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Abstract

Peroxisomes are ubiquitous organelles housing a variety of essential biochemical pathways.
Peroxisome dysfunction causes a spectrum of human diseases known as peroxisome biogenesis
disorders (PBD). While much is known regarding the mechanism of peroxisome biogenesis, it is
still unclear how peroxisome dysfunction leads to the disease state. Several recent studies have
shown that mutations in Drosophila peroxin genes cause phenotypes similar to those seen in
humans with PBDs suggesting that Drosophila might be a useful system to model PBDs. We have
analyzed the proteome of Drosophila to identify the proteins involved in peroxisomal biogenesis
and homeostasis as well as metabolic enzymes that function within the organelle. The subcellular
localization of five of these predicted peroxisomal proteins was confirmed. Similar to C. elegans,
Drosophila appears to only utilize the peroxisome targeting signal (PTS) type 1 system for matrix
protein import. This work will further our understanding of peroxisomes in Drosophila and add to
the usefulness of this emerging model system.
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Peroxisomes are single membrane-bound organelles found in virtually all eukaryotic cells.
Many essential reactions occur within the organelle including p-oxidation of fatty acids, a-
oxidation of branched chain fatty acids, and ether lipid biosynthesis (1). Reactive oxygen
species (ROS), such as H,0,, are generated within peroxisomes by acyl CoA-oxidases
during B-oxidation and by other resident oxidases. Antioxidant enzymes, such as catalase,
are present in the organelle to detoxify this stress.

Peroxisomes represent a semi-autonomous branch of the secretory pathway. Peroxisomes
can form de novo by budding from the ER (2) and mature peroxisomes can grow and divide
(3). Peroxisomal proteins are synthesized in the cytoplasm and trafficked to the organelle
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Supporting Information

Figure S1. Peroxisomal B-oxidation accessory pathways. peroxisomal B-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%, L BP/DBP: 27—
53%, DECR2/PECR: 13-27%.

Figure S2. Drosophila and many invertebrates use a PTS1 motif for targeting AGPS to per oxisomes. 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.

Figure S3. Comparision of PeroxiP with theresultsfrom BLAST searches. Many predicted peroxisomal proteins identified by
PeroxiP were also found using BLAST. However, each technique produced unique results.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Faust et al.

Page 2

through three main routes. Most proteins are targeted to peroxisomes via a peroxisomal
targeting signal type 1 (PTS1) at their carboxy-termini that matches SKL or a conserved
variant (4). PTS1-containing proteins are bound by Pex5 in the cytoplasm, shuttled to the
peroxisomal membrane, and translocated into the peroxisomal matrix by a poorly defined
mechanism (5). Large proteins, even oligomers, can cross the peroxisomal membrane in a
folded state via an unknown mechanism (6). Several models for import for matrix proteins
have been proposed including modified endocytosis, static pore, and dynamic pore models
(6). The Pex5 receptor itself has also been proposed to function as a dynamic pore and allow
cargo to cross the membrane in addition to its role in targeting (7). Recent
electrophysiological data suggests that a Pex5 complex that contains Pex14 can form
membranous pores (8). Other peroxisomal proteins use a longer, less specific PTS type 2
signal at their amino-terminus that is recognized by the Pex7 receptor in the cytoplasm and
shuttled to the peroxisome (9). Peroxisomal membrane proteins (PMPs) are targeted via a
membrane protein targeting signal (mPTS) and interaction with the soluble Pex19 receptor
(10). Most PMPs are thought to insert posttranslationally when Pex19 carries the PMP to
Pex3 at the peroxisomal membrane (11). However, recent evidence suggests that all PMPs
in yeast transit the endoplasmic reticulum en route to the peroxisome (12). Despite intense
study, some basic features of peroxisome biology remain to be discovered.

A spectrum of human diseases, named peroxisome biogenesis disorders (PBDs), result from
defects in organelle biogenesis or import of protein cargo (13). The most severe PBD,
Zellweger syndrome, is characterized by neuronal dysfunction, craniofacial malformation,
muscle weakness (hypotonia), renal cysts ultimately resulting in death in early childhood.
There is currently no cure for PBDs and the treatments only reduce the severity of the
symptoms. It is unclear how the loss of peroxisomes leads to the disease state, but low levels
of ether lipids and high levels of very long chain fatty acids (VLCFASs) have been implicated
as causative agents (13).

Mouse models for PBDs have been developed by targeted disruption of peroxin genes (14).
These animals show many similarities to the clinical phenotypes including early death,
VLCFA accumulation, neuronal migration defects, and locomotor problems. Despite these
advances, effective therapies for PBD patients remain elusive.

Flies are emerging as valuable animal models for PBDs. Drosophila have been used to
model many other human diseases including neurodegenerative diseases, mitochondrial
diseases, and metabolic syndrome (15-17). Many pathways are conserved between humans
and flies, with around 75% of human genes having fly homologs (18). Flies carrying
mutations in peroxin genes have recently been shown to manifest some of the PBD clinical
phenotypes including early death, VLCFA accumulation, neuronal defects, and locomotor
problems (19-21). These studies have provided a platform for further investigations into the
molecular consequences of peroxisome loss or dysfunction.

In this study, we 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.

Traffic. Author manuscript; available in PMC 2013 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Faust et al.

Page 3

Results and Discussion

B-oxidation

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, we 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 (1, 22) were also added to the list, bringing the
total to 112 sequences (Supplemental Table 1). Each human protein was used to query the
Drosophila proteome at FlyBase (23) using the BLAST algorithm (24). 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 (25). Twenty proteins identified by
BLAST searches were not found in the PeroxiP data set, and conversely, twenty six proteins
in the PeroxiP dataset were not found by BLAST searching the Drosophila proteome
(Supplemental Figure 3). The proteins unique to the PeroxiP set were further examined by
the PProwler and PTS1 Prowler (26) algorithms to validate their PTS1 predictions
(Supplemental Table 2). We chose to examine three major peroxisomal metabolic pathways
in detail.

The most ubiquitous function of all peroxisomes is the breakdown of fatty acids by -
oxidation. Drosophila possesses the enzymes required for peroxisomal and mitochondrial -
oxidation. It is likely that VLCFASs are preferentially broken down in fly peroxisomes. Flies
with mutations in the peroxins pex10or pex16 have elevated VLCFA levels, but normal
levels of shorter chain fatty acids (19, 21).

Acyl-CoA synthetase

Figure 1 illustrates the pathway of peroxisomal -oxidation and delineates the enzymatic
activity and the corresponding fly CG numbers identified as potential homologs.
Supplemental Table 1 lists each human protein involved in B-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)(27) have been identified in humans and have been subdivided into six
families, largely based on chain length specificity. This report also identified 26 Drosophila
genes (32 proteins including alternative splice variants) potentially encoding acyl-CoA
synthetases (27). 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 peroxisomal p-oxidation is a matter of debate.
Regardless, Drosophila peroxisomes likely contain at least two matrix localized ACSs.

One of the ACS subfamilies, specifically the very long chain ACS family, is composed of
multispan membrane proteins of the solute carrier family 27 (SLC27) that are also thought
to serve as lipid transporters (28). 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
(29).

Traffic. Author manuscript; available in PMC 2013 October 01.
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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 flavin prosthetic group (FAD) and molecular oxygen. This
reaction generates hydrogen peroxide, 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, Supplemental Table
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 (30).

In addition to identifying potential peroxisomal pathways in Drosophila, we 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 (mCherry-
SKL) and a fluorescent protein fused to a peroxisomal membrane protein (PMP34-Cerulean)
in Drosophila S2 cells. Figure 2 shows that both proteins colocalize in a punctate pattern, but
PMP34-Cerulean is found at the edges of the puncta due its membrane localization.

We first determined the localization of one of the putative peroxisomal acyl-CoA oxidases
(CG17544). S2 cells were cotransfected with an mCherry-CG17544 plasmid and the
peroxisomal membrane marker PMP34-Cerulean. Figure 3 illustrates that both PMP34-
Cerulean and mCherry-CG17544 colocalize to peroxisomal puncta.

Bifunctional Protein

The next two reactions, enoyl-CoA hydration and p-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 (.-Bifunctional Protein) and DBP (o-
Bifunctional Protein). These enzymes prefer the .- or o-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 MitoProtll v1.01 http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html, and
85% probability by TargetP v1.1, http://www.cbs.dtu.dk/services/TargetP-1.1/) (31, 32).
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 4).

Thiolase/SCPx

The next step in B-oxidation is cleavage of the p-ketoacyl-CoA by the enzyme thiolase. This
activity is provided by two classes of enzymes in humans, one a traditional B-ketoacyl-CoA
thiolase encoded by the ACAAL gene, and the other a multi-functional protein, Sterol
Carrier Protein X (SCPx). SCPx has two domains, a C-terminal non-specific lipid transport

Traffic. Author manuscript; available in PMC 2013 October 01.
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protein as well as an N-terminal thiolase domain (33, 34). 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 an ~46 kDa thiolase domain
and an ~13 kDa SCP2 domain. Additionally, the SCPx gene transcribes an ~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 (33, 34).

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 (35). 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,
Supplemental Table 1). An SCP2 domain can also be found at the C-terminus of human
DBP (34, 36), which is lacking in the fly homolog of DBP (CG3515).

Human peroxisomal thiolase, encoded by the ACAAL 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 targeting signals (mTP,
>90%) and are predicted to be in the mitochondria, likely involved in mitochondrial -
oxidation. CG4581 is named Thiolase in Flybase in a systematic effort to identify
mitochondrial proteins, but no additional characterization has been reported (37).
Interestingly, CG10932 terminates in — EKL, perhaps a variant PTS1 sequence, that may
yield a dual localization. This possibility remains to be experimentally validated.

Carnitine O-acetyl(octanoyl)transferase

Catalase

While fatty acid uptake into the peroxisome does not utilize a carnitine shuttle like
mitochondria (1), 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, we chose to use the
final ten amino acids of CG1041 (-KNPPETKSKL) as our prototypical peroxisomal matrix
marker (GFP-SKL in Figure 2).

The peroxisome is defined by the presence of hydrogen peroxide, 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 H>O, and display a decreased metabolic rate. (38, 39).
Overexpression of catand copper zinc superoxide dismutase (soad) extends lifespan in
Drosophila (40). Catalase has also been localized to Drosophila peroxisomes by
transmission electron microscopy and immunofluorescence (41, 42). CG9314 is predicted to
be a testes specific catalase isoform (43, 44).

Traffic. Author manuscript; available in PMC 2013 October 01.
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B-oxidation accessory enzymes

a-oxidation

Different organisms utilize a variety of accessory enzymes to handle complex fatty acids
including unsaturated and polyunsaturated fatty acids (Supplemental Figure 1). In humans,
some of these genes include ECH1 (enoyl-CoA hydratase 1, also known as A32-A24-
dienoyl-CoA isomerase), PECR (peroxisomal rans-A2-enoyl-CoA reductase), DECR2
(A24-dienoyl-CoA reductase), and PECI (#rans-A32-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.

Another important peroxisomal pathway of lipid metabolism is a-oxidation. In humans, this
pathway is primarily responsible for the catabolism of 3-methyl branched-chain fatty acids
such as phytol (1, 45-47). Figure 5 illustrates the pathway of peroxisomal a-oxidation of
phytol and delineates the enzymatic activity and the corresponding fly CG number identified
as potential homologs. Supplemental Table 1 lists each human protein involved in a-
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 a p by PECR, and the a-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.

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) (46). There is no clear Drosophila homolog of FALDH-V. The (25) stereoisomer is then
further metabolized by B-oxidation, following activation by acyl-CoA synthetase. However,
the (2R) stereoisomer in not recognized by acyl-CoA oxidase and must be converted to (25)
by a-methyl acyl-CoA racemase (AMACR)(46). 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 (46, 48, 49). 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 (46, 50).

Ether lipid synthesis

A third key peroxisomal metabolic pathway is the production of ether-linked lipids (Figure
6). 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 (1, 51). The enzymology of ether lipid
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synthesis is well established for animals. The glycolic intermediate dihydroxyacetone
phosphate is fatty esterified at the snl1 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 CG4625in
Drosophila and has been named Dhap-at in Flybase, but no additional characterization has
been reported (52). 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 (Supplemental
Figure 2). 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 (53). The best Drosophila homolog for both FAR1 and FAR2 is CG5065
(Supplemental Table 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 biosynthetic processes
including wax production (53), it is likely that the Drosophila isoforms may localize to many
organelles.

Biogenesis

We also searched the Drosophila proteome for proteins known to be involved in peroxisome
biogenesis or peroxin (PEX) proteins (54). We identified 15 PEX genes including three
isoforms of PEX11 (Figure 7, Supplemental Table 1). The identity of PEX homologs in
Drosophila was also recently reported in an analysis of ring finger peroxins PEX2 and
PEX10 (19). The Drosophila PEX genes range from 22—-43% identical to their human
counterparts. A recent study (20) demonstrated that knockdown of pex genes in Drosophila
S2 cells inhibits PTS1 import.

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 pex7in S2 cells does not affect the import of PTS1-containing cargo, but its
effect on PTS2 import in unknown (20). In humans and plants, Pex7 interacts with a long
splice form of Pex5 during PTS2 import (55, 56). 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)(57-59) are revealed by 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 (Supplemental Figure 2).
Interestingly, there is a Drosophila homolog of the human peroxisome leader peptide-
processing protease (Tysnd1), which cleaves the PTS2 sequence from cargo after import
(60). However, this enzyme could have other substrates such as g-oxidation enzymes, as has
been demonstrated in mammals (61). The canonical PTS2 sequence from rat thiolase is not
sufficient to localize a fluorescent protein to peroxisomes in S2 cells (Figure 8).

We further examined PTS2 function is S2 cells by confirming the peroxisomal localization
signal of alkylglycerone phosphate synthase (AGPS). Human AGPS utilizes an N-terminal
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PTS2, while Drosophila AGPS appears to target with a PTS1 C-terminal tripeptide. We
analyzed the localization of both Drosophila and Human AGPS in S2 as well as COS7 cells
by fluorescence confocal microscopy (Figures 9 and 10). 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 9 A—C) and COS7 cells (Figure 10 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 9 D—F) and COS7 cells (Figure 10
D-F), indicating that no PTS2 motif is present in this protein. We 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 (Supplemental Figure 2),
fused to the N-terminus of mCherry, was sufficient to localize the fusion protein to
peroxisomes in COS7 cells (Figure 10, G-I), but not in S2 cells (Figure 9 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 (62). It is also possible that Drosophila uses a unique PTS2 motif that
is not identifiable by sequence comparison.

Reactive oxygen metabolism

Peroxisomes represent a source of ROS and a source of antioxidant enzymes (63). Many
oxidases, including those involved in p-oxidation, generate hydrogen peroxide (H,05) and
multiple peroxidases, such as catalase are present in the organelle to metabolize H,O,. Other
sources of ROS include superoxide (O,"") generated by Xanthine oxidase. O, can be
metabolized by Superoxide dismutase. Manganese Sod (MnSod) localizes to the cytoplasm
and mitochondria, while Copper zinc Sod (Cu/ZnSod) has been detected in the cytoplasm
and peroxisomes (64, 65). 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, (66)). Drosophila Cu/ZnSod (CG11793, Sod) terminates in the C-
terminal tripeptide -AKV suggesting that it contains its own PTS1. In fact, the 10 C-terminal
amino acids of Sod are sufficient to dually localize a fluorescent protein to the cytoplasm
and peroxisomes in S2 cells (Figure 11 A-C). If the PTS1 is altered from —AKV to —~AKL
the localization of the fusion protein shifts to almost completely peroxisomal (Figure 11 D—
F). If the last three amino acids are removed (AAKYV), the fusion protein stays in the
cytoplasm (Figure 11 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 11 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. Furthermore, these data indicate that Sod localizes to
peroxisomes via a PTS1 motif. It is unclear if Sod can “piggyback” into peroxisome by
interacting with dCCS, but this combination of “weak” PTS1 sequences may be enhanced
by dimerization prior to translocation.

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 (1, 67, 68). Supplemental Table 1 lists 57 other proteins
implicated in peroxisomal functions. While many have canonical PTS1 sorting signals,
others do not (63, 69). This observation suggests that some peroxisomal pathways may not
be conserved between flies and humans
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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 (JA/C/H/K/N/P/SIT]-[H/K/N/Q/R/S]-[A/F/I/LIM/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 11 J-L) by the
PTS1 variant QKL. To better contextualize the PTS1 signal in flies, we determined the
subcellular localization of another predicted weak PTS1, TKL, in the protein Dopamine N-
acetyltransferase, or Dat (CG3318). An mCherry fusion to Dat localized primarily to the
cytoplasm with little or no colocalization with GFP-SKL (Figure 12).

We 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, we 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.

Materials and Methods

Bioinformatics

Cloning

Sequences were aligned and phylograms were generated by ClustalW2 hosted by the
European bioinformatics Institute (EBI http://www.ebi.ac.uk/Tools/msa/clustalw?2/).

To generate pJM664 (mCherry-SKL in pAc5.1/V5-His), mCherry was amplified by PCR
using the primers Kpnl-Kozak-GFP (GAGGTACCAACATGGTGAGCAAGGGCGAG)
and eYFP-PTS1-Xbal (GCTCTAGATTACAACTTCGAC
TTAGTCTCAGGCGGGTTCTTCTTGTACAGCTCGTCCATG). The mCherry PCR
product was digested with Kpnl and Xbal 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 Notl-GFP (GCGGCCGCAACCATGGTGAGCAAGG) and GFP-Xhol
(CTCGAGTTACTTGTACAGCTCGTCC) and cloned into pCR-Blunt 11-TOPO
(Invitrogen). Drosophila PMP34 (CG32250) was amplified by PCR from the Drosophila
Genomic Resource Center (DGRC) clone RE36975 using the primers Kpnl-EcoRI-
Dm_PMP34 (GGTACCGAATTCACAAAATGGTGGCCCCCTCG) and Dm_PMP34-Notl
(GCGGCCGCGTTGCGCTTAA GCAGC) and cloned into pCR-Blunt 11-TOPO
(Invitrogen). Cerulean was cut from pCR-Blunt II-TOPO with Notl and Xhol and ligated
into pAc5.1/V5-His cut with the same enzymes. PMP34 was cut from pCR-Blunt [I-TOPO
with Kpnl and Notl and ligated into Cerulean-pAc5.1/V5-His cut with the same enzymes.

To generate pJM659 (PTS2-mCherry in pAc5.1/VV5-His), 5” phosphorylated oligos EcoRI-
PTS2-Notl_Top (AATTC
ACAAAATGCACCGCCTGCAGGTGGTGCTGGGCCACCTGGC) and EcoRI-PTS2-
Notl_Bottom (GGCCGCC
AGGTGGCCCAGCACCACCTGCAGGCGGTGCATTTTGTG) were annealed and ligated
into pAc5.1/V5-His cut with EcoRI and Notl to generate pJM648. mCherry was amplified
by PCR using the primers Notl-GFP and GFP-Xhol, cut with Notl and Xhol, and ligated
into pJM648 cut with the same enzymes.
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To generate the mCherry fusions with predicted peroxisomal genes, mCherry was amplified
by PCR using the primers GFP-No Stop-Kpnl (CGGGTACCCTTGTACAGCTCGTCC)
and Hindll1-Kozak-GFP (GCAAGCTTCAAAATGGTGAGCAAGG GCGAGQG), cut with
Hindlll and Kpnl, and ligated into pAc5.1/V5-His cut with the same enzymes. The acy/-
COA oxidase (CG17544) ORF was amplified by PCR from the DGRC clone SD05719 using
the primers Kpnl-CG17544 (GAGGTACCATGGGCAGCGAGGACAC AAG) and
CG17544-Notl (GTGCGGCCGCTCAA AGCTTGGACTGGG). The dopamine N-
acetyltransferase (CG3318) ORF was amplified by PCR from the DGRC clone GH12636
using the primers Kpnl-CG3318 (GAGGTACCATGGAAGTGCAGAAGC TGCCG) and
CG3318-Xhol (CGCTCGAGCTA CAGCTTGGTCTGCGC). The L-bifunctional protein
(CG4389) ORF was amplified by PCR from the DGRC clone GH12558 using the primers
Kpnl-CG4389-PB (GAGGTACCATGTCCACGAATCCCGCACCGG) and CG4389-Xhol
(CGCTCGAGCTACAACTTCGAGGA GCCAG). PCR products were digested with Kpnl
and either Xhol or Notl and ligated into mCherry-pAc5.1/V5-His cut with the same
enzymes.

To generate the mCherry-Sod(PTS1) and mCherry-CCS(PTS1) clones, mCherry was
amplified by PCR using and the forward primer Kpnl-Kozak-GFP
(GAGGTACCAACATGGTGAGCAAGGGCGAG) and each of the reverse primers
GFP_SOD-AKV_Xbal
(CGTCTAGACTAGACCTTGGCAATGCCAATAACGCCGCACCCCTTGTACAGCTCG
TCC), GFP_SOD-AKL_Xbal
(CGTCTAGACTACAGCTTGGCAATGCCAATAACGCCGCACCCCTTGTACAGCTCG
TCC), and GFP_SODAAKYV_Xbal
(CGTCTAGACTAAATGCCAATAACGCCGCACCCCTTGTACAGCTCGTCC). GFP
was amplified by PCR using the primers Kpnl-Kozak-GFP and GFP_CCS-QKL_Xbal
(CGTCTAGACTACAGCTTTTGTGAGCGCTCCTTGCCAGCCAGCTTGTACAGCTCG
TCC). PCR products were digested with Kpnl and Xbal 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 Eagl-mCherry (TAcggccgATGGTGAGCAAGGGC) and mCherry-NS-
Xhol (TACTCGAGCTTGTACAGCTCGTCCATGC) and ligated into pGEM-T Easy
(Promega) using manufacturer’s protocol. mCherry was digested from pGEM-T Easy using
Eagl and Xhol and ligated into pAC5.1/V5-His digested with Notl and Xhol to generate
pJM894. dAGPS was amplified by PCR using the primers Xhol-dAGPS
(TActcgagATGGCAGCCAAGCGG) and dAGPS-S-Xbal
(GCTCTAGACTACAATTTGGCCTTTGGTGGTG) and ligated into pGEM-T Easy.
dAGPS was digested from pGEM-T Easy with Xhol and Xbal and ligated into pJM894.

To generate pJM901 (dAGPS-mCherry in pAC5.1/V5-His), mCherry was amplified by PCR
using the primers Xhol-mCherry (TActcgagATGGTGAGCAAGGGC) and mCherry-S-
Xbal (TTTCTAGATTACTTGTACAGCTCGTCCATGC), digested with Xhol and Xbal
and ligated into pAC5.1/V5-His cut with the same enzymes to generate pJM899. dAGPS
was amplified by PCR using the primers Eagl-dAGPS
(TAcggccgATGGCAGCCAAGCGG) and dAGPS-NS-Xhol
(GCCTCGAGCAATTTGGCCTTTGGTGGTG) and ligated into pPGEM-T Easy. dAGPS
was digested from pGEM-T Easy with Eagl and Xhol and ligated into pJM899 digested
with Notl and Xhol.

To generate pJM961 (hAGPS(PTS2) in pAC5.1/V5-His), the PTS2 sequence of hAGPS
(cggccgATGGCGGAGGCGGCGGCTGCAGCGGGTGGGACTGGCTTGGGCGCGGGL
GCGAGCTACGGGTCTGCAGCGGACCGGGACCGGGACCCGGACCCGGACCGLGL
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CGGGCGGAGGCTGCGGGTTCTCTCTGGCCATCTGCTGGGCCGGCCCCGGGAGGC
TCTGAGTACCAATGAGTGCAAAGCGCGGAGAGCCGCGTCGGCGGCCACGGCAG
CGCCCACGctcgag) was synthesized by IDT and supplied in pIDTSMART-AMP
(pIM959). The hAGPS(PTS2) was digested from pJM959 with Eagl and Xhol and ligated
into pJM899 cut with Notl and Xhol.

To generate pJM933 (mCherry-dAGPS in pcDNA3), pJM896 was digested with Eagl and
Xbal and ligated into pcDNA3 cut with Notl and Xbal. To generate pJM926 (dAGPS-
mCherry in pcDNA3), pJM901 was digested with Eagl and Xbal and ligated into pcDNA3
cut with Notl and Xbal. To generate pJM940 (PTS2-mCherry in pcDNA3.1), pJM659 was
digested with Kpnl and Xhol and ligated into pJM850 (Venus-Atlastin in pPCDNA 3.1)
digested with the same enzymes. mCherry was digested from pJM899 with Xhol and Xbal
and ligated pcDNAS3 cut with the same enzymes to generate pJM944. To generate pJM962
(hAGPS(PTS2)-mCherry in pcDNA3) hAGPS(PTS2) was cut from pJM959 with Eagl and
Xhol and ligated into pJM944 cut with Notl and Xhol.

The Human PMP34 in pEGFP-N1 plasmid was a gift from Dr. Peter Kim.

In vivo imaging of predicted peroxisomal proteins

Plasmids were transfected into S2 cells (DGRC) using Fectofly 11 (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 1001U/streptromycin 100 pg/mL. Cells were imaged live on a Zeiss LSM 710
confocal microcope 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).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Peroxisomal p-oxidation

The steps of peroxisomal B-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/SL C27A2/SL C27A4: 22—-36%, CAT: 57-65%,
ACOX1/2/3; 43-22%, L BP/DBP: 27-53%, SCPx: 35-65%, CRAT/CROT: 25-34%.
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mCherry-SKL

Figure 2. mCherry-SKL and PM P34-Cerulean localize to per oxisomes

Plasmids encoding mCherry-SKL and PMP34-Cerulean, under control of the actin 5¢
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 pM.
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...........

PMP34-Cerulean —— | mCherry-CG17544

Figure 3. An mCherry-Acyl-CoA Oxidase (CG17544) Fusion Protein localizesto peroxisomesin
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)
Colocalizaion 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 uM.
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mCherry-CG4389

Figure 4. An mCherry-Bifunctional Protein (CG4389) Fusion Protein localizesto peroxisomesin
S2 Cells

Plasmids encoding mCherry-CG4389 and PMP34-Cerulean, under control of the actin 5¢
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 uM.
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Figure 5. Peroxisomal a-oxidation Pathway

The steps of peroxisomal a-oxidation are illustrated with the CG numbers for each

Page 20

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/SL C27A2/4: 22-36%, PECR: 27%, PHYH: 13%,

HACL1: 53%, AMACR: 49%.
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Figure 6. 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. fetraurelia 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%.
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Figure 7. Drosophila Peroxins
Proteins involved in peroxisome biogenesis, protein import, and growth and division are
illustrated. CG numbers for the Drosophila homologs are shown.
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PTS2-mCherry

PMP34-GFP PTS2-mCherry

Figure 8. PTS2-mCherry localizes to the cytoplasm in S2 cellsand peroxisomesin COS7 cells
Plasmids encoding PTS2-mCherry and PMP34-Cerulean, under control of the actin 5¢
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 PTS2-mCherry localizes to the cytoplasm. Plasmids encoding PTS2-mCherry
and PMP34-GFP, under control of the CMV promaoter, 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 pM.
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Figure 9. Alkylglycer one phosphate synthase (AGPS) localization in S2 cells

Plasmids encoding mCherry-dAGPS, dAGPS-mCherry, or hAGPS(PTS2)-mCherry, under
control of the actin 5¢ 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 pM.
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Figure 10. Alkylglycer one 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 pM.
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Figure 11. Cu/Zn superoxide dismutase carriesa PTS1 motif that partially localizesmCherry to
per oxisomes
Plasmids encoding PMP34-Cerulean and either mCherry-Sod-PTS1(wild type), mCherry-

Sod-PTS1(AKL), or mCherry-Sod-PTS1(AAKYV) under the control of the actin 5¢ promoter
were cotransfected into S2 cells and imaged by live confocal microscopy. (A-C) The wild-
type PTS1 of Cu/Zn Sod 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 Cu/Zn Sod 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
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the actin 5¢ 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 pM.
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Figure 12. A mCherry-Dopamine N-acetyltransfer ase (CG3318) Fusion Protein localizesto the
cytoplasm in S2 Cells

Plasmids encoding mCherry-CG3318 and PMP34-Cerulean, under control of the actin 5¢
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 uM.
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