of the organelle.  Catalase is present in peroxisomes to convert H2O2 

into H2O and O2.  The next two reactions, enoyl-CoA hydration and β-hydroxy acyl-CoA 

dehydrogenation, are catalyzed by a single protein called peroxisomal Bifunctional Protein 

(also called peroxisomal Multifunction Enzyme (MFE)).  The next step in β-oxidation is 

cleavage of the β-ketoacyl-CoA by the enzyme thiolase to produce acetyl-CoA and an acyl-

CoA shortened by two carbons.   Mammalian acyl-CoAs are likely not β-oxidized to 

completion in the peroxisome and may stop at hexanoyl-CoA (C6) or octanoyl-CoA (C8; 

Van Veldhoven, 2010).  While fatty acid uptake into the peroxisome does not utilize a 

carnitine shuttle like mitochondria (Wanders and Waterham, 2006), animal peroxisomes 

contain enzymes that produce acylcarnitine esters, likely for export to the mitochondria.  

Many substrates, including very long chain fatty acids (VLCFAs), 2-methyl branched FAs 

(e.g. pristanic acid), are broken down by peroxisomal β-oxidation.  Other substrates, 

including 2-methyl branched bile acid intermediates and polyunsaturated FAs (PUFAs, e.g. 

Docosahexaenoic acid (DHA)), undergo one round of peroxisomal β-oxidation during their 

biosynthesis.  Some plant hormones, such as indole-3-butyric acid (IBA) and 12-oxo-

phytodienoic acid (OPDA), are β-oxidized in peroxisomes into indole-3-acetic acid (IAA) 

and jasmonate (JA) respectively (Acosta and Farmer, 2010; Zolman et al., 2008). 
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Figure 1.3. Peroxisomal β-oxidation.   

FAs are activated to fatty acyl-CoAs by acyl-CoA synthetases and transported into 
peroxisomes where they undergo β-oxidation.  Fatty acyl-CoAs undergo a dehydration, 
dehydrogenation, dehydration, and thiolytic cleavage to produce a fatty acyl-CoA 
shortened by two carbons and an acetyl-CoA. 
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1.5.2. α-oxidation 

Another important peroxisomal pathway of lipid metabolism is α-oxidation (Fig. 

1.4).  In humans, this pathway is primarily responsible for the catabolism of 3-methyl 

branched-chain fatty acids such as phytanic acid (Jansen and Wanders, 2006; Lloyd et al., 

2008; Mukherji et al., 2003; Wanders and Waterham, 2006).  Phytanic acid can be 

synthesized from phytol or taken up directly from the diet.  Phytanoyl-CoA is hydroxylated 

at carbon 2 by phytanoyl-CoA hydroxylase (PHYH).  The racemically-mixed 2-

hydroxyacyl-CoA is cleaved by 2-hydroxyacyl-CoA lyase 1 (HACL1) yielding formyl-

CoA and a fatty aldehyde chain-shortened by one carbon.  This fatty aldehyde is oxidized 

to a carboxylic acid by a fatty aldehyde dehydrogenase.  In humans, this reaction is 

catalyzed by a specific splice variant of the aldehyde dehydrogenase 3 family, member A2 

gene (ALDH3A2), a fatty aldehyde dehydrogenase isozyme (FALDH-V) (Lloyd et al., 

2008).  The (2S) stereoisomer is then further metabolized by β-oxidation, following 

activation by acyl-CoA synthetase.  However, the (2R) stereoisomer in not recognized by 

acyl-CoA oxidase and must be converted to (2S) by α-methyl acyl-CoA racemase 

(AMACR) (Lloyd et al., 2008).  Interestingly, the AMACR gene is overexpressed in many 

cancers (Jiang et al., 2003; Lloyd et al., 2008). 
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Figure 1.4.  Peroxisomal α-oxidation pathway.  

3-methyl branched-chain FAs are not substrates for β-oxidation and must first undergo α-
oxidation in peroxisomes.   Phytol and phytanic acid can be taken up from the diet.  
Phytanoyl-CoA undergoes a hydroxylation and cleavage to produce formyl-CoA and a 
fatty aldehyde chain-shortened by one carbon.  The fatty-aldehyde is then oxidize to a fatty 
acid and can then undergo β-oxidation. 
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1.5.3. Ether lipid synthesis 

Ether lipids, a class of compounds used to produce plasmalogens, bioactive lipids 

such as platelet activating factor (PAF), as well as lipid attachments for some 

Glycosylphosphatidylinositide (GPI) anchors, require peroxisomes for several steps in 

their biosynthesis  (Fig. 1.5; Brites et al., 2004; Wanders and Waterham, 2006).  The 

enzymology of ether lipid synthesis is well established for animals.  The glycolic 

intermediate dihydroxyacetone phosphate is fatty esterified at the sn-1 position by the 

addition of a fatty acid by the peroxisomal enzyme glyceronephosphate O-acyltransferase 

(GNPAT).  Next, the characteristic ether linkage is introduced by the enzyme 

alkylglycerone phosphate synthase (AGPS), which exchanges the fatty acid added by 

GNPAT with a long-chain fatty alcohol produced by a fatty acyl-CoA reductase.  The long 

chain fatty alcohol needed for ether lipid synthesis is produced by fatty acyl-CoA reductase, 

the product of the FAR1 and FAR2 genes in human.  These membrane proteins are 

localized to the peroxisome in animals (Cheng and Russell, 2004).  Further processing in 

the ER adds an acyl group at the sn-2 position and exchanges the phosphate at sn-3 for 

phosphatidylethanolamine.  Plasmalogens, important lipids in neuronal membranes, 

require an additional desaturation in the alkyl chain to form a vinyl ether moiety. 
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Figure 1.5.  Peroxisomal ether lipid synthesis.  

The early steps of ether lipid synthesis occur in peroxisomes.  DHAP is first fatty esterified 
at the sn1 position.  The fatty acid is then exchanged for a fatty alcohol forming the 
characteristic ether linkage.  The addition of the acyl group at the sn-2 position and the 
phosphate head group both occur in the ER.   

 

1.5.4. Reactive oxygen species 

Peroxisomes also metabolize reactive oxygen species (ROS).  The major sources of ROS 

within peroxisomes are oxidases (e.g. Acyl-CoA oxidases) that produce H2O2.  Catalase 

and other peroxidases are present to detoxify H2O2 (Antonenkov et al., 2010).  Xanthine 

oxidase generates superoxide (O2-) and Superoxide dismutase (Sod) breaks down O2- into 

H2O2 and O2.  Multiple proteins with Sod activity exist in animal cells.  Manganese Sod 
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(MnSod) is found in mitochondria and the cytoplasm.  The localization of Copper zinc Sod 

(Cu/ZnSod) has been controversial, but it has been shown to localize to peroxisomes and 

the cytoplasm (Dhaunsi et al., 1992; Keller et al., 1991).  Mammalian Cu/ZnSod lacks a 

PTS, but “piggybacks” into peroxisomes by interacting with the PTS1-containing Copper 

chaperone for Sod (CCS) (Islinger et al., 2009).  Drosophila Cu/ZnSod (dSod) appears to 

also dually localize to peroxisomes and the cytoplasm, but via its own non-canonical PTS1 

(Faust et al., 2012).  Since the peroxisome produces and detoxifies ROS, it is unclear if the 

organelle acts as a net source or sink for ROS.  Elevated ROS has been seen in mouse brain 

lacking Pex13 (Müller et al., 2010).  Mitochondria can be damaged by artificially elevating 

peroxisomal ROS production (Wang et al., 2013a). 

1.5.5. Other pathways 

Many other metabolic pathways are found in peroxisomes.  D-amino acids oxidase is one 

of the first peroxisomal enzymes described and is import in regulating neuro- and 

gliotransmitter levels (Billard, 2012; De Duve and Baudhuin, 1966).  L-pipecolic acid, an 

intermediate in lysine degradation, is oxidized by peroxisomal L-pipecolic acid oxidase 

(Mihalik and Rhead, 1989; Wanders et al., 1989).  Other oxidases, including polyamine 

oxidase and alcohol oxidase can be found in peroxisomes in some organisms  (Stewart et 

al., 2001; Vujcic et al., 2003).  Some studies have suggested that peroxisomes are involved 

in cholesterol biosynthesis (Kovacs et al., 2002).  However, the majority of data shows that 

cholesterol biosynthesis is not a peroxisomal pathway (Hogenboom et al., 2004; Wanders 

and Waterham, 2006).  In some fungi, enzymes involved in glycolysis and penicillin 

biosynthesis have been observed in peroxisomes (Freitag et al., 2012; Müller et al., 1992).  
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In plants, enzymes in the glyoxylate cycle and photorespiration reside in peroxisomes (Hu 

et al., 2012; Pracharoenwattana and Smith, 2008).   

1.6. Peroxisomes and human health 

Peroxisomes are virtually ubiquitous in the human body and house many essential 

biochemical pathways.   Impaired peroxisome biogenesis or metabolic capacity leads to  a 

wide spectrum of human diseases named peroxisome biogenesis disorders (PBD), which 

affect nearly every organ system (Steinberg et al., 2006).  PBD occurrence is approximately 

1:50,000 and the most severe form, Zellweger syndrome (ZS) or Cerebrohepatorenal 

syndrome, affects the nervous system, liver, kidneys, adrenal glands, skeletal system, eyes, 

and ears (Sacksteder and Gould, 2000).    ZS is characterized by many symptoms including 

neuronal migration defects, hepatomegaly (enlarged liver), cirrhosis (liver scarring), renal 

cysts, craniofacial dysmorphism, chondrodysplasia punctata (bony stippling), retinopathy, 

demyelination, and adrenal insufficiency.  Patients normally present with hypotonia (low 

muscle tone), have seizures, are unable to feed, and die within their first year (Steinberg et 

al., 2006).  Neonatal adrenoleukodystrophy (NALD) and Infantile Refsum disease (IRD) 

are generally milder forms of PBDs compared to ZS.  Patients normally have less severe 

symptoms and longer lifespans, including up to adulthood in some cases (Steinberg et al., 

2006).  Rhizomelic chondrodysplasia punctata (RCDP) is another PBD that primarily 

affects the skeletal system, leading to rhizomelia (shortened proximal bones), 

chondrodysplasia punctate, ichthyosis (dry, scaly skin), neuronal migration defects, and 

demyelination.  The lifespan of RCDP patients ranges from neonatal to young adulthood 

(Steinberg et al., 2006). 
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1.6.1. PBD genetics and etiology 

PBDs are caused by mutations in PEX genes or mutations in genes encoding peroxisomal 

metabolic enzymes (Steinberg et al., 2006).  Mutations fall into 13 complementation groups 

and have been found in membrane biosynthesis peroxins (PEX3, PEX16, and PEX19), PTS 

receptors (PEX5 and PEX7), the docking complex (PEX13 and PEX14), the RING complex 

(PEX2, PEX10, and PEX12), and PTS receptor recycling peroxins (PEX1, PEX6, and 

PEX26).  A recent report identified a mutation in PEX11β in a patient with PBD-like 

symptoms (Ebberink et al., 2012).  Most mutations are missense or premature stop codons, 

but null mutations do occur (Steinberg et al., 2006).  Mutations in PEX1 and the most 

common, found in approximately ~70% of PBD patients (Reuber et al., 1997).  Most 

mutations impair PTS1, PTS2, or both types of matrix protein import, leading to the 

formation of peroxisome ghosts, which have peroxisomal membranes and PMPs, but little 

or no matrix proteins (Steinberg et al., 2006).   Other mutations, such as those in PEX3 

(complementation group G) have no detectable peroxisomal membranes (Ghaedi et al., 

2000; Muntau et al., 2000; Shimozawa et al., 2000).  In addition to mutations in PEX genes, 

mutations in the genes encoding D-bifunctional protein (DBP), acyl-CoA oxidase 

(ACOX1), GNPAT and AGPS produce the same clinical phenotypes and can be considered 

PBDs  (Steinberg et al., 2006).  Also, mutations in the putative VLCFA transporter, 

ABCD1,  cause X-linked adrenoleukodystrophy (X-ALD) characterized by VLCFA 

accumulation and demyelination (Kemp et al., 2012). 

1.6.2. PBD biomarkers 

Biomarkers for ZS include elevated levels of lipids normally broken down in peroxisomes, 

such as VLCFAs (e.g. 26:0), phytanic acid, pristanic acid, bile acid intermediates, and 
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pipecolic acid.  Other lipids normally synthesized in peroxisomes, such as plasmalogens 

(ether lipids) and docosahexaenoic acid (DHA) are low in ZS patients.  GNPAT and AGPS 

activity is usually low in ZS patients.  It is unclear if these biochemical changes directly 

cause the clinical phenotypes.  VLCFAs have been shown to be toxic to cells, possibly by 

destabilizing membranes and/or increasing ROS production (Di Biase et al., 2004; Hein et 

al., 2008; Ho et al., 1995).  Plasmalogens can act as antioxidants and decreased levels in 

PBD patients could lead to increased oxidative damage (Brosche and Platt, 1998). 

1.6.3. Treatment for PBDs 

There is no cure for PBDs and current treatments partially alleviate symptoms, but rarely 

affect disease progression.   Lorenzo’s oil, a 4:1 mixture of glyceryl trioleate (18:1) and 

glyceryl trierucate (22:1), reduces VLCFA levels in plasma of PBD patients due to 

inhibition of fatty acid elongation (Aubourg et al., 1993).  Unfortunately, Lorenzo’s oil has 

a limited effect on patient prognosis.  Dietary supplementation of metabolites normally 

deficient in PBD patients, such as DHA, bile acids, and ether lipids have shown little 

clinical promise (Arai et al., 2008; Das et al., 1992; Setchell et al., 1992).  4-phenylbutyrate 

has been shown to induce peroxisome proliferation, independent of PPARα, even in PBD 

cultured cells (Wei et al., 2000).  Recently, chemicals were identified that may act as 

chaperones for an unstable form of Pex1, the result of a common mutation in PBD patients 

(Zhang et al., 2010).  These chemicals were shown to improve peroxisome function in PBD 

cultured cells (Zhang et al., 2010).  More drastic treatments, such as liver transplants, have 

been suggested in some cases (Van Maldergem et al., 2005).  The lack of effective therapies 

for PBDs underscores the need to expand our understanding of peroxisome function. 
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1.7. Peroxisomes in mice 

Mice with impaired peroxisome biogenesis and single peroxisomal enzyme deficiencies 

have been generated and serve as useful animal models for PBDs (Baes and Van 

Veldhoven, 2012).  PEX2, PEX5, and PEX13 knockout mice show many phenotypes in 

common with PBD patients (Baes et al., 1997; Faust and Hatten, 1997; Maxwell et al., 

2003).  Knockout mice are hypotonic, display growth retardation, and die as neonates.  

Neuronal migration defects are also seen in these mice, but other PBD phenotypes, such as 

liver problems and renal cysts, are not present likely due to the animals dying before 

symptoms develop.  Surprisingly, PEX11β mutants show phenotypes very similar to PEX2, 

PEX5, and PEX13 even though matrix protein import is unaffected (Li et al., 2002).  The 

phenotypes in PEX11β could be due to altered peroxisome numbers or distribution within 

cells (Li et al., 2002).  Some of the biomarkers for PBDs, including elevated VLCFA, low 

DHA, and low plasmalogen levels are present in knockout mice.  PEX7 knockout mice 

primarily have defects in ether lipid synthesis and are used as a model for RCDP (Brites et 

al., 2003).    

Interesting details regarding the effects of peroxisome dysfunction on animal 

physiology have been learned from mouse models.  Mitochondrial ultrastructure and 

respiratory chain enzyme activities are abnormal in PEX2, PEX5, and PEX13 null mice 

(Baes et al., 1997; Baumgart et al., 2001; Kovacs et al., 2004; Maxwell et al., 2003).  

Similar abnormalities were observed in PBD patients and noted in the early clinical 

literature, but the connection to disease etiology is still unknown (Goldfischer et al., 1973; 

Mathis et al., 1980; Trijbels et al., 1983).  Evidence of ER stress and activated unfolded 

protein response have been seen in PEX2 and PEX5 knockout mice as well as in mice 
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deficient in the β-oxidation enzyme ACOX1 (Huang et al., 2011; Kovacs et al., 2009; 

Peeters et al., 2011). 

1.8. Peroxisomes in other animals 

Peroxisomes have also been examined in nematode worms (Caenorhabditis 

elegans) and zebrafish (Danio rerio).  In worms, peroxisomes are present in various tissues, 

but the number and size are variable (Petriv et al., 2002; Yokota et al., 2002).  Peroxisome 

proliferation can be induced in C. elegans by treatment with the peroxisome proliferator, 

clofibrate (Yokota et al., 2002).  As mentioned above, worms lack a PTS2 system for 

matrix protein import and only use the PTS1 system (Motley et al., 2000).  Knockdown of 

multiple pex genes impairs matrix protein import.  Interestingly, knockdown of C. elegans 

P-44, a thiolase homolog, and catalase (ctl-2) both lead to larger, clustered peroxisomes 

(Petriv and Rachubinski, 2004; Petriv et al., 2002).  Similar effects have been observed in 

mammalian and yeast cells, where the size and abundance of peroxisomes can be controlled 

by the level of peroxisomal metabolic enzymes (Chang et al., 1999; Smith et al., 2000).  

Peroxisomes have also been visualized in various tissues in zebrafish, but peroxisomal 

function remains largely unexplored (Krysko et al., 2010).  

Fruit flies have recently become an attractive system to study peroxisome biology 

and potentially model PBDs.  The majority of human peroxins and peroxisomal metabolic 

enzymes have homologs in D. melanogaster (Faust et al., 2012).  Early electron 

microscopy studies visualized peroxisomes in the gut, fat body, and malpighian tubules of 

Drosophila (Beard and Holtzman, 1987; St Jules et al., 1989, 1990).  Recently studies have 

confirmed the presence of peroxisomes in spermatocytes, wing imaginal discs, malpighian 

21 
 



 

tubules, and S2 cells (Chen et al., 2010; Mast et al., 2011; Nakayama et al., 2011; Southall 

et al., 2006).   

Few peroxisomal enzymes have been described in Drosophila.  A VLCFA acyl-

CoA synthetase (bubblegum) has been identified in Drosophila and null flies have elevated 

VLCFAs and display neurodegeneration (Min and Benzer, 1999).  Feeding bubblegum 

mutant flies glyceryl trioleate, a component of Lorenzo’s oil, reduced VLCFA levels and 

reversed the neurodegeneration (Min and Benzer, 1999).  The localization of Catalase, 

Xanthine oxidase, and D-amino acid oxidase in peroxisomes has been confirmed (Beard 

and Holtzman, 1987; St Jules et al., 1989, 1990).  Two peroxisomal antioxidant enzymes, 

Catalase and Sod, have been well studied in Drosophila. Flies lacking catalase (cat) are 

hypersensitive to oxidative stress and have a decreased metabolic rate (Mackay and Bewley, 

1989; Orr et al., 1992).  Drosophila lifespan can be extended by overexpression of cat and 

sod (Orr and Sohal, 1994).  Drosophila Sod, like mammalian Cu/Zn Sod, is dually localized 

to peroxisomes and the cytoplasm (Faust et al., 2012). 

An RNAi screen in Drosophila S2 cells revealed that knockdown of many predicted 

peroxin genes impaired matrix protein import (Mast et al., 2011).  Mutations in Drosophila 

pex3, pex10, and pex16 have recently been described and some of the mutant phenotypes 

are similar to PBD patient symptoms (Chen et al., 2010; Nakayama et al., 2011).    Flies 

lacking pex10 or pex16 are viable, but are male sterile and display impaired matrix protein 

import, elevated VLCFAs, and spermatogenesis defects (Chen et al., 2010; Nakayama et 

al., 2011).  Spermatocyte membrane fluidity is decreased in pex10 mutants and cytokinesis 

defects were observed (Chen et al., 2010).  Male sterility has not been linked to PBDs, 

likely because patients do not reach reproductive age.  However, male sterility has been 
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observed in mice lacking PEX5 in sertoli cells (Huyghe et al., 2006) and mice lacking the 

peroxisomal enzymes ACOX1, (Fan et al., 1996), MFP (Huyghe et al., 2006), and GNPAT 

(Rodemer et al., 2003).  Similar to PBDs, defective neuronal development and impaired 

locomotor behavior are present in pex16 mutant flies (Nakayama et al., 2011).  Flies 

lacking pex3 die as larvae and have no detectable peroxisomal membranes (Nakayama et 

al., 2011).  Surprisingly, Drosophila S2 cells exposed to dsRNA for pex3 show impaired 

matrix protein import, but no change in peroxisome number (Mast et al., 2011).  

Despite extensive study, the peroxisome remains a mysterious organelle.  Unknown 

proteins are likely required to form pre-peroxisome vesicles from the ER.  The mechanism 

of cargo transport across the peroxisomal membrane is still unclear.  The subcellular 

location and mechanism of PMP targeting is still under debate.  How new lipids are 

delivered to peroxisomes as they grow and divide is unknown.  Understanding these 

fundamental properties of peroxisome biology will help us to understand the causative 

agents for peroxisome biogenesis disorders.  Revealing new mechanistic details may reveal 

novel therapeutic targets and improve human health.  To this end, I have begun 

characterizing peroxisomes in the fruit fly.  I have examined protein trafficking to 

peroxisomes and found many similarities and some differences compared to human 

peroxisomes.  This work produced one publication and will be covered in chapter 2 (Faust 

et al., 2012).  I have also studied the effects of peroxisome dysfunction on the fruit fly.  I 

have found that lipid metabolism and muscle function are impaired in mutants that lack 

peroxisomes.  This topic will be covered in Chapter 3.  A manuscript describing this work 

is currently in preparation.  
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Chapter 2: An inventory of peroxisomal proteins and pathways in 

Drosophila melanogaster 

The work described in Chapter 2 has been published (Faust et al., 2012). In this 

study, I have identified Drosophila proteins that are predicted to be involved in peroxisome 

formation, maintenance, and metabolism.  The subcellular localization of some of these 

predicted peroxisomal proteins was determined by fluorescence confocal microscopy.  The 

predicted peroxisomal pathways in Drosophila are compared to other organisms.  This 

study provides foundational support for understanding the role peroxisomes play in the 

biology of Drosophila and may enhance their usefulness as animal models for PBDs. 

2.1. Results and discussion 

We are developing tools to study peroxisome biogenesis and function in 

Drosophila melanogaster.  Our first approach was to identify potential peroxisomal 

proteins in the Drosophila proteome by similarity with vertebrate homologs.  To that end, 

I identified all human proteins in the Universal Protein Knowledgebase (UniProtKB, 

www.uniprot.com) that listed “peroxisome” in the “subcellular location” field.  This search 

yielded 88 unique proteins (with 156 total isoforms).  Additional candidates not found in 

the Uniprot database, but identified as peroxisomal in the literature (Schlüter et al., 2010; 

Wanders and Waterham, 2006) were also added to the list, bringing the total to 112 

sequences (Table 2.1).  Each human protein was used to query the Drosophila proteome at 

FlyBase (Tweedie et al., 2009) using the BLAST algorithm (Altschul et al., 1990).  These 

results were compared to a previous whole genome analysis of peroxisomal proteins, called 

PeroxIP that utilized the C-terminal PTS1 motif as a search criteria (Emanuelsson et al., 

2003).  Twenty proteins identified by BLAST searches were not found in the PeroxiP data 
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set, and conversely, twenty-six proteins in the PeroxiP dataset were not found by BLAST 

searching the Drosophila proteome (Figure 2.1).  The proteins unique to the PeroxiP set 

were further examined by the PProwler and PTS1 Prowler (Hawkins et al., 2007) 

algorithms to validate their PTS1 predictions (Table 2.2).  I chose to examine three major 

peroxisomal metabolic pathways in detail. 

Table 2.1. Drosophila homolog identified by comparison to human homologs 

Human protein Function Accession 
# 

Top Dm 
BLAST hit 

% 
identity 

Beta Oxidation    
ACAA1 β-ketoacyl-CoA thiolase P09110 CG9149-PA 38 

ACAD11§ Acyl-CoA dehydrogenase family member 11 Q709F0 CG4860-PA 24 

ACBD5 Acyl-Coenzyme A binding domain containing 5 Q5T8D3 No clear 
homolog n/a 

ACOT1 (PTE)§ Acyl-CoA thioesterase 1 Q86TX2 None n/a 

ACOT2§ Acyl-CoA thioesterase 2 P49753 None n/a 

ACOT4 Acyl-CoA thioesterase 4 Q8N9L9 None n/a 

ACOT8 Acyl-CoA thioesterase 8 O14734 None n/a 

ACOX1 Acyl-CoA Oxidase Q15067 CG5009-PA* 43 

ACOX2 Acyl-CoA Oxidase Q99424 CG5009-PA* 34 

ACOX3 Acyl-CoA Oxidase O15254 CG9527-PA* 42 

ACSF2§ Acyl-CoA synthetase family member 2 Q96CM8 CG12512-
PA* 36 

ACSF3§ Acyl-CoA synthetase family member 3 Q4G176 CG18155-
PB* 26 

ACSL1 Acyl-CoA synthetase long-chain family member 1 P33121 CG3961-PA* 46 

ACSL3 Acyl-CoA synthetase long-chain family member 3 O95573 CG8732-PH 
(Acsl-PH)* 46 

ACSL4 Acyl-CoA synthetase long-chain family member 4 O60488 CG8732-PH 
(Acsl-PH)* 47 

ACSL5§ Acyl-CoA synthetase long-chain family member 5 Q9ULC5 CG3961-PC* 48 

ACSL6 Acyl-CoA synthetase long-chain family member 6 Q9UKU0 CG3961-PC* 47 

CRAT Carnitine O-acetyltransferase P43155 CG1041-PA* 34 

CROT Carnitine O-octanoyltransferase Q9UKG9 CG12428-
PA* 30 

DBP 
(HSD17B4) D-bifunctional protein P51659 CG3415-PA 53 

DECR2 2,4-dienoyl-CoA reductase Q9NUI1 CG3699-PA* 29 

DHRS4 Dehydrogenase/reductase SDR family member 4  Q9BTZ2 CG10672-PA 50 

ECH1 enoyl-CoA hydratase 1 (∆3,5-∆2,4-dienoyl-CoA 
isomerase) Q13011 CG9577-PA 45 

LBP 
(EHHADH) L-bifunctional protein Q08426 CG4389-PB 27 

PECI 3,2-trans-enoyl-CoA isomerase O75521 CG13890-PA 35 
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SCPx Non-specific lipid-transfer protein P22307 CG17597-
PA* 63 

     
Alpha Oxidation    
AMACR α-methylacyl-CoA racemase Q9UHK6 CG9319-PA 49 

HACL1 2-hydroxyacyl-CoA lyase 1  Q9UJ83  CG11208-PA 53 

IDH1 Isocitrate dehydrogenase 1 (NADP+) O75874 CG7176-PA* 71 

PECR trans-∆2-enoyl-CoA reductase (NADPH) Q9BY49 CG10672-PA 27 

PHYH Phytanoyl-CoA dioxygenase O14832 CG14688-PB 13 

Ether Lipid synthesis    
AGPS (ADAS) Alkylglycerone phosphate synthase O00116 CG10253-PA 50 
GNPAT 
(DHAPAT) Glyceronephosphate O-acyltransferase O15228 CG4625-PA 25 

FAR1 Fatty acyl-CoA reductase 1 Q8WVX9 CG5065-PA* 38 

FAR2 Fatty acyl-CoA reductase 2 Q96K12 CG5065-PA* 37 
     
Reactive oxygen metabolism    

CATA Catalase P04040 CG6871-PA 
(Cat-PA)* 65 

CCS§ Copper chaperone for SOD O14618 CG17753-PA 
(CCS-PA)* 42 

EPHX2 Epoxide hydrolase 2 P34913 CG1882-PA 11 

GSTK1 Glutathione S-transferase kappa 1 Q9Y2Q3 None n/a 

NOS2§ Nitric oxide synthase 2A P35228 CG6713-PA 44 

PRDX1§ Peroxiredoxin 1 Q06830 CG1633-PA* 69 
PRDX5 
(PMP20) Peroxiredoxin 5 P30044 CG7217-PA 

(Prx5-PA) 56 

SOD1§ Superoxide dismutase [Cu-Zn] 1 P00441 CG11793-PA 
(Sod) 61 

SOD2§ Superoxide dismutase [Mn] 2 P04179 CG8905-PA 
(Sod2-PA) 58 

     
Isoprenoid synthesis    

HMGCR‡ 3-hydroxy-3-methylglutaryl-CoA reductase P04035 CG10367-PA 
(Hmgcr-PA) 45 

IDI1 (IPP1) Isopentenyl-diphosphate delta isomerase Q13907 CG5919-PA 48 

IDI2 Isopentenyl-diphosphate delta isomerase Q9BXS1 CG5919-PA 40 

MVK Mevalonate kinase Q03426 CG33671-PA 30 

PMVK Phosphomevalonate kinase Q15126 CG10268-PA 38 
     
Proteases     
IDE§ Insulin-degrading enzyme P14735 CG5517-PB 45 

LONP2 Peroxisomal LON protease-like Q86WA8 CG8798-PC 32 

SEHL2‡ Serine hydrolase-like protein 2  Q9H4I8 
CG3943-PA 
(kracken-
PA)* 

28 

SERHL§ Serine hydrolase like Q9NQF3 
CG3943-PA 
(kracken-
PA)* 

32 

TYSND1 Peroxisomal leader peptide-processing protease  Q2T9J0 CG3589-PA 20 
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Amino acid metabolism    

AGXT (SPAT) Alanine-glyoxylate aminotransferase P21549 CG3926-PA 
(Spat-PA) 44 

DAO (OXDA) D-amino-acid oxidase P14920 CG12338-
PA* 33 

DDO (OXDD) D-aspartate oxidase Q99489 CG11236-
PA* 32 

GOT1§ Aspartate aminotransferase P17174 CG8430-PA 55 
     
Misc     

BAAT§ Bile acid Coenzyme A: amino acid N-
acyltransferase Q14032 None n/a 

DRS7B‡ Dehydrogenase/reductase SDR family member 7B  Q6IAN0 CG31548-
PA* 41 

FNDC5 
(FRCP2) Fibronectin type III domain containing 5 Q8NAU1 None n/a 

HAO1 Hydroxyacid oxidase 1 Q9UJM8 CG18003-
PA* 47 

HAO2 Hydroxyacid oxidase 2 Q9NYQ3 CG18003-
PA* 46 

HMGCL§ 3-hydroxy-3-methylglutaryl-CoA lyase P35914 CG10399-PA 56 

HSDL2‡ Hydroxysteroid dehydrogenase-like protein 2  Q6YN16 CG5590-PA* 57 

LKAP‡ Limkain-b1  Q9Y4F3 CG17018-PA 16 

MDH1§ Malate Dehydrogenase P40925 CG5362-PA 66 
MLYCD 
(DCMC) Malonyl-CoA decarboxylase O95822 None n/a 

MUL1‡ Mitochondrial ubiquitin ligase activator of NFKB Q969V5 CG1134-PA 29 

NUDT12 Nudix-type motif 12 Q9BQG2 No clear 
homolog n/a 

NUDT19  Nucleoside diphosphate-linked moiety X motif 19 A8MXV4 CG10194-
PA* 31 

NUDT7 Peroxisomal coenzyme A diphosphatase P0C024 CG11095-PA 15 

PAOX Polyamine oxidase Q6QHF9 CG8032-PA* 28 

PIPOX (SOX) Pipecolic acid oxidase Q9P0Z9 No clear 
homolog n/a 

PXT1‡ Peroxisomal testis-specific protein 1  Q8NFP0 None n/a 

TRIM37 Tripartite motif-containing 37 protein O94972 No clear 
homolog N/A 

URAD‡ 2-oxo-4-hydroxy-4-carboxy-5-ureidoimidazoline 
decarboxylase  A6NGE7 None n/a 

URO§ Rat, Urate Oxidase, uricase P09118 CG7171-PA 
(Uro-PA) 44 

XDH Xanthine dehydrogenase P47989 CG7642-PA 
(ry-PA)* 51 

ZADH2 Zinc-binding alcohol dehydrogenase domain-                 
containing protein 2 Q8N4Q0 No clear 

homolog n/a 

     
Membrane proteins    

ABCD1 ATP-binding cassette, sub-family D (ALD), member 
1 P33897 CG2316-PA* 45 

ABCD2 ATP-binding cassette, sub-family D (ALD), member 
2 Q9UBJ2 CG2316-PA* 47 

ABCD3 
(PMP70) 

ATP-binding cassette, sub-family D (ALD), member 
3 P28288 CG12703-

PA* 56 

ABCD4 ATP-binding cassette, sub-family D (ALD), member 
4 O14678 CG12703-

PA* 26 
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ATP2C1§ Calcium-transporting ATPase type 2C member 1  P98194 CG32451-PA 63 

FIS1 Mitochondrial fission 1 protein  Q9Y3D6 CG17510-PE 
(Fis1-PE) 47 

MP17L‡ Mpv17-like protein  Q2QL34 CG12355-
PB* 28 

MPV17§ MPV17 P39210 CG11077-PA 34 
PXMP2 
(PMP22) Peroxisomal membrane protein 2, 22kDa Q9NR77 CG11077-

PA* 26 

PXMP4 
(PMP24) Peroxisomal membrane protein 4 Q9Y6I8 None n/a 

SLC22A5 
(OCTN2)§ 

Solute carrier family 22, member 5 (Organic 
cation/carnitine transporter 2) O76082 CG6331-PA 

(Orct-PA)* 33 

SLC25A17 
(PMP34) 

Solute carrier family 25, member 17 (peroxisomal 
membrane protein, 34kDa) O43808 CG32250-PA 46 

SLC27A2 
(FATP2) 

Solute carrier family 27, member 2  (fatty acid 
transporter) O14975 CG30194-

PD* 36 

SLC27A4 
(FATP4) 

Solute carrier family 27, member 4  (fatty acid 
transporter) Q6P1M0 CG7400-PA 

(Fatp-PA)* 45 

TMEM135§ Transmembrane protein 135 Q86UB9 CG11737-
PA* 30 

     
Biogenesis     

PEX1 Peroxin 1 O43933 
CG6760 
(lethal (3) 
70Da) 

27 

PEX2 Peroxin 2 P28328 CG7081-PA 26 

PEX3 Peroxin 3 Q6FGP5 CG6859-PA 33 

PEX4 Peroxin 4 None None n/a 

PEX5 Peroxin 5 P50542 CG14815-PB 38 

PEX6 Peroxin 6 Q13608 CG11919-PA 26 

PEX7 Peroxin 7 O00628 CG6486-PA 42 

PEX10 Peroxin 10 O60683 CG7864-PA 30 

PEX11A Peroxin 11A O75192 CG8315-PA 30 

PEX11B Peroxin 11B O96011 CG8315-PA 33 

PEX11C Peroxin 11C Q96HA9 CG13827-PA 28 

PEX12 Peroxin 12 O00623 CG3639-PA 28 

PEX13 Peroxin 13 Q92968 CG4663-PA 29 

PEX14 Peroxin 14 O75381 CG4289-PA 26 

PEX16 Peroxin 16 Q9Y5Y5 CG3947-PA 37 

PEX19 Peroxin 19 P40855 CG5325-PA 27 

PEX26 Peroxin 26 Q7Z412 None n/a 
* Several Drosophila proteins had multiple quality BLAST hits    
§ human proteins not found in UniProtKB "peroxisome" in the “subcellular location” field 
‡ proteins found in UniProtKB, but not identified by enzyme BLAST searches 
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Figure 2.1 Comparison of PeroxIP with the results from BLAST searches.   

Many predicted peroxisomal proteins identified by PeroxiP were also found using BLAST.  
However, each technique produced unique results. 
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Table 2.2. Potential peroxisomal proteins identified by PeroxIP 

          PProwler  PTS1 
Prowler  

PeroxIP 
ID FlyBase Name G0 : Molecular function C-

term SP MTP  OTHER Peroxisome  

CG10099 CG32392 microtubule binding PHL 0 0 0.97 0 

CG10476 CG10476 unknown SKL 0 0 0.96 0.85 

CG11284 CG11284 carbonate dehydratase activity SKL 0 0 0.96 1 

CG1152 CG1152 Glucose 
dehydrogenase 

glucose dehydrogenase 
activity, FAD binding, 
oxidoreductase activity 

AKV 0.3 0 0.65 0.2 

CG1258 CG1258 pavarotti microtubule motor activity, 
ATP binding SKI 0 0 0.97 0.64 

CG1315 CG1315  argininosuccinate synthase 
activity, ATP binding THL 0 0 0.96 0.04 

CG13433 CG13432 lethal (2) 05510 unknown AKL 0 0 0.95 0.95 

CG13979 CG31062 sidestep unknown NKL 0 0 0.96 0.37 

CG15134 CG42555 tweek unknown THL 0.1 0 0.93 0.04 

CG15486 CG12287 POU domain 
protein 2 

specific RNA polymerase II 
transcription factor activity, 
DNA binding 

AKL 0 0 0.97 0.53 

CG15879 CG15879 unknown SKL 0 0 0.96 0.97 

CG18606 CG18606 unknown SKM 0 0 0.96 0.27 

CG2050 CG2050 modulo DNA binding, mRNA binding ARF 0 0 0.96 0 

CG3082 CG3082 lethal (2) 
k09913 unknown AKL 0 0.9 0.06 0.85 

CG3318 CG3318 Dopamine N 
acetyltransferase N-acetyltransferase activity TKL 0 0 0.96 0.78 

CG5443 CG32849 Hex-t2 
hexokinase activity, ATP 
binding, phosphotransferase 
activity 

SKL 0.1 0.1 0.84 1 

CG6535 CG6535 telomere fusion protein kinase activity, 
phosphotransferase activity PHL 0 0 0.97 0 

CG6567 CG6567  lysophospholipase activity NKL 0 0 0.97 0.49 

CG8048 CG8048 
Vacuolar H[+] 
ATPase 44kD C 
subunit 

hydrogen-exporting ATPase 
activity, phosphorylative 
mechanism 

AKV 0 0 0.96 0.12 

CG8327 CG8327 Spermidine 
Synthase spermidine synthase activity  FYE 0 0 0.96 0 

CG8378 CG8378  transcription repressor activity, 
zinc ion binding AKM 0.1 0 0.9 0.57 

CG8456 CG30463 
polypeptide N-
acetylgalactosaminyltransferase 
activity 

SKL 0 0 0.97 0.96 

CG8655 CG32742 lethal (1) G0148 receptor signaling protein 
serine/threonine kinase activity NKL 0 0 0.97 0.59 

CG9489 CG31332 unc-115 actin binding, zinc ion binding AKL 0 0.1 0.95 0.37 

CG9993 CG9993   4-coumarate-CoA ligase 
activity THL 0 0 0.97 0.14 
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2.1.1. β-oxidation 

The most ubiquitous function of all peroxisomes is the breakdown of fatty acids by 

β-oxidation.  Drosophila possesses the enzymes required for peroxisomal and 

mitochondrial β-oxidation.  It is likely that VLCFAs are preferentially broken down in fly 

peroxisomes.  Flies with mutations in the peroxins pex10 or pex16 have elevated VLCFA 

levels, but normal levels of shorter chain fatty acids (Chen et al., 2010; Nakayama et al., 

2011). 

Acyl-CoA synthetase.  Figure 2.2 illustrates the pathway of peroxisomal β-

oxidation and delineates the enzymatic activity and the corresponding fly CG numbers 

identified as potential homologs.  Table 2.1 lists each human protein involved in β-

oxidation by Uniprot accession number, proposed function, and best BLAST hit in the fly 

proteome.  Fatty acids are first activated by ligation to Co-enzyme A (CoA) by fatty acyl-

Co synthetases.  A large number of fatty acyl-CoA synthetases have been identified in all 

organisms with different subcellular locations as well as acyl-chain length specificities.  

Twenty six acyl-CoA synthetases (ACS) have been identified in humans and have been 

subdivided into six families, largely based on chain length specificity (Watkins et al., 2007).  

This report also identified 26 Drosophila genes (32 proteins including alternative splice 

variants) potentially encoding acyl-CoA synthetases (Watkins et al., 2007).  Chief among 

them in this context are two that terminate in PTS1 tripeptides, CG6178 and CG12512.  

Both of these candidates fall outside the conventional ACS classifications with CG6178 

found in a fly/worm specific clade and CG12512 grouping with the ACSF2 clade (Acetyl-

CoA Synthetase Family member 2).  In most organisms, the location of CoA addition for 
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peroxisomal β-oxidation is a matter of debate.  Regardless, Drosophila peroxisomes likely 

contain at least two matrix localized ACSs.   
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Figure 2.2. Peroxisomal β-oxidation.   

The steps of peroxisomal β-oxidation of fatty acids are illustrated with the CG numbers for 
each Drosophila protein listed at each step.  The CG numbers are listed in descending order 
with the best hit(s) in bolded, red text.  The percent identities of the Drosophila and human 
homologs are listed below. ACFS2/SLC27A2/ SLC27A4: 22-36%, CAT: 57-65%, 
ACOX1/2/3: 43-22%, LBP/DBP: 27-53%, SCPx: 35-65%, CRAT/CROT: 25-34%.  
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One of the ACS subfamilies, specifically the very long chain ACS family, is 

composed of multi-span membrane proteins of the solute carrier family 27 (SLC27) that 

are also thought to serve as lipid transporters (Jia et al., 2007).  One of the few characterized 

Drosophila proteins with a predicted peroxisomal function is an ACS of this family called 

Bubblegum.  Bubblegum (bgm) is a predicted very long chain fatty acid acyl CoA 

synthetase and mutations in the gene encoding this enzyme cause progressive 

neurodegeneration and VLCFA accumulation (Min and Benzer, 1999). 

Acyl-CoA oxidase.  Activated fatty acids are sequentially reduced by two carbon 

acetyl-CoA groups through the action of three enzymes.  Acyl-CoA oxidase introduces a 

double bond between the alpha and beta carbon utilizing a bound FAD and molecular 

oxygen. This reaction generates H2O2, the hallmark metabolite of the organelle.  Humans 

express three Acyl-CoA oxidases with differing chain-length specificity and preference for 

branched chain fatty acids.  While BLAST searches with ACOX1 and ACOX2 both 

identified CG5009 as the best hit (43% and 34% identity respectively, Table 2.1), five other 

proteins are highly similar (ranging from 22-38% identical).  All six enzymes have a variant 

PTS1 tripeptide suggesting a peroxisomal localization.  Two of the six putative acyl-CoA 

oxidases have been named in FlyBase as Acox-57d (acyl-Coenzyme A oxidase at 57D 

distal, CG9709) and Acox-57p (acyl-Coenzyme A oxidase at 57D proximal, CG9707) but 

no additional characterization has been reported (Conley et al., 1999). 

In addition to identifying potential peroxisomal pathways in Drosophila, I wanted 

to determine the subcellular localization of selected candidate proteins by transient 

expression of fluorescent fusion proteins in the Drosophila hemocyte cell line Schnieder-2 

(S2) cells.  Peroxisomes were visualized by expressing a matrix marker containing a PTS1 
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(mCherry-SKL) and a fluorescent protein fused to a peroxisomal membrane protein 

(PMP34-Cerulean) in Drosophila S2 cells.  Figure 2.3 shows that both proteins colocalize 

in a punctate pattern, but PMP34-Cerulean is found at the edges of the puncta due its 

membrane localization.  

 

Figure 2.3.  mCherry-SKL and PMP34-Cerulean localize to peroxisomes. 

Plasmids encoding mCherry-SKL and PMP34-Cerulean, under control of the actin 5c 
promoter, were cotransfected into S2 cells and imaged live by confocal microscopy.  (A-
C) The mCherry signal is present in a punctate pattern indicating peroxisomal matrix 
localization.  The Cerulean signal is also punctate, but brighter at the edges of the puncta, 
indicating localization to the peroxisomal membrane.  The approximate cell boundary is 
highlighted with a dashed white line.  Scale bar equals 5 μm. 

 

I first determined the localization of one of the putative peroxisomal acyl-CoA 

oxidases (CG17544).  S2 cells were cotransfected with a mCherry-CG17544 plasmid and 

the peroxisomal membrane marker PMP34-Cerulean.  Figure 2.4 illustrates that both 

PMP34-Cerulean and mCherry-CG17544 colocalize to peroxisomal puncta.   
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Figure 2.4. A mCherry-acyl-CoA oxidase (CG17544) fusion protein localizes to 
peroxisomes in S2 cells.   

Plasmids encoding mCherry-CG17544 and PMP34-Cerulean, under control of the actin 5c 
promoter, were cotransfected into S2 cells and imaged live by confocal microscopy.  (A-
C) Colocalization of mCherry and Cerulean indicates that mCherry-CG17544 localizes to 
peroxisomes.  The approximate cell boundary is highlighted with a dashed white line.  
Scale bar equals 5 μm. 

 

Bifunctional Protein.  The next two reactions, enoyl-CoA hydration and β-hydroxy 

acyl-CoA dehydrogenation, are catalyzed by a single protein called peroxisomal 

Bifunctional Protein (also called peroxisomal Multifunction Enzyme (MFE)).  Two distinct 

and significantly dissimilar proteins provide these activities in humans called LBP (L-

Bifunctional Protein) and DBP (D-Bifunctional Protein).  These enzymes prefer the L- or 

D- stereoisomer, respectively.  LBP is primarily involved in straight-chain fatty acid 

metabolism while DBP prefers branched chain fatty acids such as pristanic acid and bile 

acid precursors (di- and trihydroxycholestanoic acid).  Single homologs of LBP (CG4389) 

and DBP (CG3415) are found in the Drosophila proteome, each with a C-terminal PTS1.  

Interestingly, the LBP homolog encodes three splice variants with CG4389-PA containing 

a 39 amino acid N-terminal extension.  This N-terminal sequence is predicted to encode a 

mitochondrial targeting peptide (mTP; 97% probability by MitoProtII v1.01, 
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http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html, and 85% probability by TargetP 

v1.1, http://www.cbs.dtu.dk/services/TargetP-1.1/; Claros and Vincens, 1996; 

Emanuelsson et al., 2007).  While the expression of CG4389-PB and CG4389-PC likely 

result in an exclusively peroxisomal localization, the CG4389-PA isoform may be dually 

localized to both peroxisomes and mitochondria.  When the coding region of the CG4389-

PB gene is placed downstream of mCherry, this LBP homolog colocalizes with PMP34-

Cerulean confirming its peroxisomal localization (Figure 2.5). 

 

Figure 2.5. A mCherry-bifunctional protein (CG4389) fusion protein localizes to 
peroxisomes in S2 cells.   

Plasmids encoding mCherry-CG4389 and PMP34-Cerulean, under control of the actin 5c 
promoter, were cotransfected into S2 cells and imaged live by confocal microscopy.  (A-
C) Colocalization of mCherry and Cerulean indicates that mCherry-CG4389 localizes to 
peroxisomes.  The approximate cell boundary is highlighted with a dashed white line.  
Scale bar equals 5 μm. 

 

Thiolase/SCPx.  The next step in β-oxidation is cleavage of the β-ketoacyl-CoA by 

the enzyme thiolase.  This activity is provided by two classes of enzymes in humans, one 

a traditional β-ketoacyl-CoA thiolase encoded by the ACAA1 gene, and the other a multi-

functional protein, Sterol Carrier Protein X (SCPx).  SCPx has two domains, a C-terminal 

non-specific lipid transport protein as well as an N-terminal thiolase domain (Seedorf et 
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al., 2000; Stolowich et al., 2002).  In mammals, the SCPx gene can produce three gene 

products.  One is a full length ~58 kDa Thiolase-SCP2 fusion protein that can persist as a 

single protein or be proteolytically processed to a ~46 kDa thiolase domain and a ~13 kDa 

SCP2 domain.  Additionally, the SCPx gene transcribes a ~15 kDa SCP2 protein that 

contains a 20 amino acid N-terminal presequence that is posttranslationally removed.  All 

protein products of the SCPx gene are likely peroxisomal due to C-terminal PTS1 motifs 

in all sequences (Seedorf et al., 2000; Stolowich et al., 2002). 

Drosophila contains two homologs of SCPx (CG17320 (Scpx) and CG17597) that 

both contain PTS1 motifs.  Scpx (CG17320) was originally identified as a transcript 

regionally expressed in the Drosophila embryonic midgut (Kitamura et al., 1996).  While 

CG17320 is arranged much like human SCPx with an N-terminal Thiolase domain and a 

C-terminal SCP2 domain, CG17597 only contains the Thiolase domain without an attached 

SCP2, thus CG1730 is likely a peroxisomal thiolase.  Two additional genes CG11151 and 

CG12269 appear to encode just an SCP2 domain.  CG11151 terminates in AKL while 

CG12269 has no apparent PTS.  Finally, an SCP2-like domain can be found at the C-

terminus of CG5590, which is most similar (57% identical) to Hydroxysteroid 

dehydrogenase-like protein 2 (HSDL2, Table 2.1).  An SCP2 domain can also be found at 

the C-terminus of human DBP (Leenders et al., 1996; Stolowich et al., 2002), which is 

lacking in the fly homolog of DBP (CG3515). 

Human peroxisomal thiolase, encoded by the ACAA1 gene, is localized to the 

peroxisome by virtue of an N-terminal PTS2 motif.  The four closest BLAST hits with 

ACAA1 do not contain a canonical PTS1 or PTS2 motif.  In fact, three of them (CG4600 

(yip2), CG4581 (Thiolase), and CG10932) have readily identifiable mitochondrial 
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targeting signals (mTP, >90%) and are predicted to be in the mitochondria, likely involved 

in mitochondrial β-oxidation. CG4581 is named Thiolase in FlyBase in a systematic effort 

to identify mitochondrial proteins, but no additional characterization has been reported 

(Sardiello et al., 2003).  Interestingly, CG10932 terminates in –EKL, perhaps a variant 

PTS1 sequence, and that may yield a dual localization.  This possibility remains to be 

experimentally validated. 

Carnitine O-acetyl(octanoyl)transferase.  While fatty acid uptake into the 

peroxisome does not utilize a carnitine shuttle like mitochondria (Wanders and Waterham, 

2006), animal peroxisomes contain enzymes that produce acylcarnitine esters, likely for 

export to the mitochondria.  The proteins CRAT and CROT are Carnitine O-

acetyltransferase and Carnitine O-octanoyltransferases respectively.  Three Drosophila 

proteins (CG5265, CG1041, and CG12428) show between 29-34% identity with either 

CRAT or CROT.  All three proteins terminate in a PTS1 variant.  In fact, I chose to use the 

final ten amino acids of CG1041 (-KNPPETKSKL) as our prototypical peroxisomal matrix 

marker (GFP-SKL in Figure 2.3).   

Catalase.  The peroxisome is defined by the presence of H2O2, due to flavin-linked 

oxidases, and catalase, which decompose this toxic metabolite.  There are two clear 

catalase homologs in Drosophila (CG6871 (Cat) and CG9314).  Catalase (CG6871) is one 

of the few peroxisomal proteins to have been examined phenotypically in Drosophila.  

Drosophila cat null mutants are hypersensitive to H2O2 and display a decreased metabolic 

rate (Mackay and Bewley, 1989; Orr et al., 1992).  Overexpression of cat and dsod extends 

lifespan in Drosophila (Orr and Sohal, 1994).  Catalase has also been localized to 

Drosophila peroxisomes by transmission electron microscopy and immunofluorescence 
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(Beard and Holtzman, 1987; Southall et al., 2006).  CG9314 is predicted to be a testes 

specific catalase isoform (McQuilton et al., 2012; Wasbrough et al., 2010). 

β-oxidation accessory enzymes.  Different organisms utilize a variety of accessory 

enzymes to handle complex fatty acids including unsaturated and polyunsaturated fatty 

acids (Figure 2.6).  In humans, some of these genes include ECH1 (enoyl-CoA hydratase 

1, also known as ∆3,5-∆2,4-dienoyl-CoA isomerase), PECR (peroxisomal trans-∆2-enoyl-

CoA reductase), DECR2 (∆2,4-dienoyl-CoA reductase), and PECI (trans-∆3,2-enoyl-CoA 

isomerase).  Homologs of PECI (CG13890, 34% identity) and ECH1 (CG9577, 45% 

identity) are readily apparent.  However, the DECR2/PECR enzymes are more difficult to 

identify with confidence.  There are several fly homologs similar to human DECR2/PECR 

but none stands out as a definitive homolog for each.  These proteins (CG10672, CG5590, 

and CG3415) each contain a “short-chain dehydrogenase/reductase SDR” motif 

(IPR002198) of which there are 45 members in Drosophila melanogaster. 

 

Figure 2.6. Peroxisomal β-oxidation accessory pathways.   
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The peroxisomal β-oxidation accessory pathways are illustrated with the CG numbers for 
each Drosophila protein listed at each step. The CG numbers are listed in descending order 
with the best hit(s) in bolded, red text.  The percent identities of the Drosophila and human 
homologs are listed below. PECI: 34%, ECH1: 45%, LBP/DBP: 27-53%, DECR2/PECR: 
13-27%.  

 

2.1.2. α-oxidation 

Another important peroxisomal pathway of lipid metabolism is α-oxidation.  In 

humans, this pathway is primarily responsible for the catabolism of 3-methyl branched-

chain fatty acids such as phytol (Jansen and Wanders, 2006; Lloyd et al., 2008; Mukherji 

et al., 2003; Wanders and Waterham, 2006).  Figure 2.7 illustrates the pathway of 

peroxisomal α-oxidation of phytol and delineates the enzymatic activity and the 

corresponding fly CG number identified as potential homologs.  Table 2.1 lists each human 

protein involved in α-oxidation by Uniprot accession number, proposed function, and best 

BLAST hit in the fly proteome.  Phytol is reduced to phytenic acid by extraperoxisomal 

enzymes then thioesterified to its CoA derivative phytenoyl-CoA, perhaps by peroxisomal 

acyl-CoA synthetases.  The double bond between the α and β carbons is reduced by PECR, 

and the α-carbon is hydroxylated by phytanoyl-CoA dioxygenase (PHYH).  The best 

Drosophila homolog of PHYH, CG14688, is only 13% identical, but BLAST searches 

against the human genome with CG14688 identified only one protein, human PHYH.  

PHYH is targeted to the peroxisome in humans by an N-terminal PTS2 motif, however, 

the fly homolog does not possess a PTS2 or PTS1 sorting signal.  Comparative analysis of 

PHYH proteins from 18 organisms shows that a PTS2 signal is present in vertebrates, but 

no PTS is readily identifiable from insects, worms, plants and slime molds. The mechanism 

of PHYH sorting in Drosophila is currently unknown.  
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Figure 2.7.  Peroxisomal α-oxidation pathway.  

The steps of peroxisomal α-oxidation are illustrated with the CG numbers for each 
Drosophila protein listed at each step.  The CG numbers are listed in descending order with 
the best hit(s) in bolded, red text.  The percent identities of the Drosophila and human 
homologs are listed below. ACFS2/SLC27A2/4: 22-36%, PECR: 27%, PHYH: 13%, 
HACL1: 53%, AMACR: 49%.  
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The racemically-mixed 2-hydroxyacyl-CoA is cleaved by 2-hydroxyacyl-CoA 

lyase 1 (HACL1) yielding formyl-CoA and a fatty aldehyde chain-shortened by one carbon.  

This fatty aldehyde is oxidized to a carboxylic acid by a fatty aldehyde dehydrogenase.  In 

humans, this reaction is catalyzed by a specific splice variant of the aldehyde 

dehydrogenase 3 family, member A2 gene (ALDH3A2), a fatty aldehyde dehydrogenase 

isozyme (FALDH-V) (Lloyd et al., 2008).  There is no clear Drosophila homolog of 

FALDH-V.  The (2S) stereoisomer is then further metabolized by β-oxidation, following 

activation by acyl-CoA synthetase.  However, the (2R) stereoisomer in not recognized by 

acyl-CoA oxidase and must be converted to (2S) by α-methyl acyl-CoA racemase 

(AMACR) (Lloyd et al., 2008).  AMACR is encoded by the CG9319 gene in Drosophila.  

AMACR is dually-localized to mitochondria and peroxisomes in humans.  A single 

transcript produces a protein with an N-terminal mitochondrial targeting signal (mTP) and 

a C-terminal PTS1 (Amery et al., 2000; Ferdinandusse et al., 2000; Lloyd et al., 2008).  

CG9319 terminates in AKL, a prototypical PTS1, but does not include an N-terminal mTP 

suggesting that AMACR is only peroxisomal in flies.   Interestingly, the AMACR gene is 

overexpressed in many cancers (Jiang et al., 2003; Lloyd et al., 2008). 

2.1.3. Ether lipid synthesis 

A third key peroxisomal metabolic pathway is the production of ether-linked lipids 

(Figure 2.8).  This class of compounds is used to produce plasmalogens, bioactive lipids 

such as platelet activating factor (PAF), as well as lipid attachments for some 

Glycosylphosphatidylinositide (GPI) anchors (Brites et al., 2004; Wanders and Waterham, 

2006).  The enzymology of ether lipid synthesis is well established for animals.  The 

43 
 



 

glycolic intermediate dihydroxyacetone phosphate is fatty esterified at the sn1 position by 

the addition of a fatty acid by the peroxisomal enzyme glyceronephosphate O-

acyltransferase (GNPAT).  GNPAT (also known as dihydroxyacetone phosphate 

acyltransferase, DHAP-AT) is encoded by CG4625 in Drosophila and has been named 

Dhap-at in FlyBase, but no additional characterization has been reported (Chase et al., 

2001).  Next, the characteristic ether linkage is introduced by the enzyme alkylglycerone 

phosphate synthase (AGPS), which exchanges the fatty acid added by GNPAT with a long-

chain fatty alcohol produced by a fatty acyl-CoA reductase.  The Drosophila AGPS 

homolog CG10253 is 50% identical to human AGPS (Figure 2.9).  AGPS is localized to 

the peroxisome in humans by virtue of its N-terminal PTS2 sequence.  Drosophila AGPS 

does not contain a PTS2 motif, but ends with the C-terminal PTS1 sequence AKL 

specifying a peroxisomal localization.  The long chain fatty alcohol needed for ether lipid 

synthesis is produced by fatty acyl-CoA reductase, the product of the FAR1 and FAR2 

genes in human.  These membrane proteins are localized to the peroxisome in animals 

(Cheng and Russell, 2004). The best Drosophila homolog for both FAR1 and FAR2 is 

CG5065 (Table 2.1); however, closer inspection of the fly proteome reveals an additional 

16 genes that share significant similarity to the human FAR genes.  In total, these 17 genes 

are predicted to code for 29 proteins accounting for all splice variants.  All of these 

homologs are likely to encode FAR activity since the most dissimilar member, CG34342-

PC with 25% identity, only identifies FAR1 and FAR2 when BLASTed against the 

translated human genome.  Since the membrane peroxisomal targeting signal (mPTS) for 

FAR1 or FAR2 has not been identified, it is difficult to predict the localization of the fly 

proteins.  Given that fatty alcohol products of the FAR proteins are used for other 
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biosynthetic processes including wax production (Cheng and Russell, 2004), it is likely 

that the Drosophila isoforms may localize to many organelles. 

A 
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Figure 2.8.  Peroxisomal ether lipid synthesis Pathway.  

(A)  The steps of peroxisomal ether lipid synthesis are illustrated with the CG numbers for 
each Drosophila protein listed at the right of each step. The CG numbers are listed in 
descending order with the best hit(s) in bolded, red text.  No homolog of 1-
alkyldihydroxyacetone 3-phosphate reductase could be identified in the Drosophila 
genome.  (B) A Phylogram of alkylglycerone phosphate synthase (AGPS) from multiple 
species was generated with ClustalW2.  All vertebrate AGPS sequences analyzed contain 
a PTS2, while most non-vertebrate AGPS sequences, including Drosophila, have a PTS1.  
P. tetraurelia and P. infestans do not have identifiable PTS motifs. The percent identities 
of the Drosophila and human homologs are listed below.  GNPAT: 25%, FAR1/2: 25-
38%, AGPS: 50%. 

 

46 
 



 

 
Figure 2.9. Drosophila and many invertebrates use a PTS1 motif for targeting AGPS 
to peroxisomes.   

ClustalW2 was used to align AGPS protein sequences from many species.  All vertebrates 
and a few invertebrates use a PTS2 motif for peroxisomal targeting of AGPS.  Drosophila 
and most invertebrates use a PTS1 motif instead.  Accession numbers used in the alignment 
are available upon request. 

 

2.1.4. Peroxisome biogenesis 

I also searched the Drosophila proteome for proteins known to be involved in 

peroxisome biogenesis or peroxin (PEX) proteins (Distel et al., 1996).  I identified 15 PEX 

genes including three isoforms of PEX11 (Figure 2.10, Table 2.1).  The identity of PEX 

homologs in Drosophila was also recently reported in an analysis of ring finger peroxins 

PEX2 and PEX10 (Chen et al., 2010).  The Drosophila PEX genes range from 22-43% 

identical to their human counterparts.  A recent study (Mast et al., 2011) demonstrated that 

knockdown of pex genes in Drosophila S2 cells inhibits PTS1 import.   
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Figure 2.10.  Drosophila peroxins.   

Proteins involved in peroxisome biogenesis, protein import, and growth and division are 
illustrated.  CG numbers for the Drosophila homologs are shown. 

 

It is currently unclear if Drosophila possesses a functional PTS2 import system.  A 

PEX7 homolog is observed (CG6486, 42% identical), but its function has not been 

confirmed.  Knockdown of pex7 in S2 cells does not affect the import of PTS1-containing 

cargo, but its effect on PTS2 import in unknown (Mast et al., 2011).  In humans and plants, 

Pex7 interacts with a long splice form of Pex5 during PTS2 import (Otera et al., 2000; 

Woodward and Bartel, 2005).  The Drosophila Pex5 homolog is unlikely to interact with 

Pex7 since it lacks the region required for this interaction.  Additionally, no clear homologs 

of the fungal-specific peroxins involved in Pex7-mediated import (Pex18, Pex20, and 

Pex21) (Einwächter et al., 2001; Sichting et al., 2003; Stein et al., 2002) are revealed by 
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BLAST searches. No PTS2-containing cargo proteins can be identified in the Drosophila 

proteome and proteins that contain PTS2 signals in other organisms, such as AGPS, have 

a PTS1 in Drosophila (Figure 2.9).  Interestingly, there is a Drosophila homolog of the 

human peroxisome leader peptide-processing protease (Tysnd1), which cleaves the PTS2 

sequence from cargo after import (Kurochkin et al., 2007).  However, this enzyme could 

have other substrates such as β-oxidation enzymes, as has been demonstrated in mammals 

(Okumoto et al., 2011).  The canonical PTS2 sequence from rat thiolase is not sufficient to 

localize a fluorescent protein to peroxisomes in S2 cells (Figure 2.11).  

 

 

Figure 2.11.  PTS2-mCherry localizes to the cytoplasm in S2 cells and peroxisomes in 
COS7 cells.   

Plasmids encoding PTS2-mCherry and PMP34-Cerulean, under control of the actin 5c 
promoter, were cotransfected into S2 cells and imaged live by confocal microscopy.  (A-
C) The mCherry signal does not colocalize with Cerulean and is diffuse throughout the cell 
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indicating that PTS2-mCherry localizes to the cytoplasm. Plasmids encoding PTS2-
mCherry and PMP34-GFP, under control of the CMV promoter, were cotransfected into 
COS7 cells and imaged live by confocal microscopy.  (D-F) The PTS2-mCherry signal 
colocalizes with PMP34-GFP, indicating peroxisomal localization.  The approximate S2 
cell boundary is highlighted with a dashed white line.  Scale bar equals 5 μm. 

 

I further examined PTS2 function is S2 cells by confirming the peroxisomal 

localization signal of AGPS.  Human AGPS utilizes an N-terminal PTS2, while Drosophila 

AGPS appears to target with a PTS1 C-terminal tripeptide.  I analyzed the localization of 

both Drosophila and Human AGPS in S2 as well as COS7 cells by fluorescence confocal 

microscopy (Figures 2.12 and 2.13).  Full length Drosophila AGPS (dAGPS) expressed at 

the C-terminus of mCherry to expose a C-terminal PTS1 was peroxisomal in both S2 cells 

(Figure 2.12.A-C) and COS7 cells (Figure 2.13.A-C).  When dAGPS was fused to the N-

terminus of mCherry to reveal a potential PTS2 motif, the chimera remained cytoplasmic 

in both S2 cells (Figure 2.12.D-F) and COS7 cells (Figure 2.13.D-F), indicating that no 

PTS2 motif is present in this protein.  I also targeted mCherry to the peroxisome in COS7 

cells with the PTS2 motif of humans AGPS (hAGPS).  This chimera, containing the N-

terminal 72 amino acids of hAGPS (Figure 2.9) fused to the N-terminus of mCherry, was 

sufficient to localize the fusion protein to peroxisomes in COS7 cells (Figure 2.12.G-I), 

but not in S2 cells (Figure 2.12.G-I).  These data confirm that dAGPS sorts to peroxisomes 

via a PTS1 motif and suggest that S2 cells do not possess a functional PTS2 import system.  

Like C. elegans, Drosophila may have lost its PTS2 system entirely (Motley et al., 2000).  

It is also possible that Drosophila uses a unique PTS2 motif that is not identifiable by 

sequence comparison. 
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Figure 2.12. Alkylglycerone phosphate synthase (AGPS) localization in S2 cells.   

Plasmids encoding mCherry-dAGPS, dAGPS-mCherry, or hAGPS(PTS2)-mCherry, under 
control of the actin 5c promoter, were transfected into S2 cells stably expressing PMP34-
Cerulean and imaged live by confocal microscopy.  (A-C) The mCherry-dAGPS signal 
colocalizes with Cerulean, indicating peroxisomal localization due to the PTS1 (AKL) of 
dAGPS.  (D-F) The dAGPS-mCherry signal does not colocalize with Cerulean, indicating 
that dAGPS does not sort to peroxisomes via an N-terminal PTS2 motif.  (G-I) The 
hAGPS(PTS2)-mCherry signal does not colocalize with Cerulean, indicating that the PTS2 
of hAGPS is not sufficient to target mCherry to peroxisomes in S2 cells.  The approximate 
cell boundary is highlighted with a dashed white line.  Scale bar equals 5 μm. 
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Figure 2.13. Alkylglycerone phosphate synthase (AGPS) localization in COS7 cells.  

Plasmids encoding PMP34-GFP and either mCherry-dAGPS, dAGPS-mCherry, or 
hAGPS(PTS2)-mCherry, under control of the CMV promoter, were cotransfected into 
COS7 cells and imaged live by confocal microscopy.  (A-C) The mCherry-dAGPS signal 
colocalizes with GFP, indicating peroxisomal localization due to the PTS1 (AKL) of 
dAGPS.  (D-F) The dAGPS-mCherry signal does not colocalize with GFP, indicating that 
dAGPS does not sort to peroxisomes via an N-terminal PTS2 motif.  (G-I) The 
hAGPS(PTS2)-mCherry signal colocalizes with Cerulean, indicating that the PTS2 of 
hAGPS is sufficient to target mCherry to peroxisomes in COS7 cells.  Scale bar equals 5 
μm.  
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2.1.5. Reactive Oxygen Metabolism 

Peroxisomes represent a source of ROS and a source of antioxidant enzymes 

(Schrader and Fahimi, 2006).  Many oxidases, including those involved in β-oxidation, 

generate H2O2, and multiple peroxidases, such as catalase are present in the organelle to 

metabolize H2O2.  Other sources of ROS include superoxide (O2•-) generated by Xanthine 

oxidase.  O2•- can be metabolized by Superoxide dismutase.  MnSod localizes to the 

cytoplasm and mitochondria, while Cu/ZnSod has been detected in the cytoplasm and 

peroxisomes (Dhaunsi et al., 1992; Keller et al., 1991).  Mammalian Cu/ZnSod does not 

contain a canonical PTS, but “piggybacks” into the organelle by interacting with a PTS1-

containing protein, Copper chaperone for Sod (CCS) (Islinger et al., 2009).  Drosophila 

Cu/ZnSod (CG11793, dSod) terminates in the C-terminal tripeptide -AKV suggesting that 

it contains its own PTS1.  In fact, the 10 C-terminal amino acids of dSod are sufficient to 

dually localize a fluorescent protein to the cytoplasm and peroxisomes in S2 cells (Figure 

2.14.A-C).  If the PTS1 is altered from –AKV to –AKL the localization of the fusion 

protein shifts to almost completely peroxisomal (Figure 2.14.D-F).  If the last three amino 

acids are removed (∆AKV), the fusion protein stays in the cytoplasm (Figure 2.14.G-I).  

This motif is non-canonical and may interact weakly with the Pex5 receptor.  If so, this 

weak interaction could be responsible for its dual localization.  The Drosophila CCS 

homolog (CG17753) has a C-terminal –QKL sequence, which may also function as a PTS1.  

When fused to the C-terminus of mCherry, the 10 C-terminal amino acids of dCCS are 

sufficient to dually localize the fusion protein to the cytoplasm and peroxisomes (Figure 

2.14.J-L).  Peroxisomal localization with this sequence (QKL) is somewhat surprising and 

suggests that the PTS1 motif in Drosophila may display some organism-specific plasticity. 
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Furthermore, these data indicate that dSod localizes to peroxisomes via a PTS1 motif.  It 

is unclear if dSod can “piggyback” into peroxisome by interacting with dCCS, but this 

combination of “weak” PTS1 sequences may be enhanced by dimerization prior to 

translocation. 
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Figure 2.14. Cu/Zn superoxide dismutase carries a PTS1 motif that partially localizes 
mCherry to peroxisomes.   
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Plasmids encoding PMP34-Cerulean and either mCherry-dSod-PTS1(wild type), 
mCherry-dSod-PTS1(AKL), or mCherry-Sod-PTS1(∆AKV) under the control of the actin 
5c promoter were cotransfected into S2 cells and imaged by live confocal microscopy.  (A-
C) The wild-type PTS1 of dSod localizes mCherry to both the cytoplasm and peroxisomes.  
Changing the PTS1 to AKL (D-F), shifts mCherry localization to the peroxisome 
exclusively.  Removing the PTS1 (G-I) results in a cytoplasmic localization of mCherry.  
The PTS1 of dSod may be a non-optimal sequence and lead to dual localization of this 
protein.  (J-L) Plasmids encoding mCherry-SKL and GFP-CCS-PTS1 under the control of 
the actin 5c promoter were cotransfected into S2 cells and imaged by live confocal 
microscopy.  The 10 C-terminal amino acids of Copper chaperone for Sod (CCS, CG17753) 
fused to mCherry is also dually localized to the cytoplasm and peroxisomes.  The 
approximate cell boundary is highlighted with a dashed white line.  Scale bar equals 5 μm. 

 

2.1.6. Other peroxisomal functions 

Peroxisomes also conduct other metabolic business in addition to the selected 

pathways highlighted above.  This includes metabolism of amino acid, nitrogen, 

polyamines, glyoxylate and perhaps isoprenes (Angermüller et al., 2009; Wanders and 

Waterham, 2006; Wanders et al., 2010).  Table 2.1 lists 57 other proteins implicated in 

peroxisomal functions.  While many have canonical PTS1 sorting signals, others do not 

(Bonekamp et al., 2009; Schrader and Fahimi, 2006).  This observation suggests that some 

peroxisomal pathways may not be conserved between flies and humans  

The variability of the canonical PTS1 targeting motif has not been examined in 

Drosophila making precise identification based on sequence comparison more difficult.  

The relatively loose motif ([A/C/H/K/N/P/S/T]–[H/K/N/Q/R/S]–[A/F/I/L/M/V]) used in 

previous PTS1 predictions identified some protein that may or may not be peroxisomal.  

This possibility is further exemplified by the partial peroxisomal localization of dCCS 

(Figure 2.14.J-L) by the PTS1 variant QKL.   To better contextualize the PTS1 signal in 

flies, I determined the subcellular localization of another predicted weak PTS1, TKL, in 

the protein Dopamine N-acetyltransferase, or Dat (CG3318).  A mCherry fusion to Dat 
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localized primarily to the cytoplasm with little or no colocalization with GFP-SKL (Figure 

2.15).   

 

Figure 2.15. A mCherry-dopamine N-acetyltransferase (CG3318) fusion protein 
localizes to the cytoplasm in S2 cells.   

Plasmids encoding mCherry-CG3318 and PMP34-Cerulean, under control of the actin 5c 
promoter, were cotransfected into S2 cells and imaged live by confocal microscopy.  (A-
C) The mCherry signal does not colocalize with Cerulean and is diffuse throughout the cell 
indicating that mCherry-CG3318 localizes to the cytoplasm. The approximate cell 
boundary is highlighted with a dashed white line.  Scale bar equals 5 μm. 

 

I have identified all of the major vertebrate peroxisomal pathways in Drosophila 

and confirmed peroxisomal localization of five candidate enzymes.  Analysis of PTS1 

sorting suggests that the prototypical PTS1 signals –SKL, -AKL and -AKV direct proteins 

to the peroxisome.  Additionally, and unpredicted variant (–QKL) sorts to the peroxisome, 

but a loose variant in other systems (-TKL) does not.  Finally, I conclude that Drosophila 

does not utilize a PTS2 motif given the absence of PTS2-containing proteins and the 

cytoplasmic localization of two independent PTS2-mCherry chimeras. 
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2.2. Materials and methods 

2.2.1. Bioinformatics 

Sequences were aligned and phylograms were generated by ClustalW2 hosted by the 

European bioinformatics Institute (EBI http://www.ebi.ac.uk/Tools/msa/clustalw2/). 

2.2.2. Cloning 

To generate pJM664 (mCherry-SKL in pAc5.1/V5-His), mCherry was amplified 

by PCR using the primers KpnI-Kozak-GFP (GAGGTACCAACATGGTGAGCA 

AGGGCGAG) and eYFP-PTS1-XbaI (GCTCTAGATTACAACTTCGACTTAGTC 

TCAGGCGGGTTCTTCTTGTACAGCTCGTCCATG).  The mCherry PCR product was 

digested with KpnI and XbaI and ligated into pAc5.1/V5-His cut with the same enzymes. 

pJM664 expresses mCherry with the C-terminal 10 amino acids of CG1041 

(KNPPETKSKL) 

To generate pJM621 (PMP34-cerulean in pAc5.1/V5-His), cerulean was amplified 

by PCR using the primers NotI-GFP (GCGGCCGCAACCATGGTGAGCAAGG) and 

GFP-XhoI (CTCGAGTTACTTGTACAGCTCGTCC) and cloned into pCR-Blunt II-

TOPO (Invitrogen).  Drosophila PMP34 (CG32250) was amplified by PCR from the 

Drosophila Genomic Resource Center (DGRC) clone RE36975 using the primers KpnI-

EcoRI-Dm_PMP34 (GGTACCGAATTCACAAAATGGTGGCCCCCTCG) and 

Dm_PMP34-NotI (GCGGCCGCGTTGCGCTTAA GCAGC) and cloned into pCR-Blunt 

II-TOPO (Invitrogen).  Cerulean was cut from pCR-Blunt II-TOPO with NotI and XhoI 

and ligated into pAc5.1/V5-His cut with the same enzymes.  PMP34 was cut from pCR-

Blunt II-TOPO with KpnI and NotI and ligated into Cerulean-pAc5.1/V5-His cut with the 

same enzymes. 
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To generate pJM659 (PTS2-mCherry in pAc5.1/V5-His), 5’ phosphorylated oligos 

EcoRI-PTS2-NotI_Top (AATTCACAAAATGCACCGCCTGCAGGTGGTGCTGGGCC 

ACCTGGC) and EcoRI-PTS2-NotI_Bottom (GGCCGCCAGGTGGCCCAGCACCACC 

TGCAGGCGGTGCATTTTGTG) were annealed and ligated into pAc5.1/V5-His cut with 

EcoRI and NotI to generate pJM648.  mCherry was amplified by PCR using the primers 

NotI-GFP and GFP-XhoI, cut with NotI and XhoI, and ligated into pJM648 cut with the 

same enzymes. 

To generate the mCherry fusions with predicted peroxisomal genes, mCherry was 

amplified by PCR using the primers GFP-No Stop-KpnI (CGGGTACCCTTGTA 

CAGCTCGTCC) and HindIII-Kozak-GFP (GCAAGCTTCAAAATGGTGAGCAAGG 

GCGAG), cut with HindIII and KpnI, and ligated into pAc5.1/V5-His cut with the same 

enzymes. The acyl-CoA oxidase (CG17544) ORF was amplified by PCR from the DGRC 

clone SD05719 using the primers KpnI-CG17544 (GAGGTACCATGGGCAGCGAGG 

ACACAAG) and CG17544-NotI (GTGCGGCCGCTCAAAGCTTGGACTGGG).  The 

dopamine N-acetyltransferase (CG3318) ORF was amplified by PCR from the DGRC 

clone GH12636 using the primers KpnI-CG3318 (GAGGTACCATGGAAGTGC 

AGAAGCTGCCG) and CG3318-XhoI (CGCTCGAGCTACAGCTTGGTCTGCGC). 

The L-bifunctional protein (CG4389) ORF was amplified by PCR from the DGRC clone 

GH12558 using the primers KpnI-CG4389-PB (GAGGTACCATGTCCACGAA 

TCCCGCACCGG) and CG4389-XhoI (CGCTCGAGCTACAACTTCGAGGAGCCAG).  

PCR products were digested with KpnI and either XhoI or NotI and ligated into mCherry-

pAc5.1/V5-His cut with the same enzymes.  
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To generate the mCherry-dSod(PTS1) and mCherry-CCS(PTS1) clones, mCherry 

was amplified by PCR using and the forward primer KpnI-Kozak-GFP 

(GAGGTACCAACATGGTGAGCAAGGGCGAG) and each of the reverse primers 

GFP_SOD-AKV_XbaI (CGTCTAGACTAGACCTTGGCAATGCCAATAACGCCGC 

ACCCCTTGTACAGCTCGTCC), GFP_SOD-AKL_XbaI (CGTCTAGACTACAGCT 

TGGCAATGCCAATAACGCCGCACCCCTTGTACAGCTCGTCC), and GFP_SOD-

∆AKV_XbaI (CGTCTAGACTAAATGCCAATAACGCCGCACCCCTT GTACAGCTC 

GTCC). GFP was amplified by PCR using the primers KpnI-Kozak-GFP and GFP_CCS-

QKL_XbaI (CGTCTAGACTACAGCTTTTGTGAGCGCTCCTTGCCAGCCAGCT 

TGTACAGCTCGTCC).  PCR products were digested with KpnI and XbaI and ligated into 

pAc5.1/V5-His cut with the same enzymes. 

To generate pJM896 (mCherry-dAGPS in pAC5.1/V5-His), mCherry was 

amplified by PCR using the primers EagI-mCherry (TAcggccgATGGTGAGCAAGGGC) 

and mCherry-NS-XhoI (TACTCGAGCTTGTACAGCTCGTCCATGC) and ligated into 

pGEM-T Easy (Promega) using manufacturer’s protocol.  mCherry was digested from 

pGEM-T Easy using EagI and XhoI and ligated into pAC5.1/V5-His digested with NotI 

and XhoI to generate pJM894.  dAGPS was amplified by PCR using the primers XhoI-

dAGPS (TActcgagATGGCAGCCAAGCGG) and dAGPS-S-XbaI (GCTCTAGACT 

ACAATTTGGCCTTTGGTGGTG) and ligated into pGEM-T Easy.  dAGPS was digested 

from pGEM-T Easy with XhoI and XbaI and ligated into pJM894. 

To generate pJM901 (dAGPS-mCherry in pAC5.1/V5-His), mCherry was 

amplified by PCR using the primers XhoI-mCherry (TActcgagATGGTGAGCAAGGGC) 

and mCherry-S-XbaI (TTTCTAGATTACTTGTACAGCTCGTCCATGC), digested with 
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XhoI and XbaI and ligated into pAC5.1/V5-His cut with the same enzymes to generate 

pJM899.  dAGPS was amplified by PCR using the primers EagI-dAGPS 

(TAcggccgATGGCAGCCAAGCGG) and dAGPS-NS-XhoI (GCCTCGAGCAATTTGG 

CCTTTGGTGGTG) and ligated into pGEM-T Easy.  dAGPS was digested from pGEM-

T Easy with EagI and XhoI and ligated into pJM899 digested with NotI and XhoI.  

To generate pJM961 (hAGPS(PTS2) in pAC5.1/V5-His), the PTS2 sequence of 

hAGPS (cggccgATGGCGGAGGCGGCGGCTGCAGCGGGTGGGACTGGCTTGGGC 

GCGGGCGCGAGCTACGGGTCTGCAGCGGACCGGGACCGGGACCCGGACCCG

GACCGCGCCGGGCGGAGGCTGCGGGTTCTCTCTGGCCATCTGCTGGGCCGGC

CCCGGGAGGCTCTGAGTACCAATGAGTGCAAAGCGCGGAGAGCCGCGTCGG

CGGCCACGGCAGCGCCCACGctcgag) was synthesized by IDT and supplied in 

pIDTSMART-AMP (pJM959).  The hAGPS(PTS2) was digested from pJM959 with EagI 

and XhoI and ligated into pJM899 cut with NotI and XhoI. 

To generate pJM933 (mCherry-dAGPS in pcDNA3), pJM896 was digested with 

EagI and XbaI and ligated into pcDNA3 cut with NotI and XbaI.  To generate pJM926 

(dAGPS-mCherry in pcDNA3), pJM901 was digested with EagI and XbaI and ligated into 

pcDNA3 cut with NotI and XbaI.  To generate pJM940 (PTS2-mCherry in pcDNA3.1), 

pJM659 was digested with KpnI and XhoI and ligated into pJM850 (Venus-Atlastin in 

pCDNA 3.1) digested with the same enzymes.  mCherry was digested from pJM899 with 

XhoI and XbaI and ligated pcDNA3 cut with the same enzymes to generate pJM944.  To 

generate pJM962 (hAGPS(PTS2)-mCherry in pcDNA3) hAGPS(PTS2) was cut from 

pJM959 with EagI and XhoI and ligated into pJM944 cut with NotI and XhoI.  

The Human PMP34 in pEGFP-N1 plasmid was a gift from Dr. Peter Kim. 
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2.2.3. In vivo imaging of predicted peroxisomal proteins 

Plasmids were transfected into S2 cells (DGRC) using Fectofly II (Polyplus) or 

TransIT-2020 (Mirus) as per manufacturer’s protocols.  Stable cell lines were cotransfected 

with pCoBlast (Invitrogen) and grown in Blasticidin-containing media.  Cells were adhered 

to a Concanavalin A-coated coverslip and imaged live on a Zeiss LSM 510 confocal 

microscope using a 63x oil immersion objective.  mCherry was excited with a 543 nm 

helium-neon laser and a HFT UV/488/543/633 primary dichroic.  mCherry emission was 

filtered with a LP560 filter before collection.  Cerulean was excited with a 458 nm argon 

laser and a HFT 458/514 primary dichroic.  Cerulean emission was filtered with NFT 545 

and BP 480-520 filters before collection.  GFP was excited with a 488 nm argon laser and 

a HFT 488 primary dichroic.  GFP emission was filtered with NFT 545 and BP 500-530 

IR filters before collection. 

Plasmids were transfected into COS7 cells (ATCC) using TransIT-COS (Mirus) 

transfection reagent as per manufacturer’s protocol. The cells were plated at 60,000 cells 

per mL the day before transfection on a coverslip in a 24-well plate and grown in DMEM 

with 10% FBS and penicillin 100IU/streptomycin 100 µg/mL. Cells were imaged live on 

a Zeiss LSM 710 confocal microscope using a 100X oil immersion objective. mCherry was 

excited with a 543 helium-neon laser. The emission was filtered with a main beam splitter 

458/543 and 578-696nm wavelengths were collected. GFP was excited at 488nm. The 

emission was filtered with a main bean splitter 488 and 493-598nm wavelengths were 

collected. Cerulean was excited with 405-30 diode laser. The emission was filtered with a 

main beam splitter 405nm and 454-581 wavelengths were collected.  

Images were processed in Fiji (http://fiji.sc) and Illustrator (Adobe) 
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Chapter 3: Peroxisomes are required for lipid metabolism and muscle 

function in Drosophila melanogaster 

In this study, I have examined the effects of peroxisome loss on in D. melanogaster 

physiology.  A mutation in pex3 was constructed and found to abolish peroxisome 

biogenesis.  The pex32 mutant was unable to complete development and showed altered 

lipid metabolism and impaired muscle function.   

3.1. Results 

3.1.1. Peroxisome distribution in Drosophila 

Drosophila peroxisomes have been visualized previously in various tissues (Beard and 

Holtzman, 1987; St Jules et al., 1989, 1990).  I expanded the tissues examined, focusing 

primarily on larval tissues involved in energy metabolism.  The fat body is similar to 

adipose tissue where excess lipids are stored as triacylglycerol (TAG) within lipid droplets.  

Nutrients are absorbed from the diet as it travels through the gut.  Lipids are likely broken 

down in oenocytes, which are hepatocyte-like cells.  Larval body wall muscles have 

intensive energy demands, provided partially through lipid metabolism.  Epithelial cells 

line the larval body wall between the cuticle and muscles.  The early Drosophila embryo 

contains many nuclei in a syncytial cytoplasm.  UAS-eYFP-PTS1 was expressed in these 

tissues using global or tissue specific GAL4 drivers.  eYFP-PTS1 localizes to the matrix 

of peroxisomes, which are visible as puncta in the cytoplasm.  All tissues examined, 

including fat body (Fig. 3.1.A), gut (Fig. 3.1.B), oenocytes (Fig. 3.1.C), muscles (Fig. 

3.1.D), epithelial cells (Fig. 3.1.E), and early embryos (Fig. 3.1.F), contain abundant 

peroxisomes.  Some cell types, such as epithelial cells, oenocytes, and gut, contain more 

63 
 



 

peroxisomes than other tissues.  It is unclear if peroxisome numbers can be dynamically 

controlled in Drosophila.   

 

Figure 3.1. Peroxisome distribution in D. melanogaster.   

Transgenic flies expressing GAL4-inducible transgenes encoding fluorescent proteins 
targeted to the peroxisomal matrix or membrane were constructed.  The UAS transgene 
encodes an enhanced yellow fluorescent protein (eYFP) tagged with a peroxisome target 
signal (KNPPETKSKL) at the C-terminus.  Peroxisomes are present in all tissues examined, 
including (A) Fat body (lsp>eYFP-PTS1), (B) Gut (act5c>eYFP-PTS1), (C) Oenocytes 
(BO>eYFP-PTS1), (D) Muscles (24B>eYFP-PTS1), and (E) Epithelial cells (act5c>eYFP-
PTS1).  (F) The peroxisomal membrane protein, PMP34, fused to the blue fluorescent 
protein, Cerulean, shows that peroxisomes are present in early embryos. Scale bar = 20 µm. 

 

3.1.2. Characterization of pex3 mutants 

In order to inhibit peroxisome biogenesis, pex3 was chosen as the target for mutagenesis.  

Pex3 is involved in the early steps of de novo biogenesis of peroxisomes from the ER and 

yeast, human cells, and flies lacking pex3 have no detectable peroxisomes (Hettema et al., 
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2000; Nakayama et al., 2011; South et al., 2000).  A pex3 chromosomal mutant was 

generated by mobilizing a P-element transposon (P{EPgy2}Pex3EY19206) in the 5’ UTR of 

pex3 and selecting for imprecise excision events.  One imprecise excision allele, pex32, 

carries a 789 bp deletion covering the first non-coding exon, intron one, and part of exon 

two including the translational start site and 285 bp of the coding sequence (Fig. 3.2.A).  A 

precise excision of the P-element, pex3rev, was used as an isogenic control.  pex32 mutants 

have reduced viability and die before the wandering 3rd instar stage (Fig 3.2.D).  The 

viability of pex32 flies was dependent on their diet (data not shown).  Flies reared on 

standard cornmeal/agar died before the wandering 3rd instar larval stage.  Many 

cornmeal/molasses/agar grown flies survived to the pupal stage and died during 

metamorphosis.  Virtually all flies grown on grape juice plates survived to the pupal stage 

and some escaper adults that died within several days were observed.  A genomic fragment 

that includes pex3 and expression of pex3 cDNA rescue viability of the pex32 mutant (Fig 

3.2.D).  Also, pex32 mutant larvae are smaller than age-matched pex3rev control larvae. 

Pex3 protein was not detectable in the pex32 mutant.  Pex3 antibodies were raised 

against recombinant, soluble His-tagged Pex3 and affinity purified.  Anti-Pex3 antibodies 

recognize recombinant Pex3-His6 and endogenous Pex3 protein in total protein extracts 

from pex3rev larvae (Fig. 3.2.B).   No Pex3 band is visible in extracts from pex32 larvae 

showing that this allele is a null mutation (Fig. 3.2.B).  Pex3 protein was undetectable in 

pex32 extracts even when excess amounts of total protein were loaded (Fig. 3.2.C).  A 

genomic fragment including pex3 was introduced into the pex32 mutant background and 

this was sufficient to restore detectable Pex3 protein (Fig. 3.2.B).  Pex3 protein is not 

detectable when a UAS-dPex3-Myc transgene was driven by the weak global driver, arm-
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GAL4 (Fig. 3.2.B).  However, the same transgene driven by the strong, global driver, act5c-

GAL4, produces levels of Pex3 protein higher than endogenous levels (Fig. 3.2.B).  A 

human pex3 cDNA transgene (UAS-hPex3-Myc) driven by act5c-GAL4 also produced 

Pex3 protein, detectable by anti-Myc antibodies, but the level was lower than UAS-dPex3-

Myc driven by act5c-GAL4 (Fig. 3.2.B).   

 

Figure 3.2.  pex32 is a null mutant.  

(A) A schematic of the pex3 genomic region showing the EP element insertion site and the 
deleted region in pex32.  Imprecise excision of the EP element was used to generate pex32, 
which lacks a 789 bp fragment containing the 5’ end of exon 1 and the translational start 
site.  Precise excision of the EP element produced pex3rev. (B) Pex3 protein is undetectable 
in the pex32 mutants, but can be rescued by a genomic fragment containing pex3.  Fly pex3 
cDNA was expressed at low level with the arm GAL4 driver and higher with the strong, 
global act5c GAL4 driver.  The Myc-tagged transgenic protein is distinguishable from 
endogenous Pex3. Human pex3 cDNA was expressed in the pex32 background, but the 
expression level appears to be lower than when fly pex3 cDNA is expressed.  (C)  Pex3 
protein is undetectable even when the pex32 total protein load is higher than pex3rev.  (D) 
The viability of pex32 mutants is extremely low, but a genomic fragment containing pex3 
or expression of pex3 cDNA transgene rescues the viability.  (E)  Third instar larvae pex32 
larvae and smaller than pex3rev control larvae. 
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3.1.3. pex32 mutants lack peroxisomes 

The effect of Pex3 loss on peroxisome biogenesis was examined. A peroxisomal matrix 

marker, UAS-eYFP-PTS1, was driven by the global arm-GAL4 driver and oenocytes, 

hepatocyte-like cells, were examined in wandering 3rd instar larvae.  Peroxisomes were 

visible as punctae in the cytoplasm of oenocytes in pex3rev wandering 3rd instar larvae (Fig. 

3.3.A).  In the pex32 mutant, no punctae were present and eYFP-PTS1 remains diffuse in 

the cytoplasm (Fig. 3.3.B).  This result indicates that pex32 mutants lack peroxisomes that 

can import PTS1 cargo.  Larvae expressing Drosophila (Fig. 3.3.C) or Human (Fig. 3.3.D) 

pex3 cDNA in the pex32 background showed cytoplasmic punctae, indicating biogenesis 

was restored.  These results show that the impaired biogenesis in pex32 is due to the loss 

of pex3 and that Human Pex3 can replace the function of Drosophila Pex3 and restore 

peroxisome biogenesis. 
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Figure 3.3. Import-competent peroxisomes are not detectable in pex32 mutants.   

Peroxisomes were visualized in oenocytes of 3rd instar larvae.  UAS-eYFP-PTS1 was 
driven by the arm-GAL4 driver in various backgrounds.  (A)  Peroxisomes are abundant 
in oenocytes of pex3rev control larvae. (B) eYFP-PTS1 is diffuse in the cytoplasm of pex32 
larvae indicating that peroxisomes are absent.  Some cells contain bright spots, but it is 
unclear if these are peroxisomes.  Peroxisomes are restored when fly (C) or human (D) 
pex3 cDNA are expressed in the pex32 background.  Scale bar = 10 µm. 

 

3.1.4. pex32 mutants have altered lipid metabolism 

Since the major function of peroxisomes is to metabolize lipids, I predicted that lipid 

metabolism would be altered if peroxisome biogenesis was blocked.  Lipidomics analysis 

on pex32 mutants was performed using liquid chromatography-mass spectrometry (LC-

MS/MS).  The major classes of lipids, polar lipids, diacylglycerol (DAG), and 

triacylglycerol (TAG), were not altered in the pex32 mutant compared to the pex3rev control 

(Fig. 3.4.A).  However, longer acyl chain length TAGs are elevated and shorter acyl chain 

length TAGs were reduced in pex32 (Fig. 3.4.B).  Also ceramide-phosphoethanolamine 

(cerPE) was significantly reduced in pex32 (Fig. 3.4.C).  Insects use cerPE in place of 

sphingomyelin (SM), a sphingolipid important in neuronal membranes (Rietveld et al., 

1999).  This result suggests a previously unknown contribution of peroxisomes to cerPE 

biosynthesis.  Under starvation conditions, larvae must rely on the breakdown of stored 

nutrients, primarily TAG, to provide energy.  pex32 mutants were hypersensitive to 

starvation (Fig. 3.4.D) suggesting that peroxisomes, likely through β-oxidation of fatty 

acids, contribute to starvation-induced TAG breakdown. 
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Figure 3.4. Peroxisome loss causes aberrant lipid metabolism.  

(A) MS analysis of larval lipids shows that the levels of the major lipid classes, polar lipids, 
DAG, and TAG are unchanged in pex32 mutants. (B) However, pex32 mutants have 
elevated longer acyl chain length TAG species. (C) CerPE levels are decreased in pex32.  
This result suggests that peroxisomes are involved in the biosynthesis of cerPE.  (D)  
Larvae lacking Pex3 (pex32) are hypersensitive to starvation.  Under starvation, larvae must 
rely on the metabolism of stored nutrients, primarily TAG.  This starvation sensitivity can 
be partially rescued by expression of genomic pex3 or pex3 cDNA.   

 

3.1.5. Tissue-specific effects of Pex3 loss 

Many tissues, including the nervous system, muscles, and liver are affected in PBD patients.  

Inhibition of peroxisome biogenesis in specific tissues was achieved by expressing a UAS 

transgene encoding an inverted repeat that targets pex3 for RNAi-mediated degradation 
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(UAS-pex3.IR; Fig. 3.5.A).  Pex3 levels are reduced when UAS-pex3.IR is controlled by 

global GAL4 drivers (Fig. 3.5.B).  With the weak, global arm-GAL4 driver, Pex3 levels 

are indistinguishable from the control (arm>+).  The intermediate strength DaG32-GAL4 

driver reduces Pex3 levels.  The strong, global act5c-GAL4 driver, further reduces Pex3 

levels.   Similar to pex32, peroxisome abundance was also reduced when UAS-pex3.IR is 

driven by act5c-GAL4 (Fig. 3.5.E) compared to controls lacking UAS-pex3.IR (Fig. 3.5.D).  

Viability of pex3 knockdown larvae was positively correlated with Pex3 levels.  

arm>pex3.IR flies have 95.3% ± 1.0% viability while act5c>pex3.IR flies have 11.9% ± 

6.5% viability.  DaG32>pex3.IR viability is very low, 1.0% ± 0.5% at 23°C (Fig. 3.5.E), but 

the viability increased to 25.2% ± 1.5% by lowering the temperature to 18°C (Fig. 3.5.F).  

The GAL4/UAS system is temperature-dependent and lowering the temperature 

presumably reduces the knockdown efficiency.  However, the Pex3 levels in 

DaG32>pex3.IR flies at 23°C at 18°C and indistinguishable by western blotting (Fig. 3.5.B). 
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Figure 3.5. RNAi knockdown of pex3 reduces numbers of import-comptent 
peroxisomes and impairs viability.  

Flies containing a GAL4-inducible inverted repeat (UAS-pex3.IR), that targets pex3 mRNA 
for degradation, were obtained from the National Institute of Genetics (Japan).  (A) A 
schematic of the pex3 genomic region shows the area targeted by the inverted repeat.  (B) 
Pex3 protein levels are reduced when UAS-pex3.IR is driven by global GAL4 drivers.  
Drivers of different strengths.  The weak, global driver armadillo (arm) driving UAS-
pex3.IR does not detectably reduce Pex3 levels.  The medium strength global driver, 
daughterless (DaG32), driving UAS-pex3.IR reduces Pex3 levels at 18°C and room 
temperature.  The strong global driver, actin 5c (act5c), driving UAS-pex3.IR reduces the 
level of Pex3 even further.  (C) Flies with reduced Pex3 show impaired viability.  The 
viability of arm>pex3.IR flies was 95.3 ± 1.0%.  At 18°C, viability of DaG32>pex3.IR flies 
was reduced to 25.2 ± 1.5%.  At room temperature, viability of DaG32>pex3.IR flies fell to 
1 ± 0.5%.  The viability of act5c>pex3.IR flies was 11.9 ± 6.5%. (D) Peroxisome numbers 
are severely reduced when UAS-pex3.IR is driven by the act5c GAL4 driver compared to 
controls lacking the RNAi transgene (E).   Peroxisomes were visualized by expressing 
eYFP with a peroxisome targeting signal (eYFP-PTS1).   

 

The pex3 RNAi transgene was then expressed in various tissues and muscles were 

found to be sensitive to the loss of peroxisomes.  Peroxisome numbers were reduced in 
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larval body wall muscles (Fig. 3.6.B) when UAS-pex3.IR was driven by the Mef2-GAL4 

muscle driver compared to controls lacking UAS-pex3.IR (Fig. 3.6.A).  Strong pex3 

knockdown in muscles (Mef2>pex3.IR,dcr) caused several interesting phenotypes.  Many 

adults died as fully-formed, pharate adults trapped in the pupal cases (Fig. 3.6.C).  Most of 

the pharate adults had begun eclosing (emerging from the pupal case) as indicated by the 

open operculum, the opening in the pupal case through which the adult emerges.  Viability 

of Mef2>pex3.IR,dcr was thus reduced to 34 ± 1% compared to 99.6 ± 0.2% for Mef2>dcr 

controls (Fig. 3.6.D).  Wing expansion was also impaired in Mef2>pex3.IR,dcr flies (Fig. 

3.6.F) compared to controls (Fig. 3.6.E).  Of the Mef2>pex3.IR,dcr flies that successfully 

eclose, 88 ± 3% have crumpled wings compared to 0.5 ± 0.3% for controls (Fig. 3.6.G).  

The locomotion of flies with reduced muscle peroxisomes was also impaired.  Locomotion 

was determined by a climb test, where the time required to crawl 5 cm was measured.  

Mef2>pex3.IR,dcr flies took longer, 11.2 ± 0.8 seconds, to crawl a fixed distance than 3.3 

± 0.2 seconds for controls (Fig. 3.6.H).  This suggests that the loss of peroxisomes 

specifically in the muscles impairs locomotion and two process that require muscle 

function, eclosion from the pupal case and wing expansion. 
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Figure 3.6.  Peroxisome loss causes muscle defects.  

pex3 knockdown in muscles (B, Mef2>eYFP-PTS1,pex3.IR) leads to a reduction in 
numbers of import-competent peroxisomes in muscle (A, Mef2>eYFP-PTS1).  (C) pex3 
knockdown in muscles (Mef2>pex3.IR,dcr) causes some flies to die as fully formed, 
pharate adults trapped in the pupal case.  (D) Viability of Mef2>pex3.IR,dcr flies is reduced 
to 34.1 ± 1%.  (E)  Mef2>pex3.IR,dcr flies display impaired locomotor ability, as measured 
by the time required to climb 5 cm.  Some Mef2>pex3.IR,dcr flies (G) have “crumpled” 
wings compared to Mef2>dcr control flies (F), possibly due to impaired muscle function 
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required for wing expansion.  (H) Of the flies that successfully eclose, 88.4 ± 2.7% have 
crumpled wings.  Scale bar = 20 µm. 

 

3.2. Discussion 

Consistent with previous studies, we have found that peroxisomes are present in a variety 

of tissues in D. melanogaster (Fig. 3.1), but the abundance of peroxisomes per cell is not 

uniform in all tissues (Beard and Holtzman, 1987; Chen et al., 2010; Mast et al., 2011; 

Nakayama et al., 2011; Southall et al., 2006; St Jules et al., 1989, 1990).  We have 

generated a pex3 mutant that is unable to make peroxisomes (Fig. 3.3.B) and does not 

survive to adulthood (Fig 3.2.D).  Impaired peroxisome biogenesis specifically in muscles 

impairs muscle function (Fig. 3.6).  Muscle dysfunction is seen in PBD patients, but is 

thought to be a consequence of neurological defects.  We propose that muscle function 

requires peroxisomes independent from neurological effects. 

3.2.1. Lipid metabolism 

Alterations in lipid metabolism were observed in pex32 mutants (Fig. 3.4).  The primary 

biochemical pathway in peroxisome is β-oxidation of FAs.  In yeast and plants, all β-

oxidation occurs in peroxisomes.  In mammals, peroxisomes and mitochondria are 

metabolically linked and coordinate β-oxidation.  Longer acyl chain FAs are preferentially 

broken down in peroxisomes and shorter chain FAs are preferentially broken down in 

mitochondria.  There is likely a handoff of chain-shortened FAs from peroxisomes to 

mitochondria.  The relative contribution of mitochondria and peroxisomes in Drosophila is 

unknown.  It is likely that longer acyl chain FAs are broken down in peroxisomes since 

mutants defective in peroxisome biogenesis accumulate VCLFAs (Chen et al., 2010; 

Nakayama et al., 2011).  We also see elevated longer acyl chain TAGs and reduced shorter 

74 
 



 

acyl chain length TAGs in pex32 mutants (Fig. 3.4.B).  VLCFAs are low abundant lipids 

are likely below the detection limit of the analysis described here.  The lipids measured 

represent major forms present in the larvae. 

pex32 mutants are also hypersensitive to starvation (Fig. 3.4.D).  Under starvation, 

lipids are mobilized form lipid droplets, circulate as DAGs in the hemolymph and are 

broken down by β-oxidation in target tissues.  Mitochondrial β-oxidation genes have been 

shown to be up-regulated in response to starvation (Zinke et al., 2002).  Our data suggests 

peroxisomes are also required for survival during starvation.  In yeast, mutations in 

peroxisome biogenesis genes decreases survival under starvation conditions (Gresham et 

al., 2011).  pex3Δ yeast have fewer, smaller lipid droplets (Wang et al., 2013b).  A change 

in lipid droplet size and number could reflect impair lipid storage and could interfere with 

lipid mobilization.  We did not observe a change in total TAG levels in pex32 mutants (Fig. 

3.4.A).   However, whole larvae were used in our analysis and we cannot exclude the 

possibility that tissue-specific differences were present. 

pex32 mutants die before the wandering 3rd instar larval stage on standard 

cornmeal/agar media.  Altering the diet improves viability, but most flies still die as pupae 

and do not survive to adulthood.  Beginning with the wandering 3rd instar stage, larvae are 

no longer consuming food and must rely on the metabolism of stored nutrients.  It is 

possible that peroxisomes are required after larvae stop feeding.  Peroxisomes may 

participate in energy generation via general β-oxidation of FAs.  There may be specific 

lipids that are poor substrates for mitochondrial β-oxidation and require peroxisomes for 

their degradation. Peroxisomes also participate in some biosynthetic pathways.  Plants 

require peroxisomal β-oxidation to generate active forms of auxin and jasmonates (Acosta 
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and Farmer, 2010; Zolman et al., 2008).  There may be specific D. melanogaster 

metabolites (e.g. hormones) that require peroxisomes for their biosynthesis. 

A surprising find in our lipidomics analysis was the reduction in cerPE levels in 

pex32 mutants (Fig, 3.4.C).  CerPE is used in insects as an analog of SM (Rietveld et al., 

1999).  SM is an important sphingolipid in neuronal membranes for membrane stability 

and lateral organization (Cutler and Mattson, 2001) and CerPE likely performs the same 

functions in insects.  CerPE or SM are not directly synthesized in peroxisomes (Hanada et 

al., 2009; Vacaru et al., 2009, 2013) and the effect of peroxisome dysfunction on CerPE 

levels is likely indirect and remains to be discovered. 

3.2.2. Peroxisomes in muscles 

We have observed that knockdown of pex3 specifically in muscles impairs multiple 

processes that require muscle function, eclosion (Fig. 3.6.C), wing expansion (Fig. 3.6.G), 

and climbing (Fig. 3.6.E).  These results are consistent with a previous study that showed 

pex16 mutant adults have impaired locomotion that declines with age (Nakayama et al., 

2011).  Impaired muscle function is seen in PBD patients and PBD animal models, but is 

thought to be a consequence of neurological defects (Baes et al., 1997; Faust and Hatten, 

1997; Maxwell et al., 2003; Müller-Höcker et al., 1984; Sarnat et al., 1983; Steinberg et al., 

2006).  In our pex3 muscle knockdown flies, peroxisomes in the nervous system should be 

unaffected, suggesting that peroxisomes are required for muscle function independent of 

neurological involvement. 

Peroxisome may be directly involved in FA metabolism in muscles for energy 

production.  In the absence of peroxisomes, longer acyl chain FAs may accumulate in 

muscle tissue.  Ectopic lipids, including VLCFAs, may be toxic to muscles, specifically 
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muscle mitochondria.  Defects in mitochondrial morphology and activity have been 

observed in PBD patients and PBD mouse models (Baes et al., 1997; Baumgart et al., 2001; 

Dirkx et al., 2005; Goldfischer et al., 1973; Kovacs et al., 2004; Maxwell et al., 2003; 

Müller et al., 2010).  Other peroxisomal substrates, such as bile acid intermediates and 

phytanic acid, can induce mitochondrial damage (Ferdinandusse et al., 2009; Komen et al., 

2007).  Excess longer acyl chain FAs may also increase the metabolic burden on 

mitochondria.  The absence of peroxisomes may also increase ROS levels leading to 

mitochondrial damage (Müller et al., 2010).  Peroxisomes and mitochondria are 

metabolically linked, and breaking the connection between the organelles may have 

detrimental consequences for the cell. 

 

3.2.3. Conclusions 

Through this study we have gained new insights into peroxisome biology in D. 

melanogaster and examined the effects of peroxisome loss on animal physiology.  

Peroxisomes are required for Drosophila development, possibly for their role in lipid 

breakdown during metamorphosis.  Not surprisingly, we find alterations in lipid 

metabolism when peroxisome biogenesis is impaired.  Muscle function is also impaired 

when peroxisome numbers are reduced specifically in muscle cells.  The muscle defects 

seen in PBD patients may be due to problems within the muscle in addition to the known 

neurological defects.  Exploring peroxisome function in Drosophila may have revealed a 

previously underappreciated role of muscles in the PBD disease state. 
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3.3. Materials and methods 

3.3.1. Drosophila stocks 

All fly stocks were maintained on cornmeal/agar (6% dextrose, 6.8% cornmeal, 1.2% yeast, 

0.72% agar, 2% nipagen) or cornmeal/molasses/agar (8% molasses, 6% cornmeal, 1.5% 

yeast, 0.6% agar, 1% nipagen, 0.75% propionic acid) Drosophila media at room 

temperature (23°C).  The Drosophila Stock Center at Bloomington, Indiana provided Lsp2-

GAL4 (#6357), act5c-GAL4 (#3954), 24B-GAL4 (#1767), arm-GAL4 (#1560), da.G32-

GAL4 (#5460), Mef2-GAL4 (#27390), UAS-dcr (#24651), EP-Pex3 (#22152), and 

Dr1/TMS, P(Δ2-3)99B (#1610).  The National Institute of Genetics (NIG) in Japan 

provided UAS-pex3.IR (#6859R-4).  BO-GAL4 was provided by Alex Gould.   

3.3.2. Plasmid construction: 

To generate pJM573 (UAS-eYFP-PTS1 in pUAST), eYFP was PCR amplified using the 

oligos KpnI-eYFP (GCGGTACCATGGTGAGCAAGGGCGAG) and eYFP-PTS1-XbaI 

(GCTCTAGATTACAACTTCGACTTAGTCTCAGGCGGGTTCTTCTTGTACAGCTC

GTCCATG).  PCR product was digested with KpnI and XbaI and ligated into pUAST cut 

with the same enzymes. 

To generate pJM623 (Tub-dPMP34-Cerulean in pCaSpeR 4-Tubulin), Cerulean 

was PCR amplified using the oligos NotI-GFP (GCGGCCGCAACC 

ATGGTGAGCAAGG) and GFP-XhoI (CTCGAGTTACTTGTACAGCTCGTCC). 

Cerulean PCR product was cloned into pCR-Blunt II TOPO using a Zero Blunt PCR 

cloning kit (Invitrogen).  Cerulean was cut from pCR-Blunt II TOPO using NotI and XhoI 

and ligated into pCaSpeR 4-Tubulin cut with the same enzymes.  dPMP34 (CG32250) was 

PCR amplified from a Drosophila Genomics Resource Center (DGRC) cDNA clone 
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(#RE36975) using the oligos KpnI-EcoRI-Dm_PMP34 

(GGTACCGAATTCACAAAATGGTGGCCCCCTCG) and Dm_PMP34-NotI 

(GCGGCCGCGTTGCGCTTAAGCAGC).  dPMP34 PCR product was cloned into pCR-

Blunt II TOPO using a Zero Blunt PCR cloning kit (Invitrogen).  dPMP34 was cut from 

pCR-Blunt II TOPO using KpnI and NotI and ligated into Cerulean in pCaSpeR 4-Tubulin 

cut with the same enzymes.   

To generate pJM875 (UAS-dPex3-Myc in pUAST attB),  5’ phosphorylated oligos, 

KpnI-NcoI-myc-XbaI-top (CCCATGGGAACAAAAACTTATTTCTGAAGAAGAC 

TTGTAGT) and KpnI-NcoI-myc-XbaI bottom (CTAGACTACAAGTCTTCTTCAGA 

AATAAGTTTTTGTTCCCATGGGGTAC) were annealed and ligated into pUAST cut 

with KpnI and XbaI.  dPex3 was PCR amplified from a cDNA clone (DGRC #LD41491) 

using the oligos BglII-pex3 2 (GCAGATCTATGCTGTCGCGCCTGC) and Dm_pex3-

EagI (AACGGCCGAGCGGAGCTAAAGC).  PCR product was cut with BglII and EagI 

and ligated into Myc in pUAST cut with the same enzymes. 

To generate pJM877 (UAS-hPex3-Myc in pUAST attB), hPex3 was PCR amplified 

from a cDNA clone (ATCC #MGC-9125) using the oligos BglII-Hs_pex3 

(GCAGATCTATGCTGAGGTCTGTATGG) and Hs_pex3-EagI (CGCGGCCGT 

TTCTCCAGTTGC).  PCR product was cut with BglII and EagI and ligated into Myc in 

pUAST cut with the same enzymes. 

To generate pJM630 (dPex3-His6 in pET28a(+)), a region of dPex3 lacking the 

transmembrane domain was PCR amplified from a cDNA clone (DGRC #LD41491) using 

the oligos NdeI-PEX3 (GACATATGCGGCGATTCGTGG) and Dm_Pex3-NotI 
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(CGGCGGCCGCAGCGGAGCTAAAGCTTTCG).  PCR product was cut with NdeI and 

NotI and ligated into pET28a(+) cut with the same enzymes. 

3.3.3. Drosophila stock construction 

pJM573 and pJM623 were injected into white-eyed (w-) embryos by Genetivision 

(Houston, TX).  Injected flies were backcrossed twice to w- flies and multiple insertions 

were mapped to the chromosome.  pJM875 and pJM877 were injected into VK37 and 

VK31 embryos by Genetivision.  Injected flies were backcrossed twice to w- flies and 

stocks carrying insertions on chromosome two (VK37) and three (VK31) were established. 

Independent P-element excision events using the P{Epgy2}pex3EY19206 line were 

screened for gene deletion events by PCR (Bellen et al., 2004, 2011).  One imprecise 

excision allele, pex32, carries a 789 bp deletion covering the first non-coding exon, intron 

one, and part of exon two including the translational start site and 285 bp of the coding 

sequence (Fig. 2A).  A precise excision of the EP-element, pex3rev, was used as an isogenic 

control.  pex32 displayed homozygous lethality in the third instar larval stage.   The larval 

lethality failed to complement a deficiency, Df(3L)BSC837 that uncovered the pex3 locus 

(Cook et al., 2012).  The pex32 lethality also failed to complement the previously reported 

pex31 deletion allele (Nakayama et al., 2011).   

A P[acman] BAC CH322-17C13 which contained the entire pex3 locus was 

selected and obtained from P[acman] resources (Venken et al., 2006, 2009).  Transgenic 

flies were then generated using PhiC31 integrase-mediated by injection into the 

y[1]w[1118]; PBAC{y[+]-attP}VK00037 strain which facilitated introduction of the 

genomic fragment onto the 2nd chromosome (Venken et al., 2009).   This transgenic 

genomic fragment rescued the larval lethality in the pex32 homozygotes.   
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3.3.4. Antibody production and immunoblots 

pJM630 was expressed in E. coli BL21(DE3).  Soluble Pex3-His6 was purified by nickel 

affinity chromatography and used as antigen to produce rabbit polyclonal antibodies 

(Cocalico).  Anti-Pex3 serum was immuno-depleted against total protein extract from 

pex32 mutant larvae immobilized on nitrocellulose and affinity purified using recombinant 

Pex3-His6 immobilized on nitrocellulose.   

For immunoblots, total protein was extracted from about three wandering 3rd instar 

larvae that were collected fresh or frozen in liquid nitrogen and stored at -80°C.  Larvae 

were homogenized in lysis buffer (25 mM HEPES pH 7.4, 100 mM KCl, 2 mM 2-

mercaptoethanol, 1% triton X-100, 2 mM EDTA pH 8.0, Roche complete protease 

inhibitor).  Total protein was quantified by Bradford assay and normalized prior to loading 

on homemade 4/12% polyacrylamide gels (Bradford, 1976; Laemmli, 1970).  Gels were 

transferred to nitrocellulose and probed with anti-Pex3 serum (1:1000 dilution).  

3.3.5. Imaging 

Wandering 3rd instar larvae were dissected in PBS, fixed in 4% formaldehyde, washed in 

PBS, and mounted in vectashield mounting media with DAPI (Vector Labs).  Images were 

collected on a Zeiss LSM 510 confocal microscope.  GFP was excited with a 488 nm argon 

laser and a HFT 488 primary dichroic.  GFP emission was filtered with NFT 490 and BP 

500-550 IR filters before collection.  DAPI was excited with a chameleon two photon laser 

(Coherent) at 720 nm and a HFT KP 650 primary dichroic.  DAPI emission was filtered 

with a 480-520 IR filter before collection. 

For embryo imaging, embryos were collected on grape juice plates, dechorionated, 

fixed, and mounted in vectashield with DAPI.  Images were collected on a Zeiss Axioplan2 
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epifluorescent microscope. Images were deconvoluted with MetaMorph (Molecular 

Devices).  

For wing imaging, wings were removed from adult flies in ethanol, mounted in 

euparal, and incubated overnight at 37°C. Wings, larvae, and pupal cases were imaged on 

a Leica MSV269 stereoscope.   

3.3.6. Lipidomics 

pex32 and pex3rev flies were reared on cornmeal/molasses media and wandering 3rd instar 

larvae were collected for analysis.  Glycerophospholipids from homogenized Drosophila 

larvae of different genotypes were extracted using a modified Bligh and Dyer procedure 

(Bligh and Dyer, 1959).  Briefly, each sample was homogenized in 800 µL of ice-cold 0.1 

N HCl:CH3OH(1:1) by vortexing for one minute at 4°C.  Suspension was then vortexed 

with 400 µL of cold CHCl3  for one minute at 4°C and the extraction proceeded with 

centrifugation (5 min, 4oC, 18,000 x g) to separate the two phases. Lower organic layer 

was collected and solvent evaporated. The resulting lipid film was dissolved in 100 µL of 

isopropanol:hexane:100 mM NH4COOH(aq) 58:40:2 (mobile phase A). Quantification of 

glycerophospholipids was achieved by the use of an LC-MS technique employing synthetic 

odd-carbon diacyl and lysophospholipid standards. Typically, 200 ng of each odd-carbon 

standard was added per sample. Glycerophospholipids were analyzed on an Applied 

Biosystems/MDS SCIEX 4000 Q TRAP hybrid triple quadrupole/linear ion trap mass 

spectrometer (Applied Biosystems, Foster City, CA, USA) and a Shimadzu high pressure 

liquid chromatography system with a Phenomenex Luna Silica column (2 × 250 mm, 5-

μm particle size) using a gradient elution as previously described (Ivanova et al., 2007; 

Myers et al., 2011). The identification of the individual species, achieved by LC-MS/MS, 
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was based on their chromatographic and mass spectral characteristics. This analysis allows 

identification of the two fatty acid moieties but does not determine their position on the 

glycerol backbone (sn-1 versus sn-2). Neutral lipids (DAG and TAG) were extracted by 

homogenizing weighed larvae samples in the presence of internal standards (300 ng 24:0 

DAG and 600 ng 42:0 TAG) in 2 mL 1X PBS and extracting with 2 mL ethyl 

acetate:trimethylpentane (25:75). After drying the extracts, the lipid film was dissolved in 

1 mL hexane:isopropanol (4:1) and passed through a bed of Silica gel 60 Å to remove 

remaining polar phospholipids. Solvent from the collected fractions was evaporated and 

lipid film was redissolved in 90 µL 9:1 CH3OH:CHCl3, containing 10µL of 100mM 

CH3COONa for MS analysis essentially as described (Lord et al., 2012). Samples were 

analyzed in triplicates and lipids are presented as pmol/mg weight for neutral lipids and 

pmol/mg protein for glycerophospholipids. Statistical comparison between genotypes was 

performed using Student’s t-test. 

3.3.7. Larval starvation 

Approximately 50 mating pairs were placed on 6 cm2 grape juice (20% grape juice, 2.4% 

agar, 2% ethanol, 1% acetic acid) plates at 25°C in the dark.  Embryos were collected for 

2 hours and incubated at 25°C.  66 ± 1 hr. old larvae were placed in 6 cm2 petri dishes 

without vents (Nunc, #150326) on a 3 cm square piece of whatman blotting paper (GB004) 

soaked with PBS.  Plates were wrapped with parafilm and incubated at 25°C in a humid 

chamber.   Surviving larvae were counted every 24 hours. 

3.3.8. Climb test 

Adult flies were placed in 13 x 100 mm test tubes and gently vortexed.  Video was captured 

with a Canon SD750 digital camera until the flies reached the top of the vial.  The time 
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required to crawl 5 cm was obtained from each video using VirtualDub 

(http://www.virtualdub.org). 
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Chapter 4: Conclusions and future prospects 

Peroxisomes are essential for development and many metabolic processes in humans.  

Peroxisome dysfunction leads to devastating diseases with no cure or effective treatments.  

Since peroxisomes are nearly ubiquitous, dysfunction of the organelle affects nearly all 

organ systems. Since peroxisomes participate in many biochemical pathways, dysfunction 

of the organelle likely disrupts many essential processes and produces a complex 

phenotype.  If we understand the formation and function of peroxisomes, especially in the 

context of animal systems, we may be able to design effective therapeutics for PBD patients.  

Despite intense study in many model systems, mysteries remain about the basic function 

of this essential organelle.  The mechanistic details involved in defining the peroxisomal 

membrane, importing proteins into the matrix and membrane, and organelle turnover are 

still lacking.   

Drosophila have recently emerged as a new animal model in the study of 

peroxisome biology (Chen et al., 2010; Faust et al., 2012; Mast et al., 2011; Nakayama et 

al., 2011).  Through the work described above, I have extending our understanding of fly 

peroxisomes and examined the impact of peroxisome loss on animal physiology.   

As described in Chapter 2, flies share many of the proteins and pathways found in 

human peroxisomes.  Most proteins required to build a new peroxisome and perform 

essential metabolic functions in the organelle are shared between flies and humans (Table 

2.1; Figures 2.2, 2.4, 2.5, 2.6, and 2.7).  Many similarities and a few important differences 

between fly and human peroxisomes were found.   
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The PTS2 system is used by relatively few peroxisomal proteins.  Thiolase, 

phytanoyl-CoA dioxygenase (PHYH), and alkylglycerone phosphate synthase (AGPS) are 

the only PTS2-containing human proteins.  Before the work described above, it was 

unknown if flies possessed a functional PTS2 system.  The fly genome encodes a potential 

homolog of the PTS2 receptor, Pex7, and a homolog of the protease that cleaves the PTS2 

targeting signal after import.  However, the fly homologs of human PTS2-containing 

proteins either contain a PTS1 or no identifiable targeting signal.  I tested the localization 

of a canonical PTS2 sequence from rat Thiolase in S2 and COS cells.  Thiolase(PTS2)-

mCherry sorted to peroxisomes in COS cells, but remained cytoplasmic in S2 cells (Figure 

2.11).  Fly AGPS contains a PTS1 motif and sorted to peroxisomes when fused to the C-

terminus of mCherry and expressed in S2 and COS cells (Figure 2.12.A-C and 2.13.A-C).  

Fly AGPS does not contain a PTS2 and remained cytoplasmic when fused to the N-

terminus of mCherry and expressed in S2 and COS cells (Figure 2.12.D-F and 2.13.D-F).  

Human AGPS does contain a PTS2 and sorted to peroxisomes in COS cells, but remained 

cytoplasmic in S2 cells (Figure 2.12.G-I and 2.13.G-I).  These results suggest that flies do 

not have a functional PTS2 system.  Other organisms, including C. elegans, have also lost 

their PTS2 system (Motley et al., 2000).   

Some proteins, including Sod, are dually localized to peroxisomes and the 

cytoplasm.  It is unclear, how Sod achieves this localization, but it may be through a weak 

interaction with the PTS1 receptor, Pex5. The “weak” PTS1 of Sod was sufficient to dually 

localize mCherry to peroxisomes and the cytoplasm (Figure 2.14.A-C).  The PTS1 of CCS 

was also sufficient to dually localize mCherry (Figure 2.14.J-L).  This observation suggests 

that all of the information required for dual localization can be found in the PTS1.  However, 
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not all proteins containing “weak” PTS1 motifs are dually localized.  Dopamine N-

acetyltransferase contains a C-terminal –TKL, but remained cytoplasmic in S2 cells 

(Figure 2.15).  Sod is a useful model for “weak” PTS1 and I will measure the binding of 

the PTS1 variants described in 2.1.5 to Pex5 in vitro.  The binding of synthesized PTS1 

peptides to recombinant Pex5 protein will be measured by fluorescence anisotropy and 

isothermal titration calorimetry.  I predict that the wild type Sod PTS1 peptide will bind 

less tightly to Pex5 than the modified –AKL version.  I will also examine if the dual 

localization of Sod is required for its function.  Transgenic Sod targeted only to 

peroxisomes or the cytoplasm will be expressed in sod null flies.  Flies lacking sod are 

hypersensitive to the superoxide generating chemical, methyl viologen (paraquat) and have 

a reduced lifespan (Phillips et al., 1989).  I will quantify the lifespan and paraquat 

sensitivity of flies expressing Sod variants in an sod null background.  If Sod activity is 

required in both compartments, only wild-type Sod will rescue the null mutant phenotypes. 

I have also begun to characterize the effects of peroxisome loss on Drosophila 

physiology.  Peroxisomes were present in all tissues examined in the fly (Figure 3.1).  Flies 

null for pex3 lacked detectable peroxisomes (Figure 3.3) and display a complex phenotype.  

Total TAG levels were normal in pex3 mutants, but longer acyl-chain length TAGs were 

elevated and shorter acyl-chain length TAGs were reduced (Figure 3.4.A-B).  Peroxisomes 

in flies likely preferentially β-oxidize longer acyl-chain fatty acids and in the absence of 

peroxisomes, these lipids accumulate.  If these lipid accumulate in non-adipose tissue it 

may be toxic (Kusminski et al., 2009).  I will examine muscles and oenocytes in pex3 

mutant larvae under fed and starved conditions.  Under starvation lipid breakdown is 

critical and lipid accumulation may exacerbated.  In fact, pex3 mutant larvae were 
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hypersensitive to starvation (Figure 3.4.D).  Surprisingly, ceramide-PE, the insect 

sphingomyelin analog, was decreased in pex3 mutants (Figure 3.4.C).  The connection 

between peroxisomes and ceramide-PE is unknown.  This result could be due to impaired 

biosynthesis of ceramide or ceramide-PE or elevated breakdown of ceramide-PE.  I will 

first measure the levels of ceramide, which should be reduced if the biosynthesis of 

ceramide is impaired.  If ceramide-PE breakdown is stimulated, ceramide levels should be 

elevated.  I will also measure the activity of ceramide-PE synthetase in extracts from pex3 

mutant flies.  It is possible that a ceramide-PE precursor is lacking in pex3 mutants.  If so, 

ceramide-PE should still be synthesized after the addition of precursors.  These 

experiments may reveal a novel contribute of peroxisomes to ceramide-PE. 

Peroxisomes are required for muscle function in Drosophila.  Peroxisome 

biogenesis was inhibited specifically in muscles (Figure 3.6.A-B) and several processes 

that require muscle function were impaired.  Flies were defective in eclosion (Figure 3.6.C-

D), wing expansion (Figure 3.6.F-H), and climbing (Figure 3.6.E).  In the absence of 

peroxisomes, muscles may have elevated levels of lipids normally broken down in 

peroxisomes.  I will perform a lipidomics analysis on muscle enriched extracts from larvae 

with reduced Pex3 in muscles.  Any lipids altered in the mutant will be further investigated. 

I will also look for signs of lipotoxicity, including apoptosis, elevated ROS, and altered 

mitochondrial respiratory enzyme activity.  These approaches may reveal mechanistic 

details about how peroxisome loss affects muscle physiology.  Further studies in mice and 

clinical observations are needed to determine the extent of muscle defects in PBD patients. 
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Appendix 
 

A.1.  Homotypic fusion of ER membranes requires the dynamin-like GTPase Atlastin 

The following work has been published (Orso et al., 2009).  

 

A.1.1. Introduction 

The ER is composed of a network of interconnected tubules that pervades the 

cytoplasm of eukaryotic cells. Homotypic membrane fusion is essential for ER 

establishment and maintenance (Anderson and Hetzer, 2007; Dreier and Rapoport, 2000; 

Vedrenne and Hauri, 2006). This activity requires GTP hydrolysis and non-cytosolic 

factors (Anderson and Hetzer, 2007; Dreier and Rapoport, 2000; Voeltz et al., 2006), 

suggesting the involvement of an as yet unidentified GTP-dependent fusion machinery 

associated with the ER membrane. Human atlastin GTPase 1 (ATL1), the mutation of 

which causes a form of hereditary spastic paraplegia, belongs to the dynamin superfamily 

of GTPases (Zhao et al., 2001) and has been implicated in ER–Golgi vesicle trafficking 

and Golgi morphogenesis (Sanderson et al., 2006; Zhu et al., 2003). Two other atlastins 

(Zhu et al., 2003) have been identified in mammals, but their function remains unexplained. 

Drosophila contains a single highly conserved atlastin orthologue (Atlastin). The atlastin-

null mutant flies (atl1) are abnormally small and have motor dysfunction (Lee et al., 2008), 

however the cellular role of Atlastin has not been explored. Here we report that Atlastin 

localizes to ER membranes and that the loss of Atlastin function causes fragmentation of 

the ER network. Atlastin localized on adjacent membranes can form trans-oligomeric 

complexes, and its overexpression results in the formation of expanded ER elements, 
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consistent with excessive fusion of membranes. Notably, Atlastin is autonomously capable 

of promoting in vitro fusion of liposomes. In contrast, the expression of GTPase-deficient 

Atlastin has no phenotypic consequences, cannot form trans-oligomeric complexes, and 

fails to drive membrane fusion in vitro. These results indicate that Atlastin is the crucial 

GTPase mediating homotypic fusion of ER membranes. 

A.1.2. Results 

A.1.2.1. Atlastin localizes to the ER 

Drosophila and human Atlastins show remarkable homology and conservation of 

domain organization (data not shown), probably resulting in analogous membrane 

topology (Rismanchi et al., 2008; Zhu et al., 2003). Immunohistochemistry experiments 

showed that Drosophila Atlastin is ubiquitously expressed, and its expression levels are 

high during embryonic development. In embryos, Atlastin immunoreactivity consistently 

overlapped with the ER-reporter green fluorescent protein (GFP)–KDEL and the 

ERlocalized proteins BiP and Rtnl1–GFP10 (Figure A.1.A, B). Simultaneous visualization 

of endogenous Atlastin and the Golgi apparatus using the Golgi reporter GalT–GFP11 or 

antibodies to the Golgi marker p120 (Stanley et al., 1997) demonstrate that Atlastin does 

not share the punctate distribution that is typical of Golgi in Drosophila (Kondylis et al., 

2001) (Figure A.1.A, B). Moreover, quantitative immunogold electron microscopy (EM) 

analysis in Drosophila S2 cells showed that approximately 60% of gold particles were 

found on ER membranes (data not shown). Together, these results establish that Atlastin is 

a membrane protein residing in the ER. 
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Figure A.1. Endogenous Atlastin localizes on the ER.  

(A) In syncytial blastoderm embryos, anti-Atlastin immunofluorescence (red) overlaps 
with that of the ER markers GFP–KDEL (green) (top row), Rtnl1–GFP (green) and BiP 
(cyan) (middle row). Visualization of Golgi apparatus with the GalT–GFP reporter (green) 
and anti-p120 antibody (cyan) shows that Atlastin immunoreactivity (red) does not co-
localize with Golgi punctae (bottom row). Scale bar, 10µm. (B) Sagittal view of a 
cellularizing embryo labelled with anti-Atlastin antibody (red), GFP–KDEL (green) and 
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anti-p120 antibody (cyan). Atlastin immunoreactivity overlaps with GFP–KDEL 
fluorescence but not with the p120 signal. Scale bar, 10µm. 

 

A.1.2.2. Loss of Atlastin causes ER fragmentation 

Secretory pathway traffic has been reported to be normal under knockdown 

conditions for all human atlastins (Rismanchi et al., 2008). Similarly, we found that the 

loss of Drosophila Atlastin did not alter mCD8–GFP membrane transport, had no effects 

on Golgi morphology and distribution, and did not perturb ER exit sites, indicating that 

Atlastin is unlikely to participate in secretory traffic (data not shown). To gain insight into 

the function of Atlastin, we examined the consequences of downregulating its expression 

in Drosophila by in vivo RNA interference (RNAi). We generated UAS-atl-RNAi 

transgenic flies, the expression of which can be controlled using the Gal4-UAS system 

(Brand and Perrimon, 1993). Several experiments demonstrated that in vivo atlastin 

knockdown was specific and effective (data not shown). Loss of Atlastin in muscle and 

neurons resulted in modest changes in GFP–KDEL fluorescence (data not shown); 

however, ultrastructural analysis of ER morphology showed considerable alterations 

(Figure A.2). Control neurons had long tubular ER profiles (average length 876 nm), 

whereas neurons lacking Atlastin showed severely undersized ER profiles (average length 

308 nm) (Figure A.2.A, B). Furthermore, the ER profile size distribution in atlastin RNAi 

neurons showed two classes of short ER profiles (0–200 and 200–400 nm) that were 

virtually absent from the cytoplasm of wild-type neurons (Figure A.2.C). EM analysis 

showed analogous shortened ER profiles in atl1 mutant neurons (Lee et al., 2008) (Figure 

A.2.A–C), and in tubulin-Gal4/1;UAS-atl-RNAi/+ muscles (data not shown). In addition, 

the expression of Atlastin in the null mutant background fully rescued ER fragmentation 
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(data not shown). These results indicate that the ER is fragmented in response to loss of 

Atlastin. 

The functional consequences of these morphological changes in ER structure were 

examined by fluorescence loss in photobleaching (FLIP). The loss of a fluorescent marker 

from a region of a cell after repeated photobleaching of a different region indicates 

continuity between the two regions. We used FLIP experiments targeting GFP– KDEL 

(Lippincott-Schwartz et al., 2001; Snapp et al., 2004) to assess whether fragmentation in 

atlastin RNAi tissue resulted in discontinuity of normally interconnected ER elements. 

Unlike in control muscle where the loss of GFP–KDEL fluorescence was homogeneous, 

repetitive photobleaching of GFP–KDEL in tubulin-Gal4/1;UAS-atl-RNAi/+ muscle 

produced regions of unbleached fluorescence (Figure A.2.D, E), indicating that in these 

areas the ER network lacked its typical continuity. Fluorescence loss was still detectable 

in other areas (Figure A.2.D, E, region of interest (ROI) 3 in RNAi) suggesting that 

fragmentation was partial, probably because it is the result of deterioration of ER 

maintenance (data not shown). These data reinforce our EM observations demonstrating 

that the removal of Atlastin results in ER fragmentation. 
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Figure A.2. Loss of Atlastin causes fragmentation and discontinuity of the ER.  

(A) EM analysis shows that in control neurons the ER shows the typical tubular structure 
(arrowheads), whereas RNAi and atl1 neurons exhibit a fragmented ER morphology 
(arrows). Scale bar, 0.5µm. G, Golgi; n, nucleus; pm, plasma membrane. (B) Average 
length of ER profiles. Error bars represent s.d.;n>100; *P<0.000001. (C) Difference in size 
distribution of ER profiles. (D) Repetitive photobleaching of two ROI (white outline boxes) 
in control and atl RNAi muscle expressing GFP–KDEL was performed. Fluorescence loss 
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was analyzed in four independent regions of the muscle (colored outline boxes). ROI 1 was 
chosen on an adjacent unbleached muscle as a control. Scale bar, 20µm. (E) Rates of loss 
of fluorescence for individual ROI. 

 

A.1.2.3. Atlastin overexpression results in expanded ER membranes 

Because a reduction in Atlastin levels produced ER fragmentation, we predicted 

that the overexpression of Atlastin may lead to excessive membrane fusion if Atlastin were 

involved in this process. Immunofluorescence analysis of larva brains overexpressing 

Atlastin–Myc with the motoneuron driver D42-Gal4 (Parkes et al., 1998) showed that the 

ER marker BiP accumulated in cytoplasmic structures that were absent in controls. These 

structures contained Atlastin and the Golgi marker p120 (Figure A.3.A), suggesting that 

Atlastin–Myc localizes properly but alters ER morphology and disrupts the Golgi apparatus. 

EM analysis of D42-Gal4/1;UAS-atlastin-myc/1brains showed that Atlastin 

overexpression disrupts the ER network. Normal tubular ER profiles were absent in 

Atlastin-overexpressing motoneurons where ER membranes formed expanded cisternae 

(Figure A.3.B). This expansion of ER elements is consistent with an increase in membrane 

fusion and suggests that Atlastin itself could directly mediate bilayer merger. In agreement 

with immunofluorescence data (Figure A.3.A), normal Golgi complexes were essentially 

absent in neurons overexpressing Atlastin. The absence of normal Golgi and the 

redistribution of Golgi proteins to the ER (Figure A.3.A) suggest a block in secretory traffic 

(Ward et al., 2001), indicating that hyperfusion of ER membranes impairs this process (data 

not shown). 

A.1.2.4. Atlastin mediates tethering of ER membranes 
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Because human atlastin proteins self-assemble into oligomeric complexes 

(Rismanchi et al., 2008; Zhu et al., 2003), we sought to establish whether Atlastin was also 

capable of homo-oligomerization. HeLa cells were simultaneously transfected with 

Atlastin–Myc and Atlastin–haemagglutinin (HA) constructs, and co-immunoprecipitation 

experiments demonstrated self-association of Atlastin molecules (Figure A.3.C and data 

not shown). This finding, together with the observations that human atlastins are 

transmembrane proteins (Rismanchi et al., 2008; Zhu et al., 2003) and that Atlastin 

localizes to ER membranes and its downregulation triggers ER fragmentation, raised the 

possibility that Atlastin could be directly involved in tethering adjacent ER membranes, 

thereby permitting homotypic fusion to occur. To test this hypothesis, membrane vesicles 

were prepared from HeLa cells separately transfected with Atlastin–Myc or Atlastin–HA. 

Transfected cells were homogenized in the absence of detergent and fragmented 

membranes were vesiculated by sonication (Ishihara et al., 2004; Zhu et al., 2003), mixed 

and immunoprecipitated. When anti-Myc antibodies were used to precipitate Atlastin–

Myc-containing vesicles, Atlastin–HA was recovered in the pellet (Figure A.3.D). 

Fractionation of cleared cell homogenates showed that Atlastin and the ER resident integral 

membrane protein calnexin partitioned exclusively to the membrane fraction, whereas the 

ER-luminal protein PDI remained in the soluble fraction (Figure A.3.E). This demonstrates 

that under these lysis conditions, Atlastin associated with membranes and Atlastin binding 

occurred exclusively between distinct vesicles. Thus, Atlastin molecules inserted in 

adjacent ER membranes can form trans-complexes. These results establish that homophilic 

interactions between Atlastin molecules provide a tethering step between opposing ER 

membranes, leading to bilayer merger potentially mediated directly by Atlastin. 
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Figure A.3. Atlastin induces hyperfusion of ER membranes, homooligomerization 
and membrane tethering.  

(A) Overexpression of Atlastin–Myc in motor neurons (white outline) induces the 
formation of cytoplasmic bodies with ER and Golgi identity, as shown by labelling with 
anti-Myc, anti-BiP and anti-p120 antibodies. Scale bar, 10µm. (B) EM analysis shows that 
neurons overexpressing Atlastin exhibit ER (asterisks) and nuclear envelope (white arrows) 
expansion. Note a non-overexpressing neuron with normal tubular ER morphology (black 
arrowheads). Scale bar, 0.5µm. m, mitochondrion; n, nucleus; pm, plasma membrane. 
Black arrows denote ribosomes. (C) Lysates from HeLa cells co-transfected with Atlastin–
Myc and Atlastin–HA were immunoprecipitated (IP) and analyzed by western blot (WB). 

97 
 



 

(D) Membrane vesicles from HeLa cells expressing Atlastin–HA or Atlastin–Myc were 
mixed, immunoprecipitated, and analyzed by western blotting. (E) Western blot analysis 
of the soluble and membrane fractions from cell homogenates. H, cell homogenate; L, 
lysate; P, pellet; S, supernatant. 

 

A.1.2.5. Atlastin drives membrane fusion in vitro 

A direct role for Atlastin in membrane fusion was tested in vitro. Recombinant 

glutathione S-transferase (GST)–Atlastin was reconstituted into two populations of 

preformed liposomes (Rigaud and Lévy, 2003) and fusion was measured by lipid-mixing 

(Scott et al., 2003; Weber et al., 1998). Acceptor proteoliposomes contained unlabelled 

lipids and donor proteoliposomes contained these lipids as well as 7-nitrobenzoxadiazole 

(NBD) and rhodamine head-group labelled lipids. NBD and rhodamine form a 

fluorescence resonance energy transfer (FRET) pair, and fusion is measured as an increase 

in NBD fluorescence over time as lipid mixing between donor and acceptor 

proteoliposomes dilutes the fluorescence probes in the newly merged membrane. When 

equimolar amounts of fluorescently labelled and unlabeled Atlastin proteoliposomes are 

mixed, magnesium and GTP addition drives robust fusion that is completely dependent on 

GTPase activity (Figure A.4.A and data not shown) and independent of lipid composition 

(data not shown). No fusion is seen using GDP, GMP, ATP or when magnesium is replaced 

with calcium (data not shown), and fusion driven by Atlastin results in complete mixing of 

both inner and outer phospholipid monolayers (data not shown). Atlastin-mediated fusion 

is concentration-dependent (Figure A.4.B) and correlates with an increase in size of the 

proteoliposome population as measured by dynamic light scattering (Figure A.4.C, D and 

data not shown). Furthermore, analysis of negative stained Atlastin proteoliposomes by 
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EM showed a homogenous population of liposomes before and after fusion data not shown). 

These data demonstrate that Atlastin alone is sufficient to drive membrane fusion in vitro. 

 
Figure A.4. Atlastin mediates proteoliposome fusion.  

(A) Kinetic fusion graph of unlabelled Atlastin acceptor proteoliposomes fused with 
equimolar fluorescently labelled Atlastin donor proteoliposomes. NBD fluorescence was 
measured at 1 min intervals and detergent was added at 60 min to determine maximum 
fluorescence. Inset histogram shows the extent of fusion at 60 min. (B) Surface density 
concentration-dependence. Surface density is represented as a protein:lipid molar ratio 
(shown in parentheses). (C) Kinetic analysis of Atlastin fusion and proteoliposome size 
change. A single fusion reaction was analyzed for fusion by measuring NBD fluorescence 
and average population size by dynamic light scattering (DLS). (D) Correlation of size 
change and fusion. The kinetic data from c are plotted as a ratio of fusion percentage versus 
size. 
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A.1.2.6. Atlastin function requires GTPase activity 

We postulated that Atlastin-mediated tethering and fusion of ER membranes should 

rely on the GTPase activity of Atlastin. To test this hypothesis, we generated transgenic 

flies for the expression of Atlastin carrying a Lys51Ala substitution (UAS-atlastin-(K51A)-

myc) in the P-loop of the GTP-binding domain. Biochemical analysis of recombinant wild-

type and mutant (Lys51Ala) Atlastin indicates that replacement of Lys51 significantly 

reduces GTPase activity (Praefcke and McMahon, 2004) (Figure A.5.I). Consistent with 

this notion, GMR-Gal4 driven eye-specific expression of UAS-atlastin-(K51A)-myc had 

no phenotypic effects, whereas the expression of UAS-atlastin–myc gave rise to a small 

eye (Figure A.5.A–C). Moreover, in contrast to overexpression of wild-type Atlastin, 

overexpression of Atlastin(K51A) with all drivers allowed survival of the flies, indicating 

that replacement of Lys 51 with Ala results in the inactivation of the protein. Notably, 

immunofluorescence (Figure A.5.D) and ultrastructural (data not shown) analyses of motor 

neurons expressing Atlastin(K51A)–Myc under the control of D42-Gal4 showed that the 

mutant properly localized to the ER, and ER and Golgi morphology was unaltered. 

Moreover, Atlastin(K51A) was unable to rescue ER fragmentation in atl1 neurons (data not 

shown). These observations demonstrate that formation of aberrant ER depends crucially 

on the GTPase activity of Atlastin.  

To understand how the loss of GTPase activity might impair Atlastin function, we 

examined the ability of the GTPase-deficient Atlastin(K51A)–HA and Atlastin(K51A)– 

Myc to homo-oligomerize in co-transfected HeLa cells as well as in the membrane-vesicle 

immunoprecipitation assay. In both assays, Atlastin(K51A) was unable to self-associate, 
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indicating that this inability prevented the formation of trans-oligomeric complexes 

between Atlastin(K51A)–HA- and Atlastin(K51A)–Myc-containing vesicles (Figure 

A.5.E–G). Thus, GTPase activity is critical for self-association and GTPase-deficient 

Atlastin(K51A) lacks the competence to mediate membrane tethering.  

Given that Atlastin(K51A) was unable to oligomerize, we tested its ability to drive 

fusion. Donor and acceptor proteoliposomes containing equal amounts of Atlastin(K51A) 

or wild-type Atlastin (data not shown) were prepared and their ability to fuse was analyzed. 

When wild-type Atlastin was incorporated in both membranes, fusion proceeded normally; 

however, the inclusion of Atlastin(K51A) in the reaction failed to support fusion (Figure 

A.5.H). This result demonstrates that a functional GTPase domain is required on both 

membranes for fusion to occur. 
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Figure A.5. GTPase-deficient Atlastin is inactivate and unable to mediate membrane 
tethering and fusion.  

(A) Adult Drosophila eye. (B) Overexpression of Atlastin using GMR-Gal4 generates a 
small eye. (C) Eye overexpression of Atlastin(K51A) has no phenotypic consequences. (D) 
Simultaneous visualization of GFP–KDEL (green), Golgi p120 (blue) and Atlastin(K51A) 
(red) of tubulin-Gal4/1;UAS-atlastin(K51A)-myc/1 ventral ganglion neurons. Scale bar, 
10µm. (E) Anti-Myc immunoprecipitates from HeLa cells co-transfected with 
Atlastin(K51A)–HA and Atlastin(K51A)–Myc are devoid of Atlastin(K51A)–HA. (F) A 
vesicle immunoprecipitation assay demonstrates the inability of Atlastin(K51A) to mediate 
tethering. (G) Western blot analysis of the soluble and membrane fractions from 
Atlastin(K51A)-expressing cell homogenates. (H) Fusion reactions were performed with 
either donor and/or acceptor proteoliposomes containing Atlastin(K51A). Donor 
liposomes are indicated with an asterisk. Inset histogram shows extent of fusion at 60 min. 
(I) GTPase activity of increasing concentrations of wild-type and mutant Atlastin. 

 

A.1.3. Discussion 

Establishment of the ER network occurs by a basic homotypic fusion reaction that 

requires GTP hydrolysis and membrane-associated factors (Anderson and Hetzer, 2007; 

Borgese et al., 2006; Dreier and Rapoport, 2000; Voeltz et al., 2006). The formation of a 

tubular network then ensues that relies on the action of cytosolic protein components 

(Dreier and Rapoport, 2000). Although reticulons are the major players in tubularization 

of the ER (Voeltz et al., 2006), no obvious candidates responsible for mediating homotypic 

fusion of ER membranes have been identified (Borgese et al., 2006). 

Our combined in vivo and in vitro analyses provide strong evidence that Atlastin is 

the vital GTPase required for homotypic fusion of ER membranes. Atlastin resides in the 

ER—a localization consistent with a role in mediating homotypic interactions between ER 

membranes. In response to loss of atlastin, the ER network becomes fragmented but no 

obvious transport impairment was observed, supporting a function in the maintenance of 

ER integrity rather than in secretory traffic. Nevertheless, subtle transport defects after 
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fragmentation cannot be completely ruled out. Reduced membrane traffic in Drosophila 

results in cell growth defects (Lee and Cooley, 2007), indicating that minor transport 

impairment secondary to ER disorganization may explain the small size of Atlastin mutant 

cells and individuals. Atlastin is capable of homo-oligomerization and self-association can 

occur within the same membrane as well as between opposing membranes. This property 

leads to the formation of trans-complexes that tether adjacent ER membranes.  In vivo 

overexpression of Atlastin results in the expansion of ER elements, consistent with 

excessive membrane fusion. In agreement with our interpretation of in vivo overexpression 

results, recombinant Atlastin potently drives membrane fusion in vitro in a GTP-dependent 

manner. Atlastin requires GTPase activity to exert its function because GTPase-deficient 

Atlastin(K51A) is functionally inactive in vivo, fails to tether ER membranes owing to its 

inability to homo-oligomerize, and does not promote membrane fusion in vitro. It is likely 

that the inability of Atlastin(K51A) to fuse is directly related to its inability to self-associate. 

Approximately 50% of the known dominant forms of pure hereditary spastic 

paraplegia have been linked to ER dysfunction (Depienne et al., 2007). A properly 

functioning ER is absolutely required for all cells, given that it is the initial entry point into 

the secretory pathway for most secreted proteins and membrane proteins localized to the 

plasma membrane. Disturbance in the function or loss of integrity of the ER could result 

in a failure of protein folding, glycosylation or transport, leading to ER stress that may 

ultimately contribute to the pathogenesis of neurodegenerative disorders (Lindholm et al., 

2006). Independently of their mechanism, pathological mutations in ATL1 are likely to 

perturb membrane fusion, with loss of ER integrity suggesting that progressive axonal 

104 
 



 

degeneration in ATL1-linked hereditary spastic paraplegia patients may be the 

consequence of ER stress engendered by this perturbation. 

Our studies have uncovered a requirement for Drosophila Atlastin in the homotypic 

fusion of ER membranes, suggesting that Atlastin represents the GTPase activity thought 

to be required for this process. Although further studies will be necessary to dissect the 

structural basis of Atlastin function, the identification of its fusogenic properties lays the 

foundation for understanding the mechanisms underlying ER biogenesis and maintenance, 

and may contribute to a better understanding of neuronal degeneration in hereditary spastic 

paraplegia. 

A.1.4. Methods 

Fly culture and transgenesis were performed following standard procedures.  

Embryos were fixed in 4% formaldehyde in PEM buffer for 20 min before 

immunolabelling. Larvae and brains were dissected in PBS and fixed in 4% 

paraformaldehyde. HeLa cell transfection and immunoprecipitation experiments were 

carried out using standard protocols. For co-immunoprecipitation experiments, Atlastin 

expression plasmids were simultaneously transfected into HeLa cells. For the vesicle assay, 

cells were transfected separately, resuspended, homogenized and sonicated. The 

supernatants containing vesiculated membranes were recovered by centrifugation. 

Vesiculated membranes were mixed, incubated at 30uC, and immunoprecipitated. FLIP 

experiments were performed as described with minor modifications11. Pre-embedded gold 

labelling of Atlastin in S2 cells was done according to the protocol described 

previously27 .Drosophila brains and larvae were fixed in 4% paraformaldehyde and 2% 

glutaraldehyde, embedded in EPON, and EM images acquired from thin sections. 
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Recombinant protein was expressed in Escherichia coli and purified using a GST-tag. 

atlastin and atlastin(K51A) were subcloned into a modified pGEX4T3 vector (GE 

Healthcare). GST-fusion proteins was expressed in BL21(DE3) (Stratagene) and purified 

in 0.1% ANAPOE X-100. Unilamellar (100 nm) liposomes were made by extrusion 

(Avestin Inc.), and purified protein was reconstituted into liposomes by detergent-assisted 

insertion28. Fusion experiments were similar to those previously described with minor 

modifications21. Equimolar amounts of donor and acceptor Atlastin proteoliposomes were 

mixed, and Mg21 and GTP were added to stimulate fusion. Liposome size was determined 

by dynamic light scattering (Zen 3600 Zetasizer, Malvern Instruments). GTPase activity 

of recombinant protein in detergent was measured using an Enzchek phosphate assay kit 

(Invitrogen). 

 

A.2.  Larval locomotion 

Larvae with reduced Pex3 in muscles (Mef2>pex3.IR,dcr) and control larvae (Mef2>dcr) 

were grown at 28°C until the 3rd larval instar.  Larvae were imaged using the automated 

tracking system running Worm Tracker (Geng et al., 2004), customized by Dr. Weiwei 

Zhong’s lab.  Three parameters showed significant differences, by student’s t-test, between 

experimental and control groups.  Larval length (Fig, A.6.A, p=4.9x10-12), velocity (Fig. 

A.6.B, p=5.8x10-7), and distance traveled (Fig. A.6.C, p=3.3x10-8) were all lower in the 

Mef2>pex3.IR,dcr larvae compared to control larvae.  These data show that reducing 

peroxisome numbers in muscles decreases larval size and impairs larval locomotion.  This 

could be due to decreased energy production when peroxisomal metabolism is impaired. 
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Figure A.6. Larval locomotion is impaired in larvae with reduced Pex3 in muscles 

(A) larval length is reduced in Mef2>pex3.IR,dcr larvae compared to controls (Mef2>dcr). 
Mef2>pex3.IR,dcr larvae also show a (B) reduced mean velocity and a (C) shorter distance  
traveled compared to control larvae. 

 

 

A.3.  Lipid metabolism 

A.3.1. Lipidomics 

To examine the effects of peroxisome loss on lipid metabolism, electrospray ionization 

mass spectrometry (ESI/MS) was performed by the Kansas State Lipidomics Research 

Center on total lipid extracts from wandering L3 larvae with a global reduction in Pex3 

(DaG32>pex3.IR,dcr).  No change was observed in the total amount of phospholipids (Fig. 

A.7.A), but a trend for longer acyl chains in phospholipids was seen in DaG32>pex3.IR,dcr 

larvae (data not shown).  Total amounts of DAG were reduced and TAG were elevated in 

the larvae with reduced Pex3 (Fig. A.7.A).  Furthermore, a reduction in Pex3 caused an 

elevation in the amounts of longer acyl chain TAGs (Fig. A.7.B).   
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Figure A.7. Lipidomics 

(A) MS analysis of larval lipids showing that phospholipids levels are normal in larvae 
with reduced pex3 (DaG32> pex3.IR, dcr), but DAG levels are reduced and TAG levels are 
elevated (B) MS analysis of larval lipids showing an elevation in longer chain length TAG 
species in larvae with reduced Pex3 (DaG32> pex3.IR, dcr). 

 

A.3.2. Total TAG quantitation during starvation 

Embryos were collected on grape juice plates for two hours and incubated for 64 hours 

until larvae reached the 2nd instar.  Larvae were left on grape juice plates or transferred to 

empty 6 cm petri dishes with 3 cm squares of filter pads soaked with phosphate buffered 

saline (PBS).  After 24 hours, total lipids extracts were prepared from fed and starved larvae 

(Bligh and Dyer, 1959).  Lipids were spotted on silica TLC plates and run in a solution of 

hexane:ethyl ether:acetic acid (70:30:1).  Samples were visualized by staining in a ceric 

ammonium molybdate solution (2.5% ammonium heptamolybdate hexahdrate, 1% cerium 

(IV) sulfate, 10% sulfuric acid) at 80°C for 20 min.  Plates were imaged on a FujiFilm LAS 

4000, and densitometry was performed using Multigauge v3.0.  Total TAG in the fed state 

was lower in pex32 larvae compared to controls.  Total TAG levels were not reduced in 

pex32 larvae measured by lipidomics (Fig. 3.4.A). This discrepancy could be due to 

differences in diet.  Larvae for TLC were grown on grape juice media and larvae for 

lipidomics were grown on cornmeal/molasses/agar.  TAG levels in starved pex32 larvae, 
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normalized to the fed state, drop to a similar level as control larvae (Fig A.8).  These results 

indicate that lipid breakdown was not greatly impaired in pex32 mutants, likely due to 

functional mitochondrial β-oxidation.   

 

Figure A.8. TAG and DAG levels in pex32 mutants. 

(A) Total lipids were extracted from mutant and control larvae that fed on grape juice media 
or starved for 24 hours.  TAG levels decrease under starvation conditions in both genotypes.  
Mutant larvae have reduced TAG levels in the fed state.  (B) Pixel intensity of spots were 
normalized to the fed state. pex32 mutant TAG levels decrease to a similar level as control 
larvae. 

 

A.4.  Phenotypic effects of global and tissue-specific pex3 knockdown 

A.4.1. Effects of global pex3 knockdown on lifespan and paraquat sensitivity 

Knockdown of pex3 using the weak, global armadillo driver (arm-GAL4), did not lead to 

pupal lethality and viable adults were obtained.  The oxidative stress sensitivity of these 

adults was tested by exposure to paraquat (methyl viologen).  Paraquat leads to the 

generation of O2- in the cytoplasm and has been used extensively in D. melanogaster 

oxidative stress research (Chaudhuri et al., 2007).   Two to four day old flies were placed 

in shell vials, ten flies per vial, containing ½ of a kimwipe soaked with 1 mL of 20 mM 
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paraquat dissolved in 1% sucrose.  Viability was measured every 12 hours and logrank 

survival analysis was performed using GraphPad.  The lifespan of knockdown female flies 

(Fig. A.9.A; arm>pex3.IR) was shorter than controls (arm>lacZ), but the lifespan of 

knockdown male flies (Fig. A.9.B) was longer than controls.  Knockdown female (Fig. 

A.9.C) and male (Fig. A.9.D) flies (arm>pex3.IR) displayed a hypersensitivity to oxidative 

stress compared to control flies.  Knockdown of pex3 in the nervous system, fat body, or 

oenocytes did not significantly alter paraquat sensitivity (Table A.1).  Surprisingly, flies 

with reduced pex3 in dopaminergic and serotonergic neurons (DDC>pex3.IR) were more 

resistant to paraquat than controls (Table A.1).   

 

Figure A.9. Peroxisome loss causes hypersensitivity to oxidative stress.   
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Flies with reduced peroxisome numbers in all tissues show a hypersensitivity to the 
superoxide generator, paraquat. 2-4 day old adult flies were transferred to empty vials 
containing 20 mM paraquat in 1% sucrose and transferred every two days.  Deaths were 
counted at each time-point. Global loss of peroxisomes (arm>pex3.IR) leads to 
hypersensitivity to paraquat (median survival is 144 hrs. compared to 186 hrs. for arm>lacZ 
controls, p < 0.0001). 

 

A.4.2. Effects of tissue-specific pex3 knockdown on paraquat sensitivity 

Driver Tissue Gender 
Median Lifespan 

p-value 
lacZ pex3.IR 

Arm Global 
Male 174 hrs. 150 hrs. < 0.0001 

Female 186 hrs. 144 hrs. < 0.0001 

elav Pan-neuronal 
Male 144 hrs. 144 hrs. 0.9682 

Female 144 hrs. 126 hrs. 0.2027 

DDC Dopaminergic 
neurons 

Male 114 hrs. 144 hrs. < 0.0001 

Female 150 hrs. 138 hrs. 0.0005 

r4 Fat Body 
Male 54 hrs. 78 hrs. 0.4369 

Female 96 hrs. 78 hrs. 0.0085 

BO Oenocytes 
Male 90 hrs. 96 hrs. 0.0806 

Female 102 hrs. 102 hrs. 0.3118 
Table A.1. Paraquat sensitivity of pex3 knockdown flies.   

 

A.4.3. Effects of pex3 knockdown on starvation sensitivity 

Flies expressing pex3.IR in various tissues were tested for starvation sensitivity.  Adult flies 

were placed in vials with a water-soaked kimwipe and counted for viability every 12 hours.  

Flies with reduced Pex3 in all tissues (arm>pex3.IR,dcr; Fig. A.10.B) and oenocytes 

(BO>pex3.IR,dcr; Fig. A.10.A) showed a hypersensitivity to starvation.  Flies with reduced 

Pex3 in the fat body (lsp>pex3.IR,dcr; Fig. A.10.C) were resistant to starvation.   
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Figure A.10. Starvation sensitivity of pex3 knockdown flies.   

Adult flies expressing pex3.IR in various tissues were starved until death.  Knockdown of 
pex3 in (A) oenocytes (BO>pex3.IR,dcr; p < 0.0001) and (B) all tissues (arm>pex3.IR,dcr; 
p = 0.0030) caused a hypersensitivity to starvation. Knockdown of pex3 in (C) the fat body 
(lsp>pex3.IR,dcr) caused a resistance to starvation (p < 0.0001). 

 

A.4.4. Effects of global pex3 knockdown in adult flies. 

Since strong, global knockdown of pex3 (e.g. act5>pex3.IR) is lethal at the pupal stage, I 

generated flies where the UAS-pex3.IR transgene could be activated after flies reach the 

adult stage.  The UAS-pex3.IR was combined with a transgene encoding a temperature-

sensitive GAL80 allele (GAL80ts).  Since GAL80ts inhibits GAL4 at the permissive 

temperature, the UAS-pex.IR transgene will not be activated even in the presence of a 

GAL4 driver.  At the restrictive temperature, 28°C, GAL80ts can no longer inhibit GAL4 

and the UAS-pex3.IR transgene will be expressed.  To confirm the effectiveness of this 

system, I grew control (GAL80ts; DaG32>lacZ) and experimental (GAL80ts; 
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DaG32>pex3.IR) flies at room temperature until they reached adulthood, switched the flies 

to 28°C, collected flies every 24 hours for eight days, and measured Pex3 levels.  In control 

flies, Pex3 levels were unchanged during the time course (Fig. A.11.A).  In experimental 

flies, Pex3 levels began to fall at two days and reached a plateau at five days (Fig. A.11.B).  

Adult flies were then exposed to 5 days at 28°C and their lifespan, starvation sensitivity, 

paraquat sensitivity, and H2O2 sensitivity were measured.  Experimental flies showed a 

reduced lifespan (Fig. A.11.E) and were hypersensitive to paraquat (Fig. A.11.C) and H2O2 

(Fig. A.11.F).  There was no change in starvation sensitivity (Fig. A.11.D).   

 

Figure A.11. Peroxisome loss in adult flies.   

(A) The level of Pex3 is unchanged in control flies (GAL80ts; DaG32>lacZ) exposed to 
28°C for 8 days. (B) Flies expressing pex3.IR (GAL80ts; DaG32>pex3.IR) exposed to 28°C 
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show a reduction in Pex3 level that plateaus by 5 days.  Knockdown flies exposed to 28°C 
for 5 days are hypersensitive to (C) paraquat (p = 0.0242) and (F) H2O2 (p < 0.0001) and 
have a reduced (E) lifespan (p < 0.0001).  (D) There was no change in starvation sensitivity 
(p = 0.7997).  

 

A.5.  Superoxide dismutase 

dSod contains a PTS1 motif that likely leads to dual localization to peroxisomes and the 

cytoplasm  (Faust et al., 2012).  This pattern of localization implies that dSod function is 

required in both cellular compartments.  In order to address the role of localization in dSod 

function, I generated transgenic flies expressing dSod with three variants of the PTS1 motif.  

One variant contains the wild-type PTS1 (-AKV) and is likely dually localized to 

peroxisomes and the cytoplasm.  The other variants, -AKL and ΔAKV, are predicted to 

localize exclusively to the peroxisome and the cytoplasm respectively.  The sensitivity of 

flies expressing dSod variants in a sod null background to paraquat was measured. 

A.5.1. dSod antibody production 

The D. melanogaster sod gene was PCR amplified from a cDNA pool, cloned into the E. 

coli expression vector, pET28a, in frame with the upstream His6 tag, and expressed in E. 

coli BL21(DE3).  His6-Sod protein was insoluble and found in inclusion bodies.  Inclusion 

bodies were isolated by centrifugation and solubilized in 6M Urea.  Denatured protein was 

bound to nickel affinity resin and refolded in place by a reverse urea gradient.  After 

refolding, the protein was eluted with a linear imidazole gradient.  The purified protein was 

used as antigen to produce rabbit polyclonal antibodies.   The antiserum recognizes a band 

of appropriate size in purified protein samples and total protein extracts from D. 

melanogaster.  Minor cross-reacting bands were present in the total protein extracts (Figure 

6). 
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A.5.2. Mislocalized dSod 

Fly stocks were constructed with UAS-myc-sod-GCGVIGIAKV, UAS-myc-sod-

GCGVIGIAKL, and UAS-myc-sod-GCGVIGI each in a sod null (sodx39) background.  

Stocks were constructed that carried the arm-GAL4 driver and a deficiency that uncovers 

dSod (Df(3L)BSC817).  Expression of the UAS transgenes was confirmed by immunoblot 

(data not shown).   The dSod variants were expressed globally, using the arm-GAL4 driver, 

in the sodx39/Df background.  The sensitivity to the superoxide generator, paraquat, was 

determined for each genotype (Fig. A.12).  Expression of transgenic dSod did rescue the 

paraquat hypersensitivity of the sodx39 null mutant.  However, all of the dSod variants 

rescued the null phenotype to the same extent.  These results suggest that changing the 

localization of dSod to completely peroxisomal or cytoplasmic does not impair its function. 

 

Figure A.12.  Paraquat sensitivity of flies expressing dSod with various subcellular 
localizations.   

Flies with the sodX39 null mutation show a hypersensitivity to paraquat-induced oxidative 
stress.  This phenotype was rescued by expression of transgenic dSod with various PTS1 
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motifs.  All dSod variants rescued the paraquat hypersensitivity of the null mutants to the 
same extent. 

 

A.6.  Nanoparticle import into peroxisomes 

The mechanism of cargo transport across the peroxisomal membrane is still unclear.  Large 

proteins, even oligomers, can cross the peroxisomal membrane in a folded state (Glover et 

al., 1994; Léon et al., 2006; McNew and Goodman, 1994).  The upper size limit for cargo 

is unknown, but 9 nm gold particles coated with PTS1 peptides can cross the membrane 

(Walton et al., 1995).  In order to examine import of cargo with defined sizes, I visualized 

quantum dots (Qdots) coated with a PTS1-containing peptide injected into Drosophila 

embryos.  Prior to cellularization in the early embryo, many nuclei and peroxisomes share 

a syncytial cytoplasm.  The upper size limit for matrix cargo import could be probed using 

Qdots of various sizes.  

A.6.1. Results and discussion 

A PTS1 peptide (CYKNPPETKSKL) was synthesized by Peptide 2.0 and conjugated to 

carboxyl-coated quantum dots (Qdots, Invitrogen) using the zero length cross linker, 1-

ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC, Pierce).  Qdot-PTS1 

were injected into D. melanogaster embryos expressing PMP34-cerulean by Genetivision 

(Houston, TX) and imaged by confocal microscopy (Fig. A.13).  Large aggregates of Qdots 

were seen in the cytoplasm and no colocalization was seen with the peroxisomal marker. 
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Figure A.13.  Peroxisome-targeted quantum dots in D. melanogaster embryos.   

Qdots with PTS1 peptide conjugated to the surface (Qdots-PTS1) were injected into early 
D. melanogaster embryos expressing PMP34-cerulean and imaged by confocal 
microscopy on a Zeiss LSM 510.  Qdots-PTS1 formed aggregates and did not colocalize 
with the PMP34-Cerulean peroxisomal membrane marker. 

 

A.7.  Complexin 

Reagents were generated to study Complexin, a SNARE regulator, in flies. 

A.7.1. Cloning 
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To generate pJM522, a ~312 bp fragment of the Dm_Cpx gene in the reverse orientation 

was amplified by PCR from pJM361 (His6-Dm_Cpx in pET15b; Schaub et al., 2006) using 

the primers XhoI-Dm_Cpx(rev) (GCCTCGAGAAAATCGTCGAGCTCTTC) and Dm-

Cpx(rev)-XbaI CGTCTAGAGCGCTGTAGGAGGTGATGG).  The PCR product was 

cloned into pCR-Blunt II-TOPO using a Zero Blunt PCR cloning kit (Invitrogen).  To 

generate pJM530, a ~2384 bp fragment of the Dm_Cpx gene was amplified from genomic 

DNA by PCR using the primers BamHI-Dm_Cpx-Exon4 (#432) and Dm_Cpx-Exon4-

XhoI (#437).  The PCR product was cloned into pCR-Blunt II-TOPO using a Zero Blunt 

PCR cloning kit (Invitrogen). To generate pJM535, the ~312 bp Dm_Cpx reverse cDNA 

fragment was cut from pJM522 with XhoI and XbaI and ligated into pUAST cut with the 

same enzymes.  To generate pJM538, the ~2384 bp Dm_Cpx genomic fragment was cut 

from pJM530 with BamHI and XhoI and ligated into pJM535 cut with BglII and XhoI. 

To generate pJM558, the ~450 bp Dm_Cpx gene was PCR amplified from pJM361 

using the oligos EcoRI-Myc-Dm_Cpx (#459) and Dm_Cpx-XhoI (#460).  The PCR 

product was digested with EcoRI and XhoI and ligated with pUAST cut with the same 

enzymes.  To generate pJM559,t he ~450 bp Dm_Cpx gene without the C-terminal CAAX 

domain was PCR amplified from pJM361 using the oligos EcoRI-Myc-Dm_Cpx (#459) 

and Dm_Cpx-dCAAX-XhoI (#461).  The PCR product was digested with EcoRI and XhoI 

and ligated with pUAST cut with the same enzymes. 

A.7.2. Antibody generation 

pJM361 was expressed in E. coli BL21(DE3).  Soluble His6-Cpx was purified by nickel 

affinity chromatography and used as antigen to produce rabbit polyclonal antibodies 

(Cocalico).  
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A.7.3. Fly stock construction 

pJM538, pJM558, and pJM559 were injected into white-eyed (w-) embryos by 

Genetivision (Houston, TX).  Injected flies were backcrossed twice to w- flies and multiple 

insertions were mapped to the chromosome.  Stocks were constructed carrying two 

transposon insertions, P{XP}cpxd09777 and PBac{WH}cpxf00520, and a heat shock 

inducible FLP recombinase.  The transposons each carry a flippase recognition target (FRT) 

site. In the presence of FLP, recombination will occur and delete a region of the cpx gene.  

Flies were heat shocked and recombinants with a deletion in the cpx gene were selected. 

  

119 
 



 

References 
 

Acosta, I.F., and Farmer, E.E. (2010). Jasmonates. Arab. Book Am. Soc. Plant Biol. 8, 
e0129. 

Aebi, M. (2013). N-linked protein glycosylation in the ER. Biochim. Biophys. Acta 1833, 
2430–2437. 

Agrawal, G., Joshi, S., and Subramani, S. (2011). Cell-free sorting of peroxisomal 
membrane proteins from the endoplasmic reticulum. Proc. Natl. Acad. Sci. U. S. A. 108, 
9113–9118. 

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., and Lipman, D.J. (1990). Basic local 
alignment search tool. J. Mol. Biol. 215, 403–410. 

Amery, L., Fransen, M., De Nys, K., Mannaerts, G.P., and Van Veldhoven, P.P. (2000). 
Mitochondrial and peroxisomal targeting of 2-methylacyl-CoA racemase in humans. J. 
Lipid Res. 41, 1752–1759. 

Anderson, D.J., and Hetzer, M.W. (2007). Nuclear envelope formation by chromatin-
mediated reorganization of the endoplasmic reticulum. Nat. Cell Biol. 9, 1160–1166. 

Angermüller, S., Islinger, M., and Völkl, A. (2009). Peroxisomes and reactive oxygen 
species, a lasting challenge. Histochem. Cell Biol. 131, 459–463. 

Antonenkov, V.D., Grunau, S., Ohlmeier, S., and Hiltunen, J.K. (2010). Peroxisomes are 
oxidative organelles. Antioxid. Redox Signal. 13, 525–537. 

Arai, Y., Kitamura, Y., Hayashi, M., Oshida, K., Shimizu, T., and Yamashiro, Y. (2008). 
Effect of dietary Lorenzo’s oil and docosahexaenoic acid treatment for Zellweger 
syndrome. Congenit. Anom. 48, 180–182. 

Arand, M., Knehr, M., Thomas, H., Zeller, H.-D., and Oesch, F. (1991). An impaired 
peroxisomal targeting sequence leading to an unusual bicompartmental distribution of 
cytosolic epoxide hydrolase. FEBS Lett. 294, 19–22. 

Aubourg, P., Adamsbaum, C., Lavallard-Rousseau, M.C., Rocchiccioli, F., Cartier, N., 
Jambaqué, I., Jakobezak, C., Lemaitre, A., Boureau, F., and Wolf, C. (1993). A two-year 
trial of oleic and erucic acids (“Lorenzo’s oil”) as treatment for adrenomyeloneuropathy. 
N. Engl. J. Med. 329, 745–752. 

Baes, M., and Van Veldhoven, P.P. (2012). Mouse models for peroxisome biogenesis 
defects and β-oxidation enzyme deficiencies. Biochim. Biophys. Acta 1822, 1489–1500. 

120 
 



 

Baes, M., Gressens, P., Baumgart, E., Carmeliet, P., Casteels, M., Fransen, M., Evrard, P., 
Fahimi, D., Declercq, P.E., Collen, D., et al. (1997). A mouse model for Zellweger 
syndrome. Nat. Genet. 17, 49–57. 

Baumgart, E., Vanhorebeek, I., Grabenbauer, M., Borgers, M., Declercq, P.E., Fahimi, 
H.D., and Baes, M. (2001). Mitochondrial alterations caused by defective peroxisomal 
biogenesis in a mouse model for Zellweger syndrome (PEX5 knockout mouse). Am. J. 
Pathol. 159, 1477–1494. 

Beard, M.E., and Holtzman, E. (1987). Peroxisomes in wild-type and rosy mutant 
Drosophila melanogaster. Proc. Natl. Acad. Sci. U. S. A. 84, 7433–7437. 

Bellen, H.J., Levis, R.W., Liao, G., He, Y., Carlson, J.W., Tsang, G., Evans-Holm, M., 
Hiesinger, P.R., Schulze, K.L., Rubin, G.M., et al. (2004). The BDGP gene disruption 
project: single transposon insertions associated with 40% of Drosophila genes. Genetics 
167, 761–781. 

Bellen, H.J., Levis, R.W., He, Y., Carlson, J.W., Evans-Holm, M., Bae, E., Kim, J., 
Metaxakis, A., Savakis, C., Schulze, K.L., et al. (2011). The Drosophila gene disruption 
project: progress using transposons with distinctive site specificities. Genetics 188, 731–
743. 

Di Biase, A., Di Benedetto, R., Fiorentini, C., Travaglione, S., Salvati, S., Attorri, L., and 
Pietraforte, D. (2004). Free radical release in C6 glial cells enriched in hexacosanoic acid: 
implication for X-linked adrenoleukodystrophy pathogenesis. Neurochem. Int. 44, 215–
221. 

Billard, J.-M. (2012). D-Amino acids in brain neurotransmission and synaptic plasticity. 
Amino Acids 43, 1851–1860. 

Bligh, E.G., and Dyer, W.J. (1959). A rapid method of total lipid extraction and purification. 
Can. J. Biochem. Physiol. 37, 911–917. 

Bonekamp, N.A., Völkl, A., Fahimi, H.D., and Schrader, M. (2009). Reactive oxygen 
species and peroxisomes: struggling for balance. BioFactors Oxf. Engl. 35, 346–355. 

Borgese, N., Francolini, M., and Snapp, E. (2006). Endoplasmic reticulum architecture: 
structures in flux. Curr. Opin. Cell Biol. 18, 358–364. 

Bradford, M.M. (1976). A rapid and sensitive method for the quantitation of microgram 
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–
254. 

Brand, A.H., and Perrimon, N. (1993). Targeted gene expression as a means of altering cell 
fates and generating dominant phenotypes. Development 118, 401–415. 

Brites, P., Motley, A.M., Gressens, P., Mooyer, P.A.W., Ploegaert, I., Everts, V., Evrard, 
P., Carmeliet, P., Dewerchin, M., Schoonjans, L., et al. (2003). Impaired neuronal 

121 
 



 

migration and endochondral ossification in Pex7 knockout mice: a model for rhizomelic 
chondrodysplasia punctata. Hum. Mol. Genet. 12, 2255–2267. 

Brites, P., Waterham, H.R., and Wanders, R.J.A. (2004). Functions and biosynthesis of 
plasmalogens in health and disease. Biochim. Biophys. Acta 1636, 219–231. 

Brosche, T., and Platt, D. (1998). The biological significance of plasmalogens in defense 
against oxidative damage. Exp. Gerontol. 33, 363–369. 

Chang, C.C., South, S., Warren, D., Jones, J., Moser, A.B., Moser, H.W., and Gould, S.J. 
(1999). Metabolic control of peroxisome abundance. J. Cell Sci. 112 ( Pt 10), 1579–1590. 

Chase, B., Kunwar, P., and Markopoulo, K. (2001). Drosophila as a model system to study 
disease associated with defects in peroxisomal assembly and function. In Program and 
Abstracts 42nd Annual Drosophila Research Conference, Washington DC, p. 763A. 

Chaudhuri, A., Bowling, K., Funderburk, C., Lawal, H., Inamdar, A., Wang, Z., and 
O’Donnell, J.M. (2007). Interaction of genetic and environmental factors in a Drosophila 
parkinsonism model. J Neurosci 27, 2457–2467. 

Chen, H., Liu, Z., and Huang, X. (2010). Drosophila models of peroxisomal biogenesis 
disorder: peroxins are required for spermatogenesis and very-long-chain fatty acid 
metabolism. Hum. Mol. Genet. 19, 494–505. 

Cheng, J.B., and Russell, D.W. (2004). Mammalian wax biosynthesis. I. Identification of 
two fatty acyl-Coenzyme A reductases with different substrate specificities and tissue 
distributions. J. Biol. Chem. 279, 37789–37797. 

Claros, M.G., and Vincens, P. (1996). Computational method to predict mitochondrially 
imported proteins and their targeting sequences. Eur. J. Biochem. FEBS 241, 779–786. 

Conley, C., Rohwer-Nutter, D., and Blair, S. (1999). Indentification of the Drosophila acyl-
CoenzymeA oxidase gene. In Program and Abstracts 40th Annual Drosophila Research 
Conference, (Bellevue), p. 403C. 

Cook, R.K., Christensen, S.J., Deal, J.A., Coburn, R.A., Deal, M.E., Gresens, J.M., 
Kaufman, T.C., and Cook, K.R. (2012). The generation of chromosomal deletions to 
provide extensive coverage and subdivision of the Drosophila melanogaster genome. 
Genome Biol. 13, R21. 

Cutler, R.G., and Mattson, M.P. (2001). Sphingomyelin and ceramide as regulators of 
development and lifespan. Mech. Ageing Dev. 122, 895–908. 

Dammai, V., and Subramani, S. (2001). The human peroxisomal targeting signal receptor, 
Pex5p, is translocated into the peroxisomal matrix and recycled to the cytosol. Cell 105, 
187–196. 

122 
 



 

Das, A.K., Holmes, R.D., Wilson, G.N., and Hajra, A.K. (1992). Dietary ether lipid 
incorporation into tissue plasmalogens of humans and rodents. Lipids 27, 401–405. 

Depienne, C., Stevanin, G., Brice, A., and Durr, A. (2007). Hereditary spastic paraplegias: 
an update. Curr. Opin. Neurol. 20, 674–680. 

Dhaunsi, G.S., Gulati, S., Singh, A.K., Orak, J.K., Asayama, K., and Singh, I. (1992). 
Demonstration of Cu-Zn superoxide dismutase in rat liver peroxisomes. Biochemical and 
immunochemical evidence. J. Biol. Chem. 267, 6870–6873. 

Dirkx, R., Vanhorebeek, I., Martens, K., Schad, A., Grabenbauer, M., Fahimi, D., Declercq, 
P., Van Veldhoven, P.P., and Baes, M. (2005). Absence of peroxisomes in mouse 
hepatocytes causes mitochondrial and ER abnormalities. Hepatol. Baltim. Md 41, 868–878. 

Distel, B., Erdmann, R., Gould, S.J., Blobel, G., Crane, D.I., Cregg, J.M., Dodt, G., Fujiki, 
Y., Goodman, J.M., Just, W.W., et al. (1996). A unified nomenclature for peroxisome 
biogenesis factors. J. Cell Biol. 135, 1–3. 

Dreier, L., and Rapoport, T.A. (2000). In vitro formation of the endoplasmic reticulum 
occurs independently of microtubules by a controlled fusion reaction. J. Cell Biol. 148, 
883–898. 

De Duve, C., and Baudhuin, P. (1966). Peroxisomes (microbodies and related particles). 
Physiol Rev 46, 323–357. 

Ebberink, M.S., Koster, J., Visser, G., Spronsen, F. van, Stolte-Dijkstra, I., Smit, G.P.A., 
Fock, J.M., Kemp, S., Wanders, R.J.A., and Waterham, H.R. (2012). A novel defect of 
peroxisome division due to a homozygous non-sense mutation in the PEX11β gene. J. Med. 
Genet. 49, 307–313. 

Einwächter, H., Sowinski, S., Kunau, W.H., and Schliebs, W. (2001). Yarrowia lipolytica 
Pex20p, Saccharomyces cerevisiae Pex18p/Pex21p and mammalian Pex5pL fulfil a 
common function in the early steps of the peroxisomal PTS2 import pathway. EMBO Rep. 
2, 1035–1039. 

Elgersma, Y., van Roermund, C.W., Wanders, R.J., and Tabak, H.F. (1995). Peroxisomal 
and mitochondrial carnitine acetyltransferases of Saccharomyces cerevisiae are encoded 
by a single gene. EMBO J. 14, 3472–3479. 

Emanuelsson, O., Elofsson, A., von Heijne, G., and Cristóbal, S. (2003). In silico prediction 
of the peroxisomal proteome in fungi, plants and animals. J. Mol. Biol. 330, 443–456. 

Emanuelsson, O., Brunak, S., von Heijne, G., and Nielsen, H. (2007). Locating proteins in 
the cell using TargetP, SignalP and related tools. Nat. Protoc. 2, 953–971. 

Erdmann, R., and Blobel, G. (1995). Giant peroxisomes in oleic acid-induced 
Saccharomyces cerevisiae lacking the peroxisomal membrane protein Pmp27p. J. Cell Biol. 
128, 509–523. 

123 
 



 

Erdmann, R., and Schliebs, W. (2005). Peroxisomal matrix protein import: the transient 
pore model. Nat. Rev. Mol. Cell Biol. 6, 738–742. 

Fang, Y., Morrell, J.C., Jones, J.M., and Gould, S.J. (2004). PEX3 functions as a PEX19 
docking factor in the import of class I peroxisomal membrane proteins. J. Cell Biol. 164, 
863–875. 

Faust, P.L., and Hatten, M.E. (1997). Targeted Deletion of the PEX2 Peroxisome 
Assembly Gene in Mice Provides a Model for Zellweger Syndrome, a Human Neuronal 
Migration Disorder. J. Cell Biol. 139, 1293–1305. 

Faust, J.E., Verma, A., Peng, C., and McNew, J.A. (2012). An inventory of peroxisomal 
proteins and pathways in Drosophila melanogaster. Traffic Cph. Den. 13, 1378–1392. 

Ferdinandusse, S., Denis, S., IJlst, L., Dacremont, G., Waterham, H.R., and Wanders, R.J. 
(2000). Subcellular localization and physiological role of alpha-methylacyl-CoA racemase. 
J. Lipid Res. 41, 1890–1896. 

Ferdinandusse, S., Denis, S., Dacremont, G., and Wanders, R.J.A. (2009). Toxicity of 
peroxisomal C27-bile acid intermediates. Mol. Genet. Metab. 96, 121–128. 

Freitag, J., Ast, J., and Bölker, M. (2012). Cryptic peroxisomal targeting via alternative 
splicing and stop codon read-through in fungi. Nature 485, 522–525. 

Geng, W., Cosman, P., Berry, C.C., Feng, Z., and Schafer, W.R. (2004). Automatic 
tracking, feature extraction and classification of C elegans phenotypes. IEEE Trans. 
Biomed. Eng. 51, 1811–1820. 

Ghaedi, K., Honsho, M., Shimozawa, N., Suzuki, Y., Kondo, N., and Fujiki, Y. (2000). 
PEX3 is the causal gene responsible for peroxisome membrane assembly-defective 
Zellweger syndrome of complementation group G. Am. J. Hum. Genet. 67, 976–981. 

Glover, J.R., Andrews, D.W., and Rachubinski, R.A. (1994). Saccharomyces cerevisiae 
peroxisomal thiolase is imported as a dimer. Proc. Natl. Acad. Sci. U. S. A. 91, 10541–
10545. 

Goldfischer, S., Moore, C.L., Johnson, A.B., Spiro, A.J., Valsamis, M.P., Wisniewski, 
H.K., Ritch, R.H., Norton, W.T., Rapin, I., and Gartner, L.M. (1973). Peroxisomal and 
mitochondrial defects in the cerebro-hepato-renal syndrome. Science 182, 62–64. 

Gould, S.G., Keller, G.A., and Subramani, S. (1987). Identification of a peroxisomal 
targeting signal at the carboxy terminus of firefly luciferase. J. Cell Biol. 105, 2923–2931. 

Gould, S.J., Keller, G.A., Hosken, N., Wilkinson, J., and Subramani, S. (1989). A 
conserved tripeptide sorts proteins to peroxisomes. J. Cell Biol. 108, 1657–1664. 

124 
 



 

Gresham, D., Boer, V.M., Caudy, A., Ziv, N., Brandt, N.J., Storey, J.D., and Botstein, D. 
(2011). System-level analysis of genes and functions affecting survival during nutrient 
starvation in Saccharomyces cerevisiae. Genetics 187, 299–317. 

Grou, C.P., Carvalho, A.F., Pinto, M.P., Wiese, S., Piechura, H., Meyer, H.E., Warscheid, 
B., Sá-Miranda, C., and Azevedo, J.E. (2008). Members of the E2D (UbcH5) family 
mediate the ubiquitination of the conserved cysteine of Pex5p, the peroxisomal import 
receptor. J. Biol. Chem. 283, 14190–14197. 

Hanada, K., Kumagai, K., Tomishige, N., and Yamaji, T. (2009). CERT-mediated 
trafficking of ceramide. Biochim. Biophys. Acta 1791, 684–691. 

Hawkins, J., Mahony, D., Maetschke, S., Wakabayashi, M., Teasdale, R.D., and Bodén, M. 
(2007). Identifying novel peroxisomal proteins. Proteins 69, 606–616. 

Hein, S., Schönfeld, P., Kahlert, S., and Reiser, G. (2008). Toxic effects of X-linked 
adrenoleukodystrophy-associated, very long chain fatty acids on glial cells and neurons 
from rat hippocampus in culture. Hum. Mol. Genet. 17, 1750–1761. 

Hettema, E.H., Girzalsky, W., van Den Berg, M., Erdmann, R., and Distel, B. (2000). 
Saccharomyces cerevisiae pex3p and pex19p are required for proper localization and 
stability of peroxisomal membrane proteins. EMBO J. 19, 223–233. 

Ho, J.K., Moser, H., Kishimoto, Y., and Hamilton, J.A. (1995). Interactions of a very long 
chain fatty acid with model membranes and serum albumin. Implications for the 
pathogenesis of adrenoleukodystrophy. J. Clin. Invest. 96, 1455–1463. 

Hoepfner, D., Schildknegt, D., Braakman, I., Philippsen, P., and Tabak, H.F. (2005). 
Contribution of the endoplasmic reticulum to peroxisome formation. Cell 122, 85–95. 

Hogenboom, S., Tuyp, J.J.M., Espeel, M., Koster, J., Wanders, R.J.A., and Waterham, H.R. 
(2004). Mevalonate kinase is a cytosolic enzyme in humans. J. Cell Sci. 117, 631–639. 

Hu, J., Baker, A., Bartel, B., Linka, N., Mullen, R.T., Reumann, S., and Zolman, B.K. 
(2012). Plant peroxisomes: biogenesis and function. Plant Cell 24, 2279–2303. 

Huang, J., Viswakarma, N., Yu, S., Jia, Y., Bai, L., Vluggens, A., Cherkaoui-Malki, M., 
Khan, M., Singh, I., Yang, G., et al. (2011). Progressive endoplasmic reticulum stress 
contributes to hepatocarcinogenesis in fatty acyl-CoA oxidase 1-deficient mice. Am. J. 
Pathol. 179, 703–713. 

Ishihara, N., Eura, Y., and Mihara, K. (2004). Mitofusin 1 and 2 play distinct roles in 
mitochondrial fusion reactions via GTPase activity. J. Cell Sci. 117, 6535–6546. 

Islinger, M., Li, K.W., Seitz, J., Völkl, A., and Lüers, G.H. (2009). Hitchhiking of Cu/Zn 
superoxide dismutase to peroxisomes--evidence for a natural piggyback import mechanism 
in mammals. Traffic Cph. Den. 10, 1711–1721. 

125 
 



 

Islinger, M., Cardoso, M.J.R., and Schrader, M. (2010). Be different--the diversity of 
peroxisomes in the animal kingdom. Biochim. Biophys. Acta 1803, 881–897. 

Issemann, I., and Green, S. (1990). Activation of a member of the steroid hormone receptor 
superfamily by peroxisome proliferators. Nature 347, 645–650. 

Jansen, G.A., and Wanders, R.J.A. (2006). Alpha-oxidation. Biochim. Biophys. Acta 1763, 
1403–1412. 

Jia, Z., Pei, Z., Maiguel, D., Toomer, C.J., and Watkins, P.A. (2007). The fatty acid 
transport protein (FATP) family: very long chain acyl-CoA synthetases or solute carriers? 
J. Mol. Neurosci. MN 33, 25–31. 

Jiang, Z., Fanger, G.R., Woda, B.A., Banner, B.F., Algate, P., Dresser, K., Xu, J., and Chu, 
P.G. (2003). Expression of alpha-methylacyl-CoA racemase (P504s) in various malignant 
neoplasms and normal tissues: astudy of 761 cases. Hum. Pathol. 34, 792–796. 

Jones, J.M., Morrell, J.C., and Gould, S.J. (2004). PEX19 is a predominantly cytosolic 
chaperone and import receptor for class 1 peroxisomal membrane proteins. J. Cell Biol. 
164, 57–67. 

Kashiwayama, Y., Asahina, K., Shibata, H., Morita, M., Muntau, A.C., Roscher, A.A., 
Wanders, R.J.A., Shimozawa, N., Sakaguchi, M., Kato, H., et al. (2005). Role of Pex19p 
in the targeting of PMP70 to peroxisome. Biochim. Biophys. Acta 1746, 116–128. 

Keller, G.A., Warner, T.G., Steimer, K.S., and Hallewell, R.A. (1991). Cu,Zn superoxide 
dismutase is a peroxisomal enzyme in human fibroblasts and hepatoma cells. Proc. Natl. 
Acad. Sci. U. S. A. 88, 7381–7385. 

Kemp, S., Berger, J., and Aubourg, P. (2012). X-linked adrenoleukodystrophy: clinical, 
metabolic, genetic and pathophysiological aspects. Biochim. Biophys. Acta 1822, 1465–
1474. 

Kiel, J.A.K.W., Emmrich, K., Meyer, H.E., and Kunau, W.-H. (2005). Ubiquitination of 
the peroxisomal targeting signal type 1 receptor, Pex5p, suggests the presence of a quality 
control mechanism during peroxisomal matrix protein import. J. Biol. Chem. 280, 1921–
1930. 

Kim, P.K., Mullen, R.T., Schumann, U., and Lippincott-Schwartz, J. (2006). The origin 
and maintenance of mammalian peroxisomes involves a de novo PEX16-dependent 
pathway from the ER. J. Cell Biol. 173, 521–532. 

Kitamura, T., Kobayashi, S., and Okada, M. (1996). Regional expression of the transcript 
encoding sterol carrier protein x‐related thiolase and its regulation by homeotic genes in 
the midgut of Drosophila embryos. Dev. Growth Differ. 38, 373–381. 

Knoblach, B., Sun, X., Coquelle, N., Fagarasanu, A., Poirier, R.L., and Rachubinski, R.A. 
(2013). An ER-peroxisome tether exerts peroxisome population control in yeast. EMBO J. 

126 
 



 

Koch, J., and Brocard, C. (2012). PEX11 proteins attract Mff and human Fis1 to coordinate 
peroxisomal fission. J. Cell Sci. 125, 3813–3826. 

Koch, A., Thiemann, M., Grabenbauer, M., Yoon, Y., McNiven, M.A., and Schrader, M. 
(2003). Dynamin-like protein 1 is involved in peroxisomal fission. J. Biol. Chem. 278, 
8597–8605. 

Koch, A., Yoon, Y., Bonekamp, N.A., McNiven, M.A., and Schrader, M. (2005). A role 
for Fis1 in both mitochondrial and peroxisomal fission in mammalian cells. Mol. Biol. Cell 
16, 5077–5086. 

Komen, J.C., Distelmaier, F., Koopman, W.J.H., Wanders, R.J.A., Smeitink, J., and 
Willems, P.H.M.G. (2007). Phytanic acid impairs mitochondrial respiration through 
protonophoric action. Cell. Mol. Life Sci. CMLS 64, 3271–3281. 

Kondylis, V., Goulding, S.E., Dunne, J.C., and Rabouille, C. (2001). Biogenesis of Golgi 
stacks in imaginal discs of Drosophila melanogaster. Mol. Biol. Cell 12, 2308–2327. 

Kovacs, W.J., Olivier, L.M., and Krisans, S.K. (2002). Central role of peroxisomes in 
isoprenoid biosynthesis. Prog. Lipid Res. 41, 369–391. 

Kovacs, W.J., Shackelford, J.E., Tape, K.N., Richards, M.J., Faust, P.L., Fliesler, S.J., and 
Krisans, S.K. (2004). Disturbed cholesterol homeostasis in a peroxisome-deficient PEX2 
knockout mouse model. Mol. Cell. Biol. 24, 1–13. 

Kovacs, W.J., Tape, K.N., Shackelford, J.E., Wikander, T.M., Richards, M.J., Fliesler, S.J., 
Krisans, S.K., and Faust, P.L. (2009). Peroxisome deficiency causes a complex phenotype 
because of hepatic SREBP/Insig dysregulation associated with endoplasmic reticulum 
stress. J. Biol. Chem. 284, 7232–7245. 

Kragt, A., Voorn-Brouwer, T., van den Berg, M., and Distel, B. (2005). Endoplasmic 
reticulum-directed Pex3p routes to peroxisomes and restores peroxisome formation in a 
Saccharomyces cerevisiae pex3Delta strain. J. Biol. Chem. 280, 34350–34357. 

Krysko, O., Stevens, M., Langenberg, T., Fransen, M., Espeel, M., and Baes, M. (2010). 
Peroxisomes in zebrafish: distribution pattern and knockdown studies. Histochem. Cell 
Biol. 134, 39–51. 

Kuravi, K., Nagotu, S., Krikken, A.M., Sjollema, K., Deckers, M., Erdmann, R., Veenhuis, 
M., and van der Klei, I.J. (2006). Dynamin-related proteins Vps1p and Dnm1p control 
peroxisome abundance in Saccharomyces cerevisiae. J. Cell Sci. 119, 3994–4001. 

Kurochkin, I.V., Mizuno, Y., Konagaya, A., Sakaki, Y., Schönbach, C., and Okazaki, Y. 
(2007). Novel peroxisomal protease Tysnd1 processes PTS1- and PTS2-containing 
enzymes involved in beta-oxidation of fatty acids. EMBO J. 26, 835–845. 

Kusminski, C.M., Shetty, S., Orci, L., Unger, R.H., and Scherer, P.E. (2009). Diabetes and 
apoptosis: lipotoxicity. Apoptosis Int. J. Program. Cell Death 14, 1484–1495. 

127 
 



 

Laemmli, U.K. (1970). Cleavage of structural proteins during the assembly of the head of 
bacteriophage T4. Nature 227, 680–685. 

Lam, S.K., Yoda, N., and Schekman, R. (2011). A vesicle carrier that mediates peroxisome 
protein traffic from the endoplasmic reticulum. Proc. Natl. Acad. Sci. U. S. A. 108, E51–
52. 

Lee, S., and Cooley, L. (2007). Jagunal is required for reorganizing the endoplasmic 
reticulum during Drosophila oogenesis. J. Cell Biol. 176, 941–952. 

Lee, Y., Paik, D., Bang, S., Kang, J., Chun, B., Lee, S., Bae, E., Chung, J., and Kim, J. 
(2008). Loss of spastic paraplegia gene atlastin induces age-dependent death of 
dopaminergic neurons in Drosophila. Neurobiol. Aging 29, 84–94. 

Leenders, F., Tesdorpf, J.G., Markus, M., Engel, T., Seedorf, U., and Adamski, J. (1996). 
Porcine 80-kDa protein reveals intrinsic 17 beta-hydroxysteroid dehydrogenase, fatty acyl-
CoA-hydratase/dehydrogenase, and sterol transfer activities. J. Biol. Chem. 271, 5438–
5442. 

Léon, S., and Subramani, S. (2007). A conserved cysteine residue of Pichia pastoris Pex20p 
is essential for its recycling from the peroxisome to the cytosol. J. Biol. Chem. 282, 7424–
7430. 

Léon, S., Goodman, J.M., and Subramani, S. (2006). Uniqueness of the mechanism of 
protein import into the peroxisome matrix: transport of folded, co-factor-bound and 
oligomeric proteins by shuttling receptors. Biochim. Biophys. Acta 1763, 1552–1564. 

Li, X., Baumgart, E., Morrell, J.C., Jimenez-Sanchez, G., Valle, D., and Gould, S.J. (2002). 
PEX11 beta deficiency is lethal and impairs neuronal migration but does not abrogate 
peroxisome function. Mol. Cell. Biol. 22, 4358–4365. 

Lindholm, D., Wootz, H., and Korhonen, L. (2006). ER stress and neurodegenerative 
diseases. Cell Death Differ. 13, 385–392. 

Lippincott-Schwartz, J., Snapp, E., and Kenworthy, A. (2001). Studying protein dynamics 
in living cells. Nat. Rev. Mol. Cell Biol. 2, 444–456. 

Lloyd, M.D., Darley, D.J., Wierzbicki, A.S., and Threadgill, M.D. (2008). Alpha-
methylacyl-CoA racemase--an “obscure” metabolic enzyme takes centre stage. FEBS J. 
275, 1089–1102. 

Ma, C., Agrawal, G., and Subramani, S. (2011). Peroxisome assembly: matrix and 
membrane protein biogenesis. J. Cell Biol. 193, 7–16. 

Ma, C., Hagstrom, D., Polley, S.G., and Subramani, S. (2013). Redox regulated cargo 
binding and release by the peroxisomal targeting signal receptor, Pex5. J. Biol. Chem. 

128 
 



 

Mackay, W.J., and Bewley, G.C. (1989). The genetics of catalase in Drosophila 
melanogaster: isolation and characterization of acatalasemic mutants. Genetics 122, 643–
652. 

Van Maldergem, L., Moser, A.B., Vincent, M.-F., Roland, D., Reding, R., Otte, J.-B., 
Wanders, R.J., and Sokal, E. (2005). Orthotopic liver transplantation from a living-related 
donor in an infant with a peroxisome biogenesis defect of the infantile Refsum disease type. 
J. Inherit. Metab. Dis. 28, 593–600. 

Marshall, P.A., Krimkevich, Y.I., Lark, R.H., Dyer, J.M., Veenhuis, M., and Goodman, 
J.M. (1995). Pmp27 promotes peroxisomal proliferation. J. Cell Biol. 129, 345–355. 

Mast, F.D., Li, J., Virk, M.K., Hughes, S.C., Simmonds, A.J., and Rachubinski, R.A. 
(2011). A Drosophila model for the Zellweger spectrum of peroxisome biogenesis 
disorders. Dis. Model. Mech. 4, 659–672. 

Matsumura, T., Otera, H., and Fujiki, Y. (2000). Disruption of the interaction of the longer 
isoform of Pex5p, Pex5pL, with Pex7p abolishes peroxisome targeting signal type 2 protein 
import in mammals. Study with a novel Pex5-impaired Chinese hamster ovary cell mutant. 
J. Biol. Chem. 275, 21715–21721. 

Matsuzono, Y., and Fujiki, Y. (2006). In vitro transport of membrane proteins to 
peroxisomes by shuttling receptor Pex19p. J. Biol. Chem. 281, 36–42. 

Maxwell, M., Bjorkman, J., Nguyen, T., Sharp, P., Finnie, J., Paterson, C., Tonks, I., Paton, 
B.C., Kay, G.F., and Crane, D.I. (2003). Pex13 inactivation in the mouse disrupts 
peroxisome biogenesis and leads to a Zellweger syndrome phenotype. Mol. Cell. Biol. 23, 
5947–5957. 

McNew, J.A., and Goodman, J.M. (1994). An oligomeric protein is imported into 
peroxisomes in vivo. J. Cell Biol. 127, 1245–1257. 

McQuilton, P., St Pierre, S.E., Thurmond, J., and FlyBase Consortium (2012). FlyBase 
101--the basics of navigating FlyBase. Nucleic Acids Res. 40, D706–714. 

Meinecke, M., Cizmowski, C., Schliebs, W., Krüger, V., Beck, S., Wagner, R., and 
Erdmann, R. (2010). The peroxisomal importomer constitutes a large and highly dynamic 
pore. Nat. Cell Biol. 12, 273–277. 

Mihalik, S.J., and Rhead, W.J. (1989). L-pipecolic acid oxidation in the rabbit and 
cynomolgus monkey. Evidence for differing organellar locations and cofactor 
requirements in each species. J. Biol. Chem. 264, 2509–2517. 

Min, K.T., and Benzer, S. (1999). Preventing neurodegeneration in the Drosophila mutant 
bubblegum. Science 284, 1985–1988. 

129 
 



 

Miyata, N., and Fujiki, Y. (2005). Shuttling mechanism of peroxisome targeting signal type 
1 receptor Pex5: ATP-independent import and ATP-dependent export. Mol. Cell. Biol. 25, 
10822–10832. 

Morita, M., and Imanaka, T. (2012). Peroxisomal ABC transporters: structure, function 
and role in disease. Biochim. Biophys. Acta 1822, 1387–1396. 

Motley, A.M., and Hettema, E.H. (2007). Yeast peroxisomes multiply by growth and 
division. J. Cell Biol. 178, 399–410. 

Motley, A.M., Hettema, E.H., Ketting, R., Plasterk, R., and Tabak, H.F. (2000). 
Caenorhabditis elegans has a single pathway to target matrix proteins to peroxisomes. 
EMBO Rep. 1, 40–46. 

Mukherji, M., Schofield, C.J., Wierzbicki, A.S., Jansen, G.A., Wanders, R.J.A., and Lloyd, 
M.D. (2003). The chemical biology of branched-chain lipid metabolism. Prog. Lipid Res. 
42, 359–376. 

Müller, C.C., Nguyen, T.H., Ahlemeyer, B., Meshram, M., Santrampurwala, N., Cao, S., 
Sharp, P., Fietz, P.B., Baumgart-Vogt, E., and Crane, D.I. (2010). PEX13 deficiency in 
mouse brain as a model of Zellweger syndrome: abnormal cerebellum formation, reactive 
gliosis and oxidative stress. Dis. Model. Mech. 

Müller, W.H., Bovenberg, R.A., Groothuis, M.H., Kattevilder, F., Smaal, E.B., Van der 
Voort, L.H., and Verkleij, A.J. (1992). Involvement of microbodies in penicillin 
biosynthesis. Biochim. Biophys. Acta 1116, 210–213. 

Müller-Höcker, J., Walther, J.U., Bise, K., Pongratz, D., and Hübner, G. (1984). 
Mitochondrial myopathy with loosely coupled oxidative phosphorylation in a case of 
Zellweger syndrome. A cytochemical-ultrastructural study. Virchows Arch. B Cell Pathol. 
Incl. Mol. Pathol. 45, 125–138. 

Muntau, A.C., Mayerhofer, P.U., Paton, B.C., Kammerer, S., and Roscher, A.A. (2000). 
Defective peroxisome membrane synthesis due to mutations in human PEX3 causes 
Zellweger syndrome, complementation group G. Am. J. Hum. Genet. 67, 967–975. 

Nakayama, M., Sato, H., Okuda, T., Fujisawa, N., Kono, N., Arai, H., Suzuki, E., Umeda, 
M., Ishikawa, H.O., and Matsuno, K. (2011). Drosophila carrying pex3 or pex16 mutations 
are models of zellweger syndrome that reflect its symptoms associated with the absence of 
peroxisomes. PloS One 6, e22984. 

Neuberger, G., Maurer-Stroh, S., Eisenhaber, B., Hartig, A., and Eisenhaber, F. (2003). 
Motif refinement of the peroxisomal targeting signal 1 and evaluation of taxon-specific 
differences. J. Mol. Biol. 328, 567–579. 

Novikoff, P.M., and Novikoff, A.B. (1972). Peroxisomes in absorptive cells of mammalian 
small intestine. J. Cell Biol. 53, 532–560. 

130 
 



 

Okumoto, K., Kametani, Y., and Fujiki, Y. (2011). Two proteases, trypsin domain-
containing 1 (Tysnd1) and peroxisomal lon protease (PsLon), cooperatively regulate fatty 
acid β-oxidation in peroxisomal matrix. J. Biol. Chem. 286, 44367–44379. 

Orr, W.C., and Sohal, R.S. (1994). Extension of life-span by overexpression of superoxide 
dismutase and catalase in Drosophila melanogaster. Science 263, 1128–1130. 

Orr, W.C., Arnold, L.A., and Sohal, R.S. (1992). Relationship between catalase activity, 
life span and some parameters associated with antioxidant defenses in Drosophila 
melanogaster. Mech. Ageing Dev. 63, 287–296. 

Orso, G., Pendin, D., Liu, S., Tosetto, J., Moss, T.J., Faust, J.E., Micaroni, M., Egorova, 
A., Martinuzzi, A., McNew, J.A., et al. (2009). Homotypic fusion of ER membranes 
requires the dynamin-like GTPase atlastin. Nature 460, 978–983. 

Otera, H., Harano, T., Honsho, M., Ghaedi, K., Mukai, S., Tanaka, A., Kawai, A., Shimizu, 
N., and Fujiki, Y. (2000). The mammalian peroxin Pex5pL, the longer isoform of the 
mobile peroxisome targeting signal (PTS) type 1 transporter, translocates the Pex7p.PTS2 
protein complex into peroxisomes via its initial docking site, Pex14p. J. Biol. Chem. 275, 
21703–21714. 

Parkes, T.L., Elia, A.J., Dickinson, D., Hilliker, A.J., Phillips, J.P., and Boulianne, G.L. 
(1998). Extension of Drosophila lifespan by overexpression of human SOD1 in 
motorneurons. Nat. Genet. 19, 171–174. 

Peeters, A., Fraisl, P., van den Berg, S., Ver Loren van Themaat, E., Van Kampen, A., 
Rider, M.H., Takemori, H., van Dijk, K.W., Van Veldhoven, P.P., Carmeliet, P., et al. 
(2011). Carbohydrate metabolism is perturbed in peroxisome-deficient hepatocytes due to 
mitochondrial dysfunction, AMP-activated protein kinase (AMPK) activation, and 
peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α) suppression. J. Biol. 
Chem. 286, 42162–42179. 

Petriv, O.I., and Rachubinski, R.A. (2004). Lack of peroxisomal catalase causes a progeric 
phenotype in Caenorhabditis elegans. J. Biol. Chem. 279, 19996–20001. 

Petriv, O.I., Pilgrim, D.B., Rachubinski, R.A., and Titorenko, V.I. (2002). RNA 
interference of peroxisome-related genes in C. elegans: a new model for human 
peroxisomal disorders. Physiol. Genomics 10, 79–91. 

Phillips, J.P., Campbell, S.D., Michaud, D., Charbonneau, M., and Hilliker, A.J. (1989). 
Null mutation of copper/zinc superoxide dismutase in Drosophila confers hypersensitivity 
to paraquat and reduced longevity. Proc. Natl. Acad. Sci. U. S. A. 86, 2761–2765. 

Platta, H.W., Girzalsky, W., and Erdmann, R. (2004). Ubiquitination of the peroxisomal 
import receptor Pex5p. Biochem. J. 384, 37–45. 

131 
 



 

Platta, H.W., Grunau, S., Rosenkranz, K., Girzalsky, W., and Erdmann, R. (2005). 
Functional role of the AAA peroxins in dislocation of the cycling PTS1 receptor back to 
the cytosol. Nat. Cell Biol. 7, 817–822. 

Platta, H.W., El Magraoui, F., Schlee, D., Grunau, S., Girzalsky, W., and Erdmann, R. 
(2007). Ubiquitination of the peroxisomal import receptor Pex5p is required for its 
recycling. J. Cell Biol. 177, 197–204. 

Pracharoenwattana, I., and Smith, S.M. (2008). When is a peroxisome not a peroxisome? 
Trends Plant Sci. 13, 522–525. 

Praefcke, G.J.K., and McMahon, H.T. (2004). The dynamin superfamily: universal 
membrane tubulation and fission molecules? Nat. Rev. Mol. Cell Biol. 5, 133–147. 

Purdue, P.E., and Lazarow, P.B. (2001). Peroxisome biogenesis. Annu. Rev. Cell Dev. Biol. 
17, 701–752. 

Rakhshandehroo, M., Knoch, B., Müller, M., and Kersten, S. (2010). Peroxisome 
proliferator-activated receptor alpha target genes. PPAR Res. 2010. 

Raychaudhuri, S., and Prinz, W.A. (2008). Nonvesicular phospholipid transfer between 
peroxisomes and the endoplasmic reticulum. Proc. Natl. Acad. Sci. U. S. A. 105, 15785–
15790. 

Reuber, B.E., Germain-Lee, E., Collins, C.S., Morrell, J.C., Ameritunga, R., Moser, H.W., 
Valle, D., and Gould, S.J. (1997). Mutations in PEX1 are the most common cause of 
peroxisome biogenesis disorders. Nat. Genet. 17, 445–448. 

Rietveld, A., Neutz, S., Simons, K., and Eaton, S. (1999). Association of sterol- and 
glycosylphosphatidylinositol-linked proteins with Drosophila raft lipid microdomains. J. 
Biol. Chem. 274, 12049–12054. 

Rigaud, J.-L., and Lévy, D. (2003). Reconstitution of membrane proteins into liposomes. 
Methods Enzymol. 372, 65–86. 

Rismanchi, N., Soderblom, C., Stadler, J., Zhu, P.-P., and Blackstone, C. (2008). Atlastin 
GTPases are required for Golgi apparatus and ER morphogenesis. Hum. Mol. Genet. 17, 
1591–1604. 

Rucktäschel, R., Halbach, A., Girzalsky, W., Rottensteiner, H., and Erdmann, R. (2010). 
De novo synthesis of peroxisomes upon mitochondrial targeting of Pex3p. Eur. J. Cell Biol. 
89, 947–954. 

Sacksteder, K.A., and Gould, S.J. (2000). The genetics of peroxisome biogenesis. Annu. 
Rev. Genet. 34, 623–652. 

Sanderson, C.M., Connell, J.W., Edwards, T.L., Bright, N.A., Duley, S., Thompson, A., 
Luzio, J.P., and Reid, E. (2006). Spastin and atlastin, two proteins mutated in autosomal-

132 
 



 

dominant hereditary spastic paraplegia, are binding partners. Hum. Mol. Genet. 15, 307–
318. 

Sardiello, M., Licciulli, F., Catalano, D., Attimonelli, M., and Caggese, C. (2003). 
MitoDrome: a database of Drosophila melanogaster nuclear genes encoding proteins 
targeted to the mitochondrion. Nucleic Acids Res. 31, 322–324. 

Sarnat, H.B., Machin, G., Darwish, H.Z., and Rubin, S.Z. (1983). Mitochondrial myopathy 
of cerebro-hepato-renal (Zellweger) syndrome. Can. J. Neurol. Sci. J. Can. Sci. Neurol. 10, 
170–177. 

Schaub, J.R., Lu, X., Doneske, B., Shin, Y.-K., and McNew, J.A. (2006). Hemifusion arrest 
by complexin is relieved by Ca2+-synaptotagmin I. Nat Struct Mol Biol 13, 748–750. 

Schlüter, A., Real-Chicharro, A., Gabaldón, T., Sánchez-Jiménez, F., and Pujol, A. (2010). 
PeroxisomeDB 2.0: an integrative view of the global peroxisomal metabolome. Nucleic 
Acids Res. 38, D800–805. 

Schrader, M., and Fahimi, H.D. (2006). Peroxisomes and oxidative stress. Biochim. 
Biophys. Acta 1763, 1755–1766. 

Scott, B.L., Van Komen, J.S., Liu, S., Weber, T., Melia, T.J., and McNew, J.A. (2003). 
Liposome fusion assay to monitor intracellular membrane fusion machines. Methods 
Enzym. 372, 274–300. 

Seedorf, U., Ellinghaus, P., and Roch Nofer, J. (2000). Sterol carrier protein-2. Biochim. 
Biophys. Acta 1486, 45–54. 

Setchell, K.D., Bragetti, P., Zimmer-Nechemias, L., Daugherty, C., Pelli, M.A., Vaccaro, 
R., Gentili, G., Distrutti, E., Dozzini, G., and Morelli, A. (1992). Oral bile acid treatment 
and the patient with Zellweger syndrome. Hepatol. Baltim. Md 15, 198–207. 

Shibata, H., Kashiwayama, Y., Imanaka, T., and Kato, H. (2004). Domain architecture and 
activity of human Pex19p, a chaperone-like protein for intracellular trafficking of 
peroxisomal membrane proteins. J. Biol. Chem. 279, 38486–38494. 

Shimozawa, N., Suzuki, Y., Zhang, Z., Imamura, A., Ghaedi, K., Fujiki, Y., and Kondo, N. 
(2000). Identification of PEX3 as the gene mutated in a Zellweger syndrome patient 
lacking peroxisomal remnant structures. Hum. Mol. Genet. 9, 1995–1999. 

Sichting, M., Schell-Steven, A., Prokisch, H., Erdmann, R., and Rottensteiner, H. (2003). 
Pex7p and Pex20p of Neurospora crassa function together in PTS2-dependent protein 
import into peroxisomes. Mol. Biol. Cell 14, 810–821. 

Smith, J.J., Brown, T.W., Eitzen, G.A., and Rachubinski, R.A. (2000). Regulation of 
peroxisome size and number by fatty acid beta -oxidation in the yeast yarrowia lipolytica. 
J. Biol. Chem. 275, 20168–20178. 

133 
 



 

Snapp, E.L., Iida, T., Frescas, D., Lippincott-Schwartz, J., and Lilly, M.A. (2004). The 
fusome mediates intercellular endoplasmic reticulum connectivity in Drosophila ovarian 
cysts. Mol. Biol. Cell 15, 4512–4521. 

South, S.T., Sacksteder, K.A., Li, X., Liu, Y., and Gould, S.J. (2000). Inhibitors of COPI 
and COPII do not block PEX3-mediated peroxisome synthesis. J. Cell Biol. 149, 1345–
1360. 

Southall, T.D., Terhzaz, S., Cabrero, P., Chintapalli, V.R., Evans, J.M., Dow, J.A., and 
Davies, S.A. (2006). Novel subcellular locations and functions for secretory pathway 
Ca2+/Mn2+-ATPases. Physiol. Genomics 26, 35–45. 

St Jules, R., Beard, M., and Holtzman, E. (1989). Cytochemical localization of a D-amino 
acid oxidizing enzyme in peroxisomes of Drosophila melanogaster. Tissue Cell 21, 661–
671. 

St Jules, R., Setlik, W., Kennard, J., and Holtzman, E. (1990). Peroxisomes in the head of 
Drosophila melanogaster. Exp. Eye Res. 51, 607–617. 

Stanley, H., Botas, J., and Malhotra, V. (1997). The mechanism of Golgi segregation 
during mitosis is cell type-specific. Proc. Natl. Acad. Sci. U. S. A. 94, 14467–14470. 

Stein, K., Schell-Steven, A., Erdmann, R., and Rottensteiner, H. (2002). Interactions of 
Pex7p and Pex18p/Pex21p with the peroxisomal docking machinery: implications for the 
first steps in PTS2 protein import. Mol. Cell. Biol. 22, 6056–6069. 

Steinberg, S.J., Dodt, G., Raymond, G.V., Braverman, N.E., Moser, A.B., and Moser, H.W. 
(2006). Peroxisome biogenesis disorders. Biochim. Biophys. Acta 1763, 1733–1748. 

Stewart, M.Q., Esposito, R.D., Gowani, J., and Goodman, J.M. (2001). Alcohol oxidase 
and dihydroxyacetone synthase, the abundant peroxisomal proteins of methylotrophic 
yeasts, assemble in different cellular compartments. J. Cell Sci. 114, 2863–2868. 

Stolowich, N.J., Petrescu, A.D., Huang, H., Martin, G.G., Scott, A.I., and Schroeder, F. 
(2002). Sterol carrier protein-2: structure reveals function. Cell. Mol. Life Sci. CMLS 59, 
193–212. 

Swinkels, B.W., Gould, S.J., Bodnar, A.G., Rachubinski, R.A., and Subramani, S. (1991). 
A novel, cleavable peroxisomal targeting signal at the amino-terminus of the rat 3-
ketoacyl-CoA thiolase. EMBO J. 10, 3255–3262. 

Tabak, H.F., Braakman, I., and van der Zand, A. (2013). Peroxisome formation and 
maintenance are dependent on the endoplasmic reticulum. Annu. Rev. Biochem. 82, 723–
744. 

Tam, Y.Y.C., Fagarasanu, A., Fagarasanu, M., and Rachubinski, R.A. (2005). Pex3p 
initiates the formation of a preperoxisomal compartment from a subdomain of the 
endoplasmic reticulum in Saccharomyces cerevisiae. J. Biol. Chem. 280, 34933–34939. 

134 
 



 

Titorenko, V.I., and Rachubinski, R.A. (1998). Mutants of the yeast Yarrowia lipolytica 
defective in protein exit from the endoplasmic reticulum are also defective in peroxisome 
biogenesis. Mol. Cell. Biol. 18, 2789–2803. 

Titorenko, V.I., and Rachubinski, R.A. (2000). Peroxisomal membrane fusion requires two 
AAA family ATPases, Pex1p and Pex6p. J. Cell Biol. 150, 881–886. 

Titorenko, V.I., Chan, H., and Rachubinski, R.A. (2000). Fusion of small peroxisomal 
vesicles in vitro reconstructs an early step in the in vivo multistep peroxisome assembly 
pathway of Yarrowia lipolytica. J. Cell Biol. 148, 29–44. 

Tweedie, S., Ashburner, M., Falls, K., Leyland, P., McQuilton, P., Marygold, S., Millburn, 
G., Osumi-Sutherland, D., Schroeder, A., Seal, R., et al. (2009). FlyBase: enhancing 
Drosophila Gene Ontology annotations. Nucleic Acids Res. 37, D555–559. 

Vacaru, A.M., Tafesse, F.G., Ternes, P., Kondylis, V., Hermansson, M., Brouwers, 
J.F.H.M., Somerharju, P., Rabouille, C., and Holthuis, J.C.M. (2009). Sphingomyelin 
synthase-related protein SMSr controls ceramide homeostasis in the ER. J. Cell Biol. 185, 
1013–1027. 

Vacaru, A.M., van den Dikkenberg, J., Ternes, P., and Holthuis, J.C.M. (2013). Ceramide 
phosphoethanolamine biosynthesis in Drosophila is mediated by a unique ethanolamine 
phosphotransferase in the Golgi lumen. J. Biol. Chem. 288, 11520–11530. 

Vedrenne, C., and Hauri, H.-P. (2006). Morphogenesis of the endoplasmic reticulum: 
beyond active membrane expansion. Traffic Cph. Den. 7, 639–646. 

Van Veldhoven, P.P. (2010). Biochemistry and genetics of inherited disorders of 
peroxisomal fatty acid metabolism. J. Lipid Res. 51, 2863–2895. 

Venken, K.J.T., He, Y., Hoskins, R.A., and Bellen, H.J. (2006). P[acman]: a BAC 
transgenic platform for targeted insertion of large DNA fragments in D. melanogaster. 
Science 314, 1747–1751. 

Venken, K.J.T., Carlson, J.W., Schulze, K.L., Pan, H., He, Y., Spokony, R., Wan, K.H., 
Koriabine, M., de Jong, P.J., White, K.P., et al. (2009). Versatile P[acman] BAC libraries 
for transgenesis studies in Drosophila melanogaster. Nat. Methods 6, 431–434. 

Voeltz, G.K., Prinz, W.A., Shibata, Y., Rist, J.M., and Rapoport, T.A. (2006). A class of 
membrane proteins shaping the tubular endoplasmic reticulum. Cell 124, 573–586. 

Vujcic, S., Liang, P., Diegelman, P., Kramer, D.L., and Porter, C.W. (2003). Genomic 
identification and biochemical characterization of the mammalian polyamine oxidase 
involved in polyamine back-conversion. Biochem. J. 370, 19–28. 

Walton, P.A., Hill, P.E., and Subramani, S. (1995). Import of stably folded proteins into 
peroxisomes. Mol. Biol. Cell 6, 675–683. 

135 
 



 

Wanders, R.J., and Waterham, H.R. (2006). Biochemistry of mammalian peroxisomes 
revisited. Annu. Rev. Biochem. 75, 295–332. 

Wanders, R.J., Romeyn, G.J., Schutgens, R.B., and Tager, J.M. (1989). L-pipecolate 
oxidase: a distinct peroxisomal enzyme in man. Biochem. Biophys. Res. Commun. 164, 
550–555. 

Wanders, R.J.A., Ferdinandusse, S., Brites, P., and Kemp, S. (2010). Peroxisomes, lipid 
metabolism and lipotoxicity. Biochim. Biophys. Acta 1801, 272–280. 

Wang, B., Van Veldhoven, P.P., Brees, C., Rubio, N., Nordgren, M., Apanasets, O., Kunze, 
M., Baes, M., Agostinis, P., and Fransen, M. (2013a). Mitochondria are targets for 
peroxisome-derived oxidative stress in cultured mammalian cells. Free Radic. Biol. Med. 

Wang, S., Horn, P.J., Liou, L.-C., Muggeridge, M.I., Zhang, Z., Chapman, K.D., and Witt, 
S.N. (2013b). A peroxisome biogenesis deficiency prevents the binding of alpha-synuclein 
to lipid droplets in lipid-loaded yeast. Biochem. Biophys. Res. Commun. 438, 452–456. 

Ward, T.H., Polishchuk, R.S., Caplan, S., Hirschberg, K., and Lippincott-Schwartz, J. 
(2001). Maintenance of Golgi structure and function depends on the integrity of ER export. 
J. Cell Biol. 155, 557–570. 

Wasbrough, E.R., Dorus, S., Hester, S., Howard-Murkin, J., Lilley, K., Wilkin, E., 
Polpitiya, A., Petritis, K., and Karr, T.L. (2010). The Drosophila melanogaster sperm 
proteome-II (DmSP-II). J. Proteomics 73, 2171–2185. 

Watkins, P.A., and Ellis, J.M. (2012). Peroxisomal acyl-CoA synthetases. Biochim. 
Biophys. Acta 1822, 1411–1420. 

Watkins, P.A., Maiguel, D., Jia, Z., and Pevsner, J. (2007). Evidence for 26 distinct acyl-
coenzyme A synthetase genes in the human genome. J. Lipid Res. 48, 2736–2750. 

Weber, T., Zemelman, B.V., McNew, J.A., Westermann, B., Gmachl, M., Parlati, F., 
Söllner, T.H., and Rothman, J.E. (1998). SNAREpins: minimal machinery for membrane 
fusion. Cell 92, 759–772. 

Wei, H., Kemp, S., McGuinness, M.C., Moser, A.B., and Smith, K.D. (2000). 
Pharmacological induction of peroxisomes in peroxisome biogenesis disorders. Ann. 
Neurol. 47, 286–296. 

Williams, C., Bener Aksam, E., Gunkel, K., Veenhuis, M., and van der Klei, I.J. (2012). 
The relevance of the non-canonical PTS1 of peroxisomal catalase. Biochim. Biophys. Acta 
1823, 1133–1141. 

Woodward, A.W., and Bartel, B. (2005). The Arabidopsis peroxisomal targeting signal 
type 2 receptor PEX7 is necessary for peroxisome function and dependent on PEX5. Mol. 
Biol. Cell 16, 573–583. 

136 
 



 

Yokota, S., Togo, S.H., Maebuchi, M., Bun-Ya, M., Haraguchi, C.M., and Kamiryo, T. 
(2002). Peroxisomes of the nematode Caenorhabditis elegans: distribution and 
morphological characteristics. Histochem. Cell Biol. 118, 329–336. 

Van der Zand, A., Braakman, I., and Tabak, H.F. (2010). Peroxisomal membrane proteins 
insert into the endoplasmic reticulum. Mol. Biol. Cell 21, 2057–2065. 

Van der Zand, A., Gent, J., Braakman, I., and Tabak, H.F. (2012). Biochemically distinct 
vesicles from the endoplasmic reticulum fuse to form peroxisomes. Cell 149, 397–409. 

Zhang, R., Chen, L., Jiralerspong, S., Snowden, A., Steinberg, S., and Braverman, N. 
(2010). Recovery of PEX1-Gly843Asp peroxisome dysfunction by small-molecule 
compounds. Proc. Natl. Acad. Sci. U. S. A. 107, 5569–5574. 

Zhao, X., Alvarado, D., Rainier, S., Lemons, R., Hedera, P., Weber, C.H., Tukel, T., Apak, 
M., Heiman-Patterson, T., Ming, L., et al. (2001). Mutations in a newly identified GTPase 
gene cause autosomal dominant hereditary spastic paraplegia. Nat. Genet. 29, 326–331. 

Zhu, P.-P., Patterson, A., Lavoie, B., Stadler, J., Shoeb, M., Patel, R., and Blackstone, C. 
(2003). Cellular localization, oligomerization, and membrane association of the hereditary 
spastic paraplegia 3A (SPG3A) protein atlastin. J. Biol. Chem. 278, 49063–49071. 

Zinke, I., Schutz, C.S., Katzenberger, J.D., Bauer, M., and Pankratz, M.J. (2002). Nutrient 
control of gene expression in Drosophila: microarray analysis of starvation and sugar-
dependent response. EMBO J. 21, 6162–6173. 

Zolman, B.K., Martinez, N., Millius, A., Adham, A.R., and Bartel, B. (2008). Identification 
and characterization of Arabidopsis indole-3-butyric acid response mutants defective in 
novel peroxisomal enzymes. Genetics 180, 237–251. 

 

137 
 


	Signed Title Page
	Joseph Faust - Thesis with Revisions
	Chapter 1:  Background and significance
	1.1. Peroxisomes
	1.2. Peroxisome membrane biogenesis
	1.2.1. De novo biogenesis
	1.2.2. Growth and division
	1.2.3. Peroxisome proliferators

	1.3. Peroxisomal membrane protein import
	1.4. Matrix protein import
	1.4.1. Peroxisome targeting signal type 1
	1.4.2. Peroxisome target signal type 2
	1.4.3. Receptor-cargo docking and translocation
	1.4.4. Receptor recycling
	1.4.5. Dual localization of peroxisomal proteins

	1.5. Peroxisomal biochemistry
	1.5.1. β-oxidation
	1.5.2. α-oxidation
	1.5.3. Ether lipid synthesis
	1.5.4. Reactive oxygen species
	1.5.5. Other pathways

	1.6. Peroxisomes and human health
	1.6.1. PBD genetics and etiology
	1.6.2. PBD biomarkers
	1.6.3. Treatment for PBDs

	1.7. Peroxisomes in mice
	1.8. Peroxisomes in other animals

	Chapter 2:  An inventory of peroxisomal proteins and pathways in Drosophila melanogaster
	2.1. Results and discussion
	2.1.1. β-oxidation
	2.1.2. α-oxidation
	2.1.3. Ether lipid synthesis
	2.1.4. Peroxisome biogenesis
	2.1.5. Reactive Oxygen Metabolism
	2.1.6. Other peroxisomal functions

	2.2. Materials and methods
	2.2.1. Bioinformatics
	2.2.2. Cloning
	2.2.3. In vivo imaging of predicted peroxisomal proteins


	Chapter 3:  Peroxisomes are required for lipid metabolism and muscle function in Drosophila melanogaster
	3.1. Results
	3.1.1. Peroxisome distribution in Drosophila
	3.1.2. Characterization of pex3 mutants
	3.1.3. pex32 mutants lack peroxisomes
	3.1.4. pex32 mutants have altered lipid metabolism
	3.1.5. Tissue-specific effects of Pex3 loss

	3.2. Discussion
	3.2.1. Lipid metabolism
	3.2.2. Peroxisomes in muscles
	3.2.3. Conclusions

	3.3. Materials and methods
	3.3.1. Drosophila stocks
	3.3.2. Plasmid construction:
	3.3.3. Drosophila stock construction
	3.3.4. Antibody production and immunoblots
	3.3.5. Imaging
	3.3.6. Lipidomics
	3.3.7. Larval starvation
	3.3.8. Climb test


	Chapter 4:  Conclusions and future prospects


