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Abstract

Organelles serve to compartmentalize biochemical functions within the eukaryotic
cell. However, to collectively maintain cellular homeostasis, organelles must
communicate in some way in order to coordinate these functions. Two such organelles,
the peroxisome and the lipid droplet, are both involved in the metabolism of cellular
lipids. Therefore, it is likely that they communicate in order to coordinate their metabolic
activity.

Peroxisomes are small, ubiquitous organelles that produce and decompose
hydrogen peroxide and metabolize particular species of lipid. Lipid droplets serve as the
main storage reservoir for excess fatty acids and cholesterol within the cell. Studies have
revealed intimate physical connections between peroxisomes and lipid droplets; however,
little is known about the mechanisms that regulate their communication. This thesis
outlines the characterization of genes involved in peroxisome biogenesis in Drosophila
and previously undocumented functions of peroxisomal components Pex13 and Pex14 at
the lipid droplet surface.

The subcellular localization of predicted peroxisome proteins was examined in
Drosophila melanogaster. PEX genes encoding proteins called peroxins control the
biogenesis and maintenance of the peroxisome population. The majority of the peroxins
localized to peroxisomes in S2 cells, a cell line derived from Drosophila embryos. In
addition, proteins expressing a canonical peroxisomal targeting signal, -SKL, at their C-
terminus are likewise localized to peroxisomes in S2 cells. A comprehensive analysis of
the various peroxisomal protein targeting pathways revealed that overall peroxisome

biogenesis and function are well conserved in Drosophila, validating the use as a model
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system to further investigate peroxisome activities, such as peroxisome-lipid droplet
interactions.

S2 cells cultured in the presence of oleate exhibit changes in peroxisome
phenotype and upregulation of Pex/4. Furthermore, knockdown of Pex/4 in both S2 cells
and Drosophila larvae resulted in increased lipolysis and decreased triglyceride stores.
Analysis of the subcellular localization of the various confirmed peroxins revealed that
Pex3, Pex13, and Pex14 localized to the lipid droplet surface in S2 cells and normal rat
kidney cells when cultures were supplemented with excess oleate. In addition, increased
levels of Pex14 at the lipid droplet surface affected the localization of Hormone-sensitive
lipase. Further, expression of the Drosophila homologue of CGI-58 was reduced in cells
treated with dsSRNA targeting Pex/4. In contrast, the localization of Pex14 to the lipid
droplet surface was perturbed by the overexpression of Lipid storage droplet-1.

Collectively, a subset of the peroxisome biogenesis proteins are diverted to the
lipid droplet surface during periods of elevated lipid droplet metabolism, where they
modulate the localization and expression of other proteins at the lipid droplet. It is
proposed that peroxisomal components influence the metabolism of lipid droplets by

gating the mobilization of free fatty acids from triglyceride stores.
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Chapter 1: Introduction

Portions of this chapter have been published as:
Anderson-Baron, M. and Simmonds, A.J. (2018). Peroxisome Protein Prediction in
Drosophila melanogaster. In Proteomics of Peroxisomes — Identifying Novel Functions
and Regulatory Networks, Subcellular Biochemistry, Volume 89, del Rio L., Schrader

M., ed. (Singapore: Springer).



1.1. Peroxisomes

Peroxisomes are small, membrane-bounded organelles that are found in virtually
all eukaryotic species. Peroxisomes range in size from 0.1 — 1.0 um in diameter, and their
biogenesis and function are highly conserved from yeast to humans (reviewed in Smith
and Aitchison, 2013). Johannes Rhodin first described peroxisomes in 1954 (Rhodin,
1954) and Christian De Duve later provided a biochemical definition for the peroxisome
(De Duve and Baudhuin, 1966). Peroxisomes were originally biochemically defined as
organelles containing a hydrogen peroxide producing oxidase and catalase for the
production and decomposition of hydrogen peroxide (De Duve and Baudhuin, 1966).
Within mature peroxisomes is a dense matrix containing a number of different enzymes,
which carry out a variety of metabolic functions within the cell. Correspondingly,
numerous metabolic pathways localize within the peroxisome, most notably the 3-
oxidation of specific lipid species and the production and decomposition of hydrogen
peroxide (Hryb and Hogg, 1979; Kramar et al., 1978; Lazarow, 1978). Peroxisomes are
highly dynamic, responding rapidly to changes in the cellular environment. These
responses are observed by changes in peroxisome size, shape, and abundance within the
cell (reviewed in Smith and Aitchison, 2013). Peroxisome biogenesis occurs either de
novo from the endoplasmic reticulum (ER) or via fission from existing mature
peroxisomes. Matrix proteins are post-translationally targeted to the peroxisome via the
Peroxisome Targeting Signal 1 (PTS1) pathway, whereby the presence of a serine-lysine-
leucine (SKL) tripeptide at the C-terminus signals the delivery of the cargo to the
peroxisome (Gould et al., 1989). The less characterized Peroxisome Targeting Signal 2

(PTS2) pathway is mediated by the recognition a nine amino acid sequence near the N-



terminus of cargo (Swinkels et al., 1991) by the soluble cargo receptor Pex7 (Marzioch et
al., 1994; Zhang and Lazarow, 1995).

Since their initial discovery, ongoing research has revealed new functions and
highlighted the importance of peroxisomes in cellular homeostasis and the metabolism by
various tissues. Peroxisome biogenesis is controlled by the PEX genes, which encode the
peroxins. Thirty-four different peroxins have been described, and mutations in their PEX
genes result in deficient peroxisome formation and/or function (reviewed in Smith and
Aitchison, 2013). Defects in peroxisome biogenesis or function in humans lead to a class
of genetic disorders termed the Peroxisome Biogenesis Disorders (PBDs) (reviewed in
Steinberg et al., 2006). PBDs manifest as complex sequelae, which include cognitive
dysfunction, learning impairments, craniofacial abnormalities, liver and kidney
dysfunction, progressive hearing loss, and retinopathy (reviewed in Steinberg et al.,
2006). The severity of PBDs highlights the importance of peroxisome maintenance and

function in tissue homeostasis and human health.

1.1.1. The PTSI import pathway

Most matrix proteins are targeted to the peroxisome via the PTS1 pathway, which
is highly conserved across species, with slight variations in the PTS1 signal. A SKL
tripeptide at the C-terminus of cargo proteins is recognized by Pex5p, the soluble cargo
receptor for the PTS1 pathway in yeast (Van der Leij et al., 1993), which traffics the
cargo to the peroxisomal membrane (Gould et al., 1989; Purdue and Lazarow, 1996).
PEXS, along with its cargo, dock at the peroxisomal membrane by interacting with

PEX14, a transmembrane peroxisomal protein (Albertini et al., 1997). This interaction



occurs via a conserved di-aromatic penta-peptide motif found at the N-terminus of PEXS5
(Neuhaus et al., 2014). Proteins are transported across the peroxisome membrane in their
fully folded state, in contrast to other organelles where polypeptides are unfolded during
the translocation process (Walton et al., 1995). The mechanism of translocation is not
well described; however, models exist that support a transient-pore system, which is
dynamically formed by the import constituents themselves. In this model, the topology of
PEXS changes during import, switching from a cytosolic state to a membrane-bound state
and inserting into the peroxisome membrane to form a pore along with PEX13 and
PEX14 (Albertini et al., 1997; Elgersma et al., 1996a). This is supported by evidence that
PEXS5 forms homo-oligomers, and the membrane-bound state exists in higher molecular
weight complexes (Reguenga et al., 2001). This is also supported by functional evidence
that the peroxisome pore is remarkably dynamic as it can accommodate gold particles up
to 9 nm in size (Walton et al., 1995). Once the receptor-cargo complex has translocated
across the membrane, PEXS dissociates from the cargo (Ma et al., 2013). Similar to the
translocation process, the mechanism by which cargo is released is not entirely clear.
However, it has been shown in yeast that Pex8p is involved through an interaction with
Pex5p (Ma et al., 2013). Once the cargo has been released, PEXS5 can then be recycled
back to the cytoplasm for another round of import. This occurs via the action of the
peroxisomal RING-finger complex composed of PEX2, PEX10, and PEX12. These
transmembrane proteins reside in the peroxisome membrane where they function as a
ubiquitin ligase complex during peroxisome protein import (Magraoui et al., 2012; Platta
et al., 2009). PEX2 facilitates the polyubiquitination of PEXS5 (Platta et al., 2009). PEX12
facilitates the monoubiquitination of PEX5 (Platta et al., 2009). These ubiquitination

events determine whether PEXS gets recycled (monoubiquitination) or degraded by the
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Figure 1.1. Protein targeting to mammalian peroxisomes. PEXS5s (short isoform)
recognizes the PTS1 on the C-terminus of cargo and targets the complex to the
peroxisome membrane where it interacts with PEX13 and PEX14. The complex
translocates across the peroxisome membrane and the cargo is released. PEXS5s is
ubiquitinated by a complex composed of PEX2, PEX10, and PEX12. PEXSs is exported
back to the cytosol by a complex composed of PEX6 and PEX1, which hydrolyzes ATP
during this process. This complex is tethered to the membrane by PEX26 in mammals.
PEX7 recognizes the PTS2-containing cargo, along with a co-receptor. The co-receptor
in mammals is the long isoform of PEXS5 (PEXS5L). This complex is imported and PEX7
is recycled via similar mechanisms to PEXS and the PTS1 pathway. PEX19 recognizes
peroxisomal membrane proteins in the cytosol and targets them to the peroxisome.
PEX19 interacts with PEX3 and PEX16 at the membrane and the cargo is inserted into

the membrane.



proteasome (polyubiquitination) (Magraoui et al., 2012; Platta et al., 2009). The majority
of the import process is ATP-independent, with the exception of the recycling of PEXS.
In order for PEXS to re-enter the cytosol, ATP hydrolysis occurs by the action of a AAA-
ATPase complex composed of PEX1 and PEX6 (Miyata and Fujiki, 2005), which is
anchored to the membrane by PEX26 (Matsumoto et al., 2003). The canonical

mammalian PTS1 import pathway is outlined in Figure 1.1.

1.1.2 The PTS2 import pathway

The peroxisome PTS2 pathway is relatively less characterized than the PTS1
pathway. While present in yeast and mammalian species, both PEX7 and proteins with a
canonical PTS2 are absent in Caenorhabditis elegans (Motley et al., 2000). Few proteins
employ the PTS2 pathway for delivery to the peroxisome in yeast and mammalian
species, however, upwards of one-third of all peroxisomal proteins in plants utilize this
pathway for delivery (reviewed in Lazarow, 2006). The PTS2 signal is a 9-amino acid
stretch found near the N-terminus of cargo (Swinkels et al., 1991). Despite the fact that
the PTS1 pathway is more common, many key peroxisomal enzymes utilize the PTS2
pathway for peroxisomal targeting in different species. In mammals, thiolase (Osumi et
al., 1991; Swinkels et al., 1991), mevalonate kinase (Wanders and Romeijn, 1998),
alkylglycerone phosphate synthase (AGPS) (de Vet et al., 1998), and phytanoyl-CoA
hydroxylase (Jansen et al., 1997) are targeted to the peroxisome via the PTS2 pathway.
PEX7 recognizes the PTS2-containing cargo in the cytosol (Marzioch et al., 1994; Zhang
and Lazarow, 1995) and, along with its co-receptor, targets the cargo to the peroxisome.

In mammals, the co-receptor is the long isoform of PEXS5 (Otera et al., 2000). Two



different co-receptors exist in yeast: Pex18p and Pex21p. This interaction between Pex7p
and its co-receptors is essential for PTS2 import (Purdue et al., 1998). This complex
docks at the peroxisome membrane by also interacting with PEX14, and translocating
across the pore and into the matrix. PEX7 recycling and degradation occur via a similar
mechanism that is used by PEXS5, although their regulation is independent of each other

(Hagstrom et al., 2014). The canonical PTS2 pathway is outlined in Figure 1.1.

1.1.3 The peroxisomal membrane protein targeting pathway

The delivery of peroxisomal membrane proteins (PMPs) to peroxisomes involves
PEX3, PEX16, and PEX19 (Goétte et al., 1998; Hohfeld et al., 1991; Honsho et al., 1998).
Some recent models suggest that a subset of PMPs are targeted to the ER prior to
peroxisome localization. In these models, it is proposed that these PMPs may perform
ER-specific functions, including involvement in peroxisome biogenesis (Mayerhofer,
2016). Fujiki et al. first demonstrated that PMPs are translated on free polysomes in the
cytosol and are post-translationally targeted to the peroxisome membrane (Fujiki et al.,
1984). PEX19 is the cytosolic cargo receptor for the PMP pathway, which recognizes the
PMP signal, termed the mPTS (Sacksteder et al., 2000). PMPs may contain one or several
mPTSs, which consist of a cluster of positively charged amino acid resides flanked by
transmembrane segments (Rottensteiner et al., 2004). This interaction is strongly
conserved. It has been shown that when PEX19 is mislocalized to the nucleus by the
addition of a nuclear localization signal (NLS), PMPs that contain an mPTS are likewise
localized to the nucleus (Sacksteder et al., 2000). PEX19 also functions as a chaperone by

preventing PMP aggregation and degradation (Jones et al., 2004; Sacksteder et al., 2000).



After PEX19 binds its cargo, it docks at the peroxisomal membrane through an
interaction with PEX3 (Fang et al., 2004), forming a trimeric complex (Pinto et al.,
2006). Following this docking step, the PMP is then inserted into the peroxisomal
membrane. It is unclear how this process occurs; however, it has been noted that PEX3
contains a strongly hydrophobic region at its C-terminus, which may be responsible for
disrupting the membrane bilayer and allowing insertion of the PMP (Pinto et al., 2009).
PEX16 has likewise been shown to be involved in the docking of PEX19 and its cargo at
the peroxisomal membrane (Matsuzaki and Fujiki, 2008); however, this function is not
conserved across species as its been shown that most yeasts do not possess a PEX16

homologue (Kiel et al., 2006). The PMP import pathway is shown in Figure 1.1.

1.1.4. Peroxisome de novo biogenesis

De novo biogenesis of peroxisomes occurs at the ER, whereby pre-peroxisomal
vesicles (PPVs) bud off of the ER membrane, and later fuse to form a mature peroxisome
(Titorenko et al., 2000). There are two biochemically distinct subclasses of PPVs that are
associated with different subsets of peroxins. One class of PPVs contains PEX2, PEX10,
and PEX12, which together form the RING-finger complex. The other class contains
PEX13 and PEX14, which form the docking complex (van der Zand et al., 2012). Each
PPV is not functional on its own, but rather becomes import competent following fusion.
Once fusion has occurred, import of peroxisomal matrix proteins can take place and the
peroxisome becomes functional (Figure 1.2) (van der Zand et al., 2012). This distinction
amongst the PPV population is likely to ensure the proper stoichiometric ratios of PEX

proteins in the nascent peroxisome. More recently, it has been shown that



mitochondrially derived vesicles, particularly in PEX3-deficient cells, are targeted to
peroxisomes and contribute to peroxisome formation and function (Sugiura et al., 2017).
The process of de novo peroxisome biogenesis at the ER is dependent on PEX3, PEX16,
and PEX19 (Goétte et al., 1998; Hohfeld et al., 1991; Honsho et al., 1998). Yeast cells
lacking either Pex3p or Pex19p are able to form PPVs; however, these vesicles are
degraded by autophagy before they are able to mature (Knoops et al., 2014). Once PEX3,
PEX16, and PEX19 are localized to the ER, ER-resident proteins are utilized for the
generation of membrane structures that form budding vesicles and the subsequent
recruitment of other PMPs (Agrawal et al., 2016). Studies in yeast have also highlighted
important roles for Pex30p and Pex31p in the formation of ER subdomains that form the
budding structures of PPVs (Joshi et al., 2016; Mast et al., 2016). De novo peroxisome

biogenesis is outlined in Figure 1.2.

1.1.5. Peroxisome division

Increases in peroxisome numbers are primarily controlled through the growth and
division of existing mature peroxisomes (Lazarow and Fujiki, 1985; Motley and Hettema,
2007). When the metabolic demand of a cell increases, the peroxisome population rapidly
responds through the growth and division of existing. During cell division, peroxisomes
also undergo fission, and approximately half of the population is transported along
microtubules to be inherited by the daughter cell (Hoepfner et al., 2001). Division of
peroxisomes involves the growth of the membrane and the formation of tubular

membrane extensions that constrict and undergo scission to form new daughter
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Figure 1.2. Peroxisome biogenesis and division. Peroxisome biogenesis occurs de novo
at the ER, whereby biochemically distinct populations of PPVs budding from the ER.
One population contains the docking complex composed of PEX13 and PEX14 (shown in
red) and the other contains the RING-finger complex composed of PEX2, PEX10, and
PEX12 (shown in blue). PPVs fuse to become import competent, which mature to
functional peroxisomes. Peroxisome proliferation can also occur via fission of mature
peroxisomes. PEX11 promotes elongation of the peroxisome membrane, which

ultimately undergoes scission to form daughter organelles.
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peroxisomes. PEX11 plays a prominent role in peroxisome fission (Marshall et al., 1995).
It is involved in the elongation of the peroxisome membrane prior to fission. This process
is facilitated by its amphipathic helices found at the N-terminus that interact with
membrane lipids and promote membrane deformation (Delille et al., 2010; Opalinski et
al., 2011). In addition, PEX11p functions as a GTPase activator of Dynamin related
protein 1 (Drpl) during fission (Williams et al., 2015). Together, this machinery carries
out the elongation and subsequent scission of the peroxisome membrane. Peroxisome

division is outlined in Figure 1.2.

1.1.6. Pexophagy

Pexophagy is the selective degradation of peroxisomes by autophagy and it is
important for maintaining cellular homeostasis (reviewed in Cho et al., 2018). Selective
autophagy is induced by the ubiquitination of organelle membrane proteins (reviewed in
Cho et al., 2018), which has been observed with the induction of pexophagy (Kim et al.,
2008). Kim et al. showed that the exogenous expression of PMP34 fused with a ubiquitin
moiety on the cytoplasmic tail enhanced pexophagy in COS-7 cells (Kim et al., 2008).
The ubiquitin modification is bound by the protein p62, which serves as an autophagy
signalling hub and targets substrates to autophagosomes (Bjorkey et al., 2005; Komatsu
et al., 2007). Other adaptors are also involved, such as NBR1, which has been shown to
promote pexophagy when overexpressed (Deosaran et al., 2013).

Other peroxins also contribute to the regulation of pexophagy. Sargent et al.
showed that PEX2 is upregulated during starvation and overexpression of PEX2 during

amino acid starvation lead to the degradation of peroxisomes (Sargent et al., 2016). In
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addition, the AAA ATPase complex, composed PEX1, PEX6, and PEX26 in mammals,
has been shown to prevent pexophagy. Loss of the AAA-ATPase complex caused an
accumulation of ubiquitinated PEXS on the peroxisome membrane, which lead to the

degradation of peroxisomes by pexophagy (Law et al., 2017).

1.2. The Drosophila melanogaster model organism

The fruit fly, Drosophila melanogaster, was one of the first laboratory animals used
for biological research. The first laboratory Drosophila strains were isolated by Thomas
Hunt Morgan at Columbia University in the early 1900s (reviewed in Bilder and Irvine,
2017; reviewed in Kaufman, 2017; reviewed in Wangler et al., 2015). Flies have been
used since to uncover fundamental biological processes and as a model for human
disease. Some of the attributes that make Drosophila a valuable multicellular laboratory
model include a short lifespan, amenability to forward genetic studies, a large number of
progeny, a sequenced and annotated genome, and easy and inexpensive maintenance
(reviewed in Bilder and Irvine, 2017; reviewed in Kaufman, 2017; reviewed in Wangler
et al., 2015). Fertilized female Drosophila deposit eggs externally, which hatch into
wandering larvae after 24 hours. When raised at 25°C, the larval stage proceeds through
three instars, separated by molts, over four days. During the larval stage, the precursors of
the adult tissues are present as small sacs of cells known as imaginal discs. During the
subsequent five-day pupal stage, most larval tissues are degraded and the adult forms

from the imaginal discs. Adults are sexually mature within 24 hours (reviewed in Bilder
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and Irvine, 2017; reviewed in Kaufman, 2017; reviewd in Wangler et al., 2015). Fly
researchers have developed many unique genetic tools such as ‘balancers’, multiple
inverted chromosomes that prevent homologous crossing over during meiosis, fostering
simple maintenance of deleterious mutant alleles (reviewed in Casso et al., 1999).
Another tool used often in fly studies is mosaic analysis with a repressible cell marker
(MARCM), which allows the labelling of cells that share a single progenitor (Wu and
Luo, 2006). Transgenic tools such as the GAL4-UAS system enabled precise tissue-
specific analyses in the context of whole animals (Brand and Perrimon, 1993; Rodriguez
et al., 2012). The GAL4/UAS system has become particularly useful in UAS-mediated
RNAIi amplicon expression of a large collection of transgenes targeting almost any
Drosophila gene of interest (reviewed in Dietzl et al., 2007; reviewed in Rodriguez et al.,
2012). Despite the fact that Drosophila has been a laboratory workhorse, until recently
there has been little published research of their peroxisome biology. However, in the past
decade, several studies have shown that the key processes of peroxisome biogenesis and
function are conserved in Drosophila and that flies are an excellent platform to discover
new roles for peroxisomes. Drosophila researchers have access to an extensive collection
of cultured cells from multiple stage and tissue origins. The most commonly used are
Schneider 2 (S2) cells, a primary cell line derived from dissociated Drosophila embryos
(Schneider, 1972). Notably, S2 cells are highly amenable to genetic manipulation by
dsRNA treatment. When added to cultures of S2 cells, dSRNA amplicons of almost any
size (generally 200-500 base pairs,) are taken up and processed by the endogenous RNAi
enzymes to induce robust gene silencing (Kao and Megraw, 2004). This makes them

effective for unbiased identification of factors involved in processes including
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peroxisome biogenesis, movement, fission and function (reviewed in Wynant et al.,

2014).

1.3. Peroxisomes in Drosophila melanogaster

1.3.1. Early studies of peroxisomes in Drosophila melanogaster

The first studies related to Drosophila peroxisome protein activity were published
in the 1980s. These focused on two enzymes: xanthine dehydrogenase (XDH) (CG7642)
and D-amino acid oxidase (DAO) (CG12338) and their roles in specific tissues (Beard
and Holtzman, 1987; Reaume et al., 1991; St Jules et al., 1989; 1990; 1991). The rosy
gene encodes Drosophila XDH. The name rosy stems from the observation that mutation
resulted in a brownish-red eye color phenotype (Reaume et al., 1991). In 1987, Beard and
Holtzmann analyzed the r0sy°° null mutation (Beard and Holtzman, 1987). They found
that XDH co-fractionated with other predicted peroxisome enzymes, and while
peroxisomes were observed in the gut of homozygous rosy°% flies, they lacked XDH
activity (Beard and Holtzman, 1987). Reaume et al. analyzed the tissue-specific
expression of rosy by in-situ hybridization and found high levels of expression in the gut
and the malpighian tubules (Reaume et al., 1991), considered the insect analogue of the
mammalian kidney (Gautam et al., 2017). The highest levels of XDH activity were
detected in the apical region of the eye, and the protein was detected at the interface
between the retina and the lamina using an XDH-specific antibody (Reaume et al., 1991).

Similar assays of Drosophila DAO activity identified membrane-bounded structures in
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the fat body and gut epithelium of both larva and adult Drosophila (St Jules et al., 1989;
1991). These structures were round, sometimes dumbbell-shaped, and 0.5 — 1.0 um in
diameter, which was considered consistent with peroxisome morphology (St Jules et al.,
1989; 1991). In 1990, St. Jules et al., used enzymatic assays to identify populations of
puncta that were reactive to DAO antibodies in cells of the fat body and the eye, which
were considered presumptive peroxisomes (St Jules et al., 1990).

The first version of an assembled and annotated sequence of the Drosophila
euchromatic genome released in the early 2000s facilitated the first computational
prediction of Drosophila peroxisome protein homologues (Adams et al., 2000). Note that
Drosophila genes without a known name or function were given a CG (Celara Genomics)
identification number (Adams et al., 2000). In 2004, Oba et al., characterized the
predicted product of the CG6178 gene and found similarities to luciferase (Oba et al.,
2004), a known peroxisome targeted enzyme in fireflies (Gould et al., 1988). The protein
encoded by CG6178 was found to possess long-chain fatty acyl-CoA synthase activity,
consistent with the canonical functions of a peroxisomal enzyme (Oba et al., 2004). In
addition, the predicted CG6178 protein had a serine-lysine-leucine (SKL) C-terminal
motif (Oba et al., 2004), the canonical PTS1 (Gould et al., 1989).

As multiple genome sequences became available, a comparative evolutionary
analysis of the predicted subcellular localization of proteins in several metazoan species
identified 544 unique proteins that could potentially localize to peroxisomes in
Drosophila (Hazkani-Covo et al., 2004). Comparison of Drosophila melanogaster,
Saccharomyces cerevisiae, and Homo sapiens genomes identified the homologue of
Ca?"/Mg*" ATPase (SPCA), named Secretory Pathway Calcium ATPase (SPoCK)

(CG32451) in Drosophila (Southall et al., 2006). Notably, SPoCK encodes three protein
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isoforms, only one of which localized to peroxisomes (Southall et al., 2006). Peroxisome
localization of the C-isoform of SPoCK was confirmed by colocalization with a catalase
antibody in peroxisome fractions prepared from S2 cells (Southall et al., 2006). Similar to
other previously characterized Drosophila peroxisome enzymes, the C-isoform of SPoCK
was found to be highly expressed in malpighian tubules. Given the function of SPoCK, it
was hypothesized that peroxisomes may have an important role in calcium signalling in

malpighian tubules (Southall et al., 2006).

1.3.2. Identification of Drosophila peroxisome biogenesis protein homologues
Peroxisome studies were aided by development of an S2 cell line that stably
expresses GFP fused to the canonical PTS1 signal at its C-terminus (GFP-SKL), serving
as a peroxisome marker compatible with live cell imaging (Kural et al., 2005). In 2011,
Mast et al. performed dsRNA knockdown of the expression of each of the Drosophila
genes homologous to S. cerevisiae and H. sapiens PEX genes (Mast et al., 2011).
Knockdown of Pex1, Pex5, Pexi3, and Pex16 abolished the punctate GFP-positive
signal, indicating that proteins encoded by these genes were involved in PTS1-mediated
import (Mast et al., 2011). Similarly, dSRNA knockdown of Pex2, Pex3, Pex6, Pex12,
and Pex 14 produced a cytosolic GFP signal with few peroxisomes remaining, also
confirming that these genes likely encoded peroxins (Mast et al., 2011). Lastly,
knockdown of Pex!1 and Pex19 resulted in fewer and larger GFP-positive peroxisomes,
whereas knockdown of Pex2( and Pex23 resulted in smaller and more numerous
peroxisomes, which is consistent with the function of these peroxins in S. cerevisiae and

H. sapiens (Mast et al., 2011).
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In 2012, Faust et al. made a more encompassing prediction of the Drosophila
peroxisome proteome (Faust et al., 2012). Potential Drosophila peroxisome proteins were
predicted by sequence similarity to known vertebrate homologs (Faust et al., 2012).
Known peroxisome proteins from H. sapiens were used to BLAST the Drosophila
proteome, and PTS1-locating software was used to identify any other predicted fly
proteins that possessed the canonical PTS1 or some variation. This analysis identified 82
potential peroxisomal proteins, including the PEX gene homologs identified by Mast et
al. (Faust et al., 2012; Mast et al., 2011). They also noted the Drosophila genome
encoded three isoforms of Pex// and two splice isoforms of Pex5, which may correspond
to the long and short isoforms of PEX5 found in mammalian systems, although this has

not yet been confirmed experimentally (Faust et al., 2012).

1.3.3. Functional characterization of Drosophila peroxins

In 2012, Fakieh et al. characterized intracellular sorting of Pex3 in Drosophila
S2R+ cells (Fakieh et al., 2013), an adhesive variant of S2 cells (Yanagawa et al., 1998).
When the yeast Pex3p protein was expressed in S2R+ cells, the protein colocalized with
the peroxisome marker mRFP-PTS1, indicating a conservation of Pex3 transport in
Drosophila (Fakieh et al., 2013). Localization of yeast Pex3p to the peroxisome required
either RSR or RHRGK motifs at the N-terminus of the protein, as the double mutant
appeared to be trapped in the ER (Fakieh et al., 2013). In addition, when the N-terminus
of the Drosophila Pex3 was used to replace the N-terminus of the yeast Pex3p, the

resulting chimera was found to properly localize to peroxisomes in wild-type yeast cells,
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confirming that the sorting of Pex3 from the ER to the peroxisome is evolutionarily
conserved (Fakieh et al., 2013).

The putative peroxisomal acyl-CoA oxidase, encoded by CG17544, was found to
colocalize with peroxisomes (Faust et al., 2012). Enoyl-CoA hydratase (LBP) encoded by
CG4389 has several splice isoforms. Some LBP isoforms localized to peroxisomes, while
others localized to other subcellular structures (Faust et al., 2012). Only the B-isoform
appeared to overlap with peroxisomes (Faust et al., 2012). In addition, superoxide
dismutase 1 (SOD1), encoded by CG11793, has —AKV at its C-terminus, a variation of
PTS1, which localizes to both peroxisomes and the cytosol (Faust et al., 2012). When the
AKYV was mutated to AKL, SOD1 localization shifted to completely peroxisomal (Faust
et al., 2012). When the last three residues were deleted (AAKYV), the fusion protein was
completely cytosolic (Faust et al., 2012). This suggests that in Drosophila, the non-
canonical AKYV signal interacts weakly with the Pex5 soluble cargo receptor for PTS1-

mediated import.

1.3.4. Conservation of Drosophila peroxisome membrane protein trafficking

While there has been considerable effort spent on Drosophila PEX homologues,
less is known about the other peroxisome proteins, including those localized to the
peroxisome membrane. Faust et al. generated an S2 line expressing a PMP34-cerulean
fusion protein (Faust et al., 2012). PMP34 formed donut-shaped structures that coalesce
around the periphery of SKL positive puncta in S2 cells (Faust et al., 2012). Cyan
fluorescent protein (CFP)-tagged Peroxisome Membrane Protein 70 (PMP70) has also

been shown to mark the presumptive peroxisome membrane (Nakayama et al., 2011).
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1.3.5. The apparent lack of PTS2-mediated trafficking and the role of Drosophila Pex7
Drosophila do not seem to use a canonical PTS2 import pathway for peroxisome
matrix protein targeting. A homologue of PEX7, the soluble cargo receptor for PTS2-
containing cargo, was identified by the predictions made by Mast et al. (Mast et al., 2011)
and Faust et al. (Faust et al., 2012). AGPS (CG10253) catalyzes the exchange of fatty
acids for long-chain fatty alcohols in the peroxisome (Malheiro et al., 2015). AGPS
utilizes the N-terminal PTS2 pathway in humans. Mutations in human PEX7 result in
AGPS mislocalization and manifests as rhizomelic chondrodysplasia punctata (reviewed
in Aubourg and Wanders, 2013). The predicted homologous Drosophila enzyme, also
named AGPS, was found to have a canonical PTS1 sequence at its C-terminus (Faust et
al., 2012). When C-terminal fusions of mCherry to AGPS were constructed to expose a
potential PTS2 and mask the PTS1 and expressed in S2 cells, these were found to
mislocalize to the cytosol (Faust et al., 2012). However, when mCherry was fused to the
N-terminus to expose the canonical PTS1, it strongly overlapped with tagged PMP34,
which suggested AGPS utilizes the PTS1 import pathway in Drosophila (Faust et al.,
2012). In addition, the N-terminus (residues 1-72) of human AGPS (hAGPS) fused to
mCherry localizes to peroxisomes in COS-7 cells, mammalian fibroblast-like cells
derived from monkey kidney tissue (Jensen et al., 1964), but not in S2 cells (Faust et al.,
2012). Faust et al. concluded that, although a PEX7 homologue is conserved in
Drosophila, their peroxisomes rely solely on the PTS1 import pathway for the transport

of cargo into the matrix.
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However, Pex7 dsRNA knockdown does have effects on peroxisome size and
number and other peroxisome related activities (Di Cara et al., 2017). Mast et al. reported
no effect on the peroxisome population when S2 cells were treated with Pex7 dsSRNA
(Mast et al., 2011); however, these differences in what was observed may have been due
to dsRNA incubation times. This suggests that despite the absence of a canonical PTS2
trafficking motif, Pex7 has a role in peroxisome activity. The large Drosophila
community has supported several large-scale efforts to systematically examine the role of
each gene in the genome. For example, the MODEncode consortium has performed basic
tissue-expression characterization of most Drosophila genes (Roy et al., 2010). The
expression of Pex7 was noteworthy in that it was highly expressed in CNS-derived cell
lineages (Roy et al., 2010). Similar support for a role for Pex7 in Drosophila comes from
unbiased forward-genetic screens. A whole-genome RNA1 screen for Drosophila mutants
that enhance the phenotype associated with fly homologues of genes that are linked to
human intellectual disability (Inlow and Restifo, 2004) identified Pex7. More recently, Di
Cara et al., showed that despite the lack of a canonical PTS2 pathway in Drosophila, the
Drosophila Pex7 can rescue the targeting of the PTS2-containing human thiolase to

peroxisomes in PEX7 mutant human fibroblasts (Di Cara et al., 2018).

1.3.6. Proteins regulating peroxisome dynamics in Drosophila S2 cells

The availability of S2 cells stably expressing the GFP-SKL peroxisome reporter
has facilitated several live-cell studies of peroxisome dynamics (Kim et al., 2007; Kuli¢
et al., 2008; Kural et al., 2005). The first systematic RNAi screens in S2 cells expressing

GFP-SKL found that peroxisomes require kinesin and cytoplasmic dynein for movement,
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as RNAi knockdown of genes encoding either protein abolishes the bidirectional
movement of peroxisomes along microtubules (Kim et al., 2007). The overexpression of
dominant-negative inhibitors to dynein-dependent processes were found to significantly
inhibit peroxisome movement (Kim et al., 2007). Furthermore, it was found that kinesin
and dynein are not antagonistic in peroxisome movement, but rather oligomers of each
protein cooperatively coordinate peroxisome movement along microtubules in vivo
(Kural et al., 2005). Kulic et al. monitored peroxisome movement in GFP-SKL S2 cells
and found that populations moved in unison over long time frames and showed
correlations with microtubule tip positions (Kulic et al., 2008). Two different peroxisome
populations were observed: 1) relatively stationary peroxisomes that move <100 nm over
a 5-second window whose trajectories do not follow microtubule lengths and ii) rapidly
moving peroxisomes whose trajectories were parallel to microtubule processes (Kulic et
al., 2008). In addition, motor-dependent longitudinal microtubule oscillations affect
peroxisome movement throughout the cell (Kulic et al., 2008). Thus, it was concluded
that peroxisome mobility is a result of both movement along microtubule tracks and

movement of the microtubule tracks themselves (Kulic et al., 2008).

1.3.7. Large-scale protein-interaction screens

The availability of a sequenced genome incorporating validated transcript
sequencing has fostered several large-scale mass spectrometry protein interaction studies
in flies. This includes the Drosophila Protein interaction Map (DPiM) project, based on
mass spectrometry of the proteins co-affinity purified from 3,488 different tagged bait

proteins expressed in S2R+ cells. DPiM interactions were further scored statistically to
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define a high-quality interaction map (Guruharsha et al., 2011). DPiM identified known
interactions like Pex5 and Pex14 (Guruharsha et al., 2011). This study also showed high-
confidence interactions between Pex5/Pex14 and ribosomal protein S15Ab, B-tubulin at
85D and histone H3.3B (Guruharsha et al., 2011). The significance of these interactions
is not currently known. In addition, extensive interaction networks for glutamate
oxaloacetate transaminase (GOT1) (CG8430) were identified by DPiM, identifying its
interaction with SOD1, copper chaperone for superoxide dismutase (CCS) (CG17753), as
well as ribosomal proteins such as Rps21 (Guruharsha et al., 2011). In a separate study,
O’Sullivan et al. reported an interaction between acyl-CoA synthetase long-chain (Acsl),
a peroxisomal enzyme, and reticulon-like 1 (Rtnll) (CG33113), a structural protein found
in the ER and other organelles such as the lipid droplets (O’Sullivan et al., 2012). This
suggests that Drosophila peroxisomes may interact with proteins normally found in other

organelles like the ER or lipid droplets.

1.3.8. Drosophila as a model for human peroxisome biogenesis disorders

In 2010, Chen et al. reported that peroxisomes are important for spermatocyte
development in the testes of Drosophila (Chen et al., 2010). Homozygous mutant Pex?2
males showed a growth defect and were sterile (Chen et al., 2010). During normal
spermiogenesis, immature spermatids move away from the testis wall and differentiate
into mature spermatocytes (Lin et al., 2000). The immature spermatids of the Pex?2
mutants were indistinguishable from the wild-type; however, very few mature
spermatoctyes were detected (Chen et al., 2010). The same phenotype was observed in

Pex10 and Pex12 mutants (Chen et al., 2010), which is consistent with the observation
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that Pex2, Pex10, and Pex12 function in a complex during peroxisome biogenesis (Platta
et al., 2009). Spermatocytes in the mutants were found to be defective during
differentiation with failed cytokinesis during meiotic division. The mutant testes were
found to express low levels of nuclear cyclin A, which suggests that the spermatocytes do
not reach the G2/M transition during meiosis (Santel et al., 1997). In addition, low levels
of don juan, a spermatocyte arrest gene (Santel et al., 1997), were detected (Chen et al.,
2010). This suggests that peroxisome deficiencies lead to cell cycle arrest in
spermatocytes of Drosophila. 1t is possible that a disruption to the energy metabolism due
to peroxisome deficiency within the spermatocytes leads to cell cycle arrest. Membrane
protein import appears normal in the PEX mutants; however, matrix protein import is
dysfunctional as GFP-SKL does not form punctate structures (Chen et al., 2010).
Consistent with what is observed in PBD patients, Pex/(0 and Pex[2 mutant Drosophila
had elevated levels of very-long chain fatty acids (VLCFAs), which were increased when
flies were raised on a high-fat diet and become even more elevated with age (Chen et al.,
2010).

In 2011, Nakayama et al. reported that some pathophysiological effects associated
with Zellweger’s Syndrome, the most common form of PBD, were mirrored in
Drosophila with homozygous loss of function Pex3 or Pex]6 mutations (Nakayama et al.,
2011). Pex3 mutants were homozygous larval lethal, but Pex/6 mutants survived to
adulthood (Nakayama et al., 2011; Xia and Wishart, 2011). In order to analyze the
peroxisome population in fly tissues, GFP-SKL and CFP- PMP70 were expressed to
mark the peroxisome matrix and membrane, respectively (Nakayama et al., 2011). Both
signals were absent in the Pex3 mutant (Nakayama et al., 2011). Both signals were

present in the malpighian tubules of the Pex/6 homozygous mutant; however, the
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peroxisome number appeared greatly reduced (Nakayama et al., 2011). Pex/6 mutants
recapitulated many symptoms of Zellweger’s syndrome: growth defects (despite normal
feeding rates), reduced lifespans, elevated VLCFA, and locomotor defects (Nakayama et
al., 2011). In addition, they also displayed the rosy eye color phenotype (Nakayama et al.,
2011). Structural defects were also observed in the dendritic trees of the optic lobe
(Nakayama et al., 2011). These defects began at the pupal stage, did not worsen after 10
days, and could be rescued by the overexpression of Pex16 in the fat body or specific
neurons (Nakayama et al., 2011). In addition, similar to the findings of Chen et al., Pex/6
mutants exhibited arrested spermatocyte development and the absence of mature sperm
resulting in male sterility (Nakayama et al., 2011).

Mast et al. analysed the developmental phenotypes associated with a homozygous
Pex ] mutant and found considerable similarities to symptoms of Zellweger’s patients
with a corresponding null Pex/ mutation (Mast et al., 2011). Mutant Pex/ larvae were
significantly smaller than their wild-type counterparts and did not survive past second
instar (Mast et al., 2011). They also displayed locomotor defects, but showed no defects
in their musculature when analyzed by immunofluorescence using muscle-specific
antibodies (Mast et al., 2011). When the nervous system was analyzed using neuron-
specific antibodies, significant abnormalities were observed in the number of cells and
organization of both the peripheral nervous system and the central nervous system, which
is likely responsible for the locomotor defects observed (Mast et al., 2011). In addition,
the structure of the malpighian tubules appeared abnormal in the Pex/ mutants (Mast et
al., 2011).

In 2017, Wangler et al. isolated Pex2 and Pex/6 mutants via P-element insertion

and found both exhibited similar phenotypes to previously described PEX mutants
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(Wangler et al., 2017). Homozygous Pex2 and Pex6 mutants had elevated VLCFA, cells
with cytoplasmic GFP-SKL in multiple tissues, shortened lifespans, and locomotor
defects (Wangler et al., 2017). The authors performed a Metabolite Set Enrichment
Analysis (MSEA) (analogous to Gene Set Enrichment Analysis) in which sets of
metabolites are explored for enriched alterations (Xia and Wishart, 2011). MSEA
revealed an increase in phospholipid precursors, and a corresponding decrease in
phospholipid degradation products (Wangler et al., 2017). This suggested a defect in
synthesis and a reduction in the breakdown of membrane lipids. MSEA also consistently
showed altered carbohydrate metabolism, specifically in the pentose phosphate pathway,
starch and sucrose metabolism, and glycolysis (Wangler et al., 2017). When the mutant
flies were raised on a low-sugar diet, their lifespan was significantly decreased (Wangler
et al., 2017). While wild-type flies showed decreased activity when fed low-sugar food,
Pex2 and Pex16 mutants showed increased activity (Wangler et al., 2017). Activity was
measured as the number of times a particular fly crossed a light beam within a minute.
This was proposed to be an elevated foraging response as result of decreased
carbohydrate levels. Overall, this suggests that metabolic activity in the peroxisome is
intimately linked to carbohydrate metabolism in Drosophila.

Mast et al. was the first to use flies to examine the underlying transcriptional
response to peroxisome deficiency (Mast et al., 2011). A comparative genome-wide
transcriptome analysis between wild-type and homozygous Pex/ mutant larvae revealed
551 genes that were 3-fold differentially expressed in the Pex/ mutants (Mast et al.,
2011). A gene ontology analysis of these proteins revealed an overrepresentation of genes
involved in neural development (Mast et al., 2011), consistent with the observed defects

of both the PNS and the CNS. In addition, there were defects associated with other
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pathways, such as the antibacterial response, purine base metabolic processes, VLCFA
metabolism, developmental hormone response, and eye pigmentation (Mast et al., 2011).
Purines were first found in pea leaf peroxisomes, where it was discovered that
peroxisomes could catabolize xanthine to uric acid and allantoin (Corpas et al., 1997). In
addition, some steroid hormones, such as -endorphin and B-lipotropin, are localized to
peroxisomes in certain human tissues (Weinhofer et al., 2013), which suggests that
peroxisomes are involved in hormone metabolism. One other response was genes
involved in regulation of alternative RNA splicing, suggesting that this may play a role in
peroxisome regulation (Mast et al., 2011). This demonstrates the efficacy of the fly model
in probing systemic genetic responses to peroxisome deficiencies.

Changes in peroxisome phenotype have been observed in Drosophila mutants of
non-peroxisomal genes, shedding new light on the physiological connections between
peroxisomes and other organelles. In 2016, Chao, et al. analyzed the effect of perturbing
Dynamin related protein 1 (Drpl) (CG3210), the homologue of human dynamin-1-like
protein (DNMI1L), in wandering third instar larvae (Chao et al., 2016). DNMIL is a
mitochondrial GTPase protein involved in mediating mitochondrial fission (Chang and
Blackstone, 2007). Mutations in DNM1L cause infantile encephalopathy, which is
typically characterized as a mitochondrial disease (Uziel et al., 2011). Although
overexpression of Drpl had no effect, two different point mutations in Drp/ had a
significant effect on the peroxisome population in L3 larvae (Chao et al., 2016). Point
mutations in similar regions in DNM1L, A395D and G350R have been previously
characterized as disease causing in humans (Chao et al., 2016). Both mutations caused an
increase in peroxisome size and altered cellular distribution (Chao et al., 2016). The

increase in peroxisome size showed a concomitant decrease in peroxisome number per
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cell, which suggests mutant Drp/ causes a defect in peroxisome fission (Chao et al.,
2016).

Acyl-CoA synthetase long-chain family member 4 (ACSL4) is an enzyme
involved in lipid metabolism that has two variants: a short-form that is ubiquitously
expressed and a long-form that is expressed primarily in the brain (Mercade et al., 2005).
Mutations in human ACSL4 are associated with non-syndromic intellectual disability in
humans (Longo et al., 2003). In 2016, Huang et al. analyzed the effects of a mutation of
the single Drosophila gene encoding acyl-CoA synthetase long-chain (Acsl). They found
that Acsl localizes to the ER, mitochondria, and peroxisomes in neuronal cells, but
localizes primarily to peroxisomes in non-neuronal cells of the Drosophila brain (Huang
et al., 2016). In addition, the brain lobes of Acs/ mutants were significantly smaller than
wild-type brain lobes, which could be rescued by the overexpression of human ACSL4
(Huang et al., 2016). Homozygous Acs/ mutants showed disrupted neural synaptic
activity, possibly due to a change in the lipid composition of the brains, which suggests
that Acs/ plays a role in regulating these activities, consistent with peroxisome function

(Huang et al., 2016).

1.3.9. Identification of novel peroxisome functions using Drosophila

A recent publication by Di Cara et al. revealed novel peroxisome functions by
demonstrating that they are involved in the immune response in Drosophila (Di Cara et
al., 2017). RNAi-mediated targeting of PexJ or Pex7 in S2 cells reduced phagocytosis of
bacteria, shown by immunofluorescence, flow cytometry, and transmission electron

microscopy (D1 Cara et al., 2017). Peroxisome-deficient cells do not exhibit the
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membrane protrusions found in wild-type cells when bacteria are being engulfed, which
suggests defects in the cytoskeleton (Di Cara et al., 2017). These defects extended to cell
motility, as Pex5 and Pex7 knockdown cells were unable to repopulate an area in liquid
culture as efficiently as their wild-type counterparts (Di Cara et al., 2017). Pex5 and Pex7
knockdown cells also show lysosomal defects, as observed lysosomes were larger and
fewer, with a mislocalization of Lamp1 (Di Cara et al., 2017), a late endosomal or
lysosome marker (Rohrer et al., 1996). In wild-type cells, it was observed that
peroxisomes coalesce around the site of phagocytosis when bacteria are being engulfed,
which suggests that they play a role in this process (Di Cara et al., 2017). It has been
shown that reactive oxygen species (ROS) are involved in signaling for the immune
response to bacterial infection (Underhill and Ozinsky, 2002). Pioneering studies in plant
cells found the presence of SOD in peroxisomes and they were discovered as sites of
superoxide radical production (del Rio, 2011; del Rio et al., 2006). Wild-type cells
showed a 10-fold increase in hydrogen peroxide levels in response to bacterial infection,
whereas the hydrogen peroxide response was significantly attenuated in Pex5 and Pex7
knockdown cells (2.5-fold) (Di Cara et al., 2017). In addition, steady-state hydrogen
peroxide levels in uninfected Pex5 and Pex7 knockdown cells were significantly higher
than in wild-type cells, which suggests a dysregulation of hydrogen peroxide metabolism
(D1 Cara et al., 2017). Overexpression of catalase partially rescued the phagocytic defect
in Pex7 knockdown cells but not Pex5 knockdown cells (Di Cara et al., 2017). In adult
flies, knockdown of both Pex5 and Pex7 resulted in a lower survival rate in response to
infection of both gram-negative and gram-positive bacteria (Di Cara et al., 2017). Anti-
microbial peptides (AMP) are produced and secreted when the IMD pathway is activated

(Myllymaéki et al., 2014). AMP production was not observed in either Pex5 or Pex7
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knockdown cells (Di Cara et al., 2017). Together, this identified a new role for
peroxisomes in immune cells, activating the immune response to bacterial infection (Di

Cara et al., 2017).

1.4. Lipid droplets

Once thought to be simple lipid storage organelles, emerging evidence since their
discovery has revealed lipid droplets (LDs) as diverse organelles that carry out an array
of cellular and metabolic functions (reviewed in Fujimoto and Parton, 2011). They are
highly conserved across all eukaryotic species, but are referred to as oil bodies in plant
species (reviewed in Thiam and Beller, 2017). LDs are derived from the ER and consist
of a single phospholipid leaflet that surrounds a core consisting of mainly cholesterol
esters and neutral lipids in the form of triglyceride (TG) (reviewed in Fujimoto and
Parton, 2011). There is some variation amongst the species of lipid found within the LD
core depending on the species and cell type (reviewed in Thiam and Beller, 2017). The
surface of the LD is also decorated with a host of LD-resident proteins that facilitate
many of the metabolic functions that occur at the LD (reviewed in Fujimoto and Parton,
2011). LDs range considerably in size depending on the cell type and the availability of
excess lipids. Their primary function is controlling the storage and mobilization of
neutral lipids within the cell. These stores serve to provide lipid intermediates and a
source of energy through the oxidation of their fatty acyl chains (reviewed in Fujimoto

and Parton, 2011).
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1.4.1. Lipid droplet biogenesis

In eukaryotes, LD biogenesis occurs at the ER where neutral lipids accumulate to
form emulsion droplets that bud off of the ER to form nascent LDs (reviewed in Walther
et al., 2017). The precise mechanism of the budding process remains a subject of
investigation. The majority of neutral lipid synthesis in eukaryotes occurs at the ER,
catalyzed by a host of ER-resident enzymes. The main pathway for TG synthesis, called
the Kennedy pathway, uses glycerolphosphate and fatty acyl-CoA to make diglyceride
(DG) (Weiss and Kennedy, 1956). The alternate monoacylglycerol pathway occurs in
select cell types, whereby monoacylglycerol generated during TG hydrolysis is recycled
by re-esterification catalyzed by monoacylglycerol acyltransferase (MGAT) enzymes
(Coleman and Haynes, 1985; Yen and Farese, 2003). In either pathway, the final step
uses DG to form TG, which is catalyzed by the diacylglycerol acyltransferase (DGAT)
enzymes, DGAT1 and DGAT?2 (Cases et al., 1998; Lardizabal et al., 2001), two enzymes
that are central to TG synthesis. DGATI resides at the ER where it catalyzes the
esterification of fatty acyl-CoA and DG to generate TG (Cases et al., 1998), although its
substrate specificity is not limited to DG (Yen et al., 2005). In addition, DGATT1 helps
protect the cell against lipotoxicity caused by excess fatty acids within the cell
(Villanueva et al., 2009). In contrast, DGAT?2 is found at both the ER and the LD surface
where it catalyzes the formation of TG from fatty acid substrates derived from

lipogenesis (Villanueva et al., 2009; Wilfling et al., 2013). Cholesterol esters are also
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synthesized in the ER during LD biogenesis, catalyzed by acyl-CoA cholesterol
acyltransferase in mammals (Oelkers et al., 1998).

As TG is synthesized in the ER, its accumulation begins to form a lens within the
phospholipid leaflet (reviewed in Walther et al., 2017). It is unclear how sites of lens
formation in the ER are determined, but it is suggested that the curvature of the ER
membrane contributes to this. Lens formation occurs at ER tubules where local
membrane curvature contributes to the disruption of the phospholipid leaflet (reviewed in
Walther et al., 2017). Proteins, such as members of the reticulon family, may also be
involved in determining these domains for lens formation in the ER (Hu et al., 2009;
Voeltz et al., 2006). It has been shown the depletion of ER proteins that affect ER shape,
such as atlastin, leads to aberrations in LD morphology (Klemm et al., 2013). In addition,
Fat storage-inducing transmembrane protein 2 (FIT2) binds to lipids such as DG and TG,
and may play a role in partitioning neutral lipids during LD formation at the ER (Gross et
al., 2011).

Once a sufficient amount of TG has accumulated within the ER leaflet, the
nascent LD begins to bud into the cytosol (reviewed in Walther et al., 2017). While some
cells form intralumenal LDs, it is unclear what directs the growing bud into the cytosol
rather than towards the interior of the lumen for the formation of cytosolic LDs. It has
been suggested tension asymmetry across membrane monolayers influences the
directionality of the growing bud (Chorlay and Thiam, 2018). As the budding LD
continues to grow and the angle between the droplet and the ER membrane increases,
scission occurs to release the nascent LD (Thiam and Forét, 2016). The mechanism of
scission is unclear, although it is likely that specific proteins facilitate this process. Not

all LDs completely separate from the ER. While most LDs undergo scission from the ER
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in mammalian cells (Wilfling et al., 2013), in yeast cells, a substantial proportion of LDs
remain in contact with the ER (Jacquier et al., 2011).

Nascent LDs that bud off the ER are called initial LDs (iLDs) and are generally
400 — 800 nm in diameter (Wilfling et al., 2013). A proportion of iL.Ds are converted to
expanding LDs (eLDs), which are characterized by local TG synthesis. As synthesis is
carried out and TG is increasingly deposited within the core of the LD, the diameter of
the LD consequently increases (reviewed in Walther et al., 2017). Excess fatty acids are
taken up by the cell, facilitated by proteins on the cell membrane, such as CD36 (Su and
Abumrad, 2009). These fatty acids are then esterified to a glycerol backbone to form TG
that is stored in the core of the LD. This localized TG synthesis is catalyzed by a specific
isoform of DGAT (DGAT2) and GPAT (GPAT4) (Kuerschner et al., 2008), which

appear to relocalize from the ER via ER-LD contract sites.

1.4.2. Protein localization to lipid droplets

The single layer membrane of LDs has a variety of proteins associated with the
surface, depending on the cell and tissue type. Targeting of proteins to the LD surface is
unique in that, because of its phospholipid monolayer, it does not support the
conventional transport of membrane proteins via the ER. This unique biophysical
property means that it is energetically unfavorable for transmembrane proteins to reside
at the LD surface (reviewed in Kory et al., 2016). Two classes of LD proteins have been
described (reviewed in Kory et al., 2016). Class I proteins, such as GPAT4 (Wilfling et
al., 2013), are dually localized to the ER and the LD. In the absence of LDs, they are

found at the ER. Typically, they are transported with LDs during iLD formation;
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however, they can be transported to eLDs from ER-LD contact sites (reviewed in Kory et
al., 2016). The transport of proteins via ER bridges to eLDs is dependent on Arfl/COP-1
machinery, which promotes the formation of nanodroplets from the surface in order to
reduce phospholipid content (Wilfling et al., 2014). This mechanism is thought to
increase the surface tension, allowing an ER-bridge to form. Class I proteins access the
LD surface via ER bridges with a hydrophobic hairpin domain that is anchored in the
membrane. This domain does not completely span the membrane, allowing its transition
from the ER membrane to the LD surface (Wilfling et al., 2014). Mutations in the
hydrophobic domain result in LD mislocalization (Abell et al., 2002).

Class II proteins are translated in the cytosol and target the LD surface via
hydrophobic regions. Most bind to the LD surface via multiple amphipathic helices and
have distinct targeting sequences to the LD (reviewed in Kory et al., 2016).
CTP:phosphocholine cytidylyltransferase 1 (CCT1) contains an amphipathic helix that is
both necessary and sufficient to target it to the LD surface in Drosophila (Krahmer et al.,
2011), although, this may be a Drosophila specific localization, as CCT1 has not been
observed at the LD in mammalian cells (Aitchison et al., 2015). Recent models suggest
that the amphipathic helices of class II proteins are unfolded in solution and only refold
once they bind to the LD surface, at which point the helices becomes embedded in the
membrane with their hydrophilic residues facing the cytosol (reviewed in Seelig, 2004).

Some families of proteins that are localized to the LD surface are affected by
protein crowding (Kory et al., 2015). Molecular crowding plays a prominent role in
determining the protein composition of LDs, particularly during certain metabolic
functions, such as lipolysis. By this mechanism, proteins compete for binding sites on the

LD surface (Kory et al., 2015). In addition, it has been shown that some LD proteins,
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such as the family of Perilipins (PLINs), compete with other each other or other proteins
at the LD surface, which affects protein targeting (Wolins et al., 2006). This competition

in turn affects the metabolic activity of the LD.

1.4.3. Lipases

TG molecules contain three fatty acyl chains, which during lipolysis, are
hydrolyzed by distinct lipase molecules. Adipose triglyceride lipase (ATGL) catalyzes
the first step of lipolysis to generate DG and a free fatty acid (FFA) (Zimmermann et al.,
2004). ATGL has a strong specificity for TG molecules with little activity against DG or
monoglyceride (MG). However, it has been observed to have some phospholipase
activity (Notari et al., 2006). Hormone-sensitive lipase (HSL) can hydrolyze multiple
substrates, but during lipolysis, it is the rate-limiting enzyme for the hydrolysis of DG to
MG and FFA (Haemmerle et al., 2002). Lastly, monoglyceride lipase (MGL) cleaves the
last remaining fatty acyl chain from MG, releasing the glycerol back bone as a by-
product (Karlsson et al., 1997). While both ATGL and HSL are highly expressed in
adipose tissue, MGL has a fairly ubiquitous expression across tissues (reviewed in Lass et
al., 2011). ATGL, HSL, and MGL are the main lipases active during lipolysis; however,
other lipases function to catabolise TG. Carboxyl ester lipase is a non-specific lipase that
has broad specificity for TG, DG, MG, cholesterol esters, phospholipids, and ceramide
(Hui and Howles, 2002; Rudd and Brockman, 1984). Adiponutrin, also known as
PNPLA3, also exhibits TG hydrolase activity and has important implications in non-
alcoholic fatty liver disease (Winberg et al., 2014). Lysosomal acid lipase (LAL)

localizes to lysosomes and late endosomes for the hydrolysis of cholesterol esters and TG
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present in low-density lipoproteins and chylomicrons that are taken up by the cell
(reviewed in Quiroga and Lehner, 2018; Sauro et al., 1985). Hepatic lipase is synthesized
in hepatocytes and secreted into the circulation where it hydrolyzes TG and
phospholipids in high-density and intermediate-density lipoproteins (reviewed in Quiroga
and Lehner, 2018). Drosophila specific lipases are described in section 1.5.3, and

outlined in Figure 1.3 (page 44).

1.4.4. Perilipins

The PLINs are the major LD-associated family of proteins. PLINs serve as the
major regulators of lipid storage and mobilization in the LD. They lack a putative
transmembrane domain, and it remains unclear how they interact with the LD surface,
although, a recent study showed the presence of 11-mer repeats that formed amphipathic
helices that were necessary for binding PLINs to micelles and LDs (Rowe et al., 2016).
There are five known PLIN family members, with PLIN1 and PLIN2 being the most
conserved across species (reviewed in Itabe et al., 2017; Kimmel et al., 2010).

PLINT1 was initially discovered as a heavily phosphorylated protein in white
adipose tissue (Blanchette-Mackie et al., 1995). It is primarily expressed in adipocytes
and resides on the LD surface (Blanchette-Mackie et al., 1995). Under basal conditions it
is bound to Comparative gene identification 58 (CGI-58) (Yamaguchi et al., 2004), which
is an activator of ATGL. When lipolysis is initiated, a signalling cascade causes the
phosphorylation of PLIN1, which releases CGI-58 (Yamaguchi et al., 2007) and recruits

HSL to the LD surface (Wang et al., 2009).
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PLIN2 was originally named “adipose differentiation-related protein” because of
its observed induction during early adipocyte differentiation (Jiang and Serrero, 1992).
However, it was later discovered that PLIN2 is ubiquitously expressed across multiple
cell and tissue types (reviewed in Itabe et al., 2017). Early studies showed that
overexpression of PLIN2 in COS-7 cells and fibroblasts results in LD accumulation (Gao
and Serrero, 1999; Imamura et al., 2002). PLIN2 is also upregulated in cells that are
supplemented with fatty acids, which in turn are stored as TG (reviewed in Itabe et al.,
2017). This suggested that PLIN2 promotes LD formation and serves to protect TG stores
from lipolysis at the LD. Like some peroxisome proteins, its expression is also regulated
by peroxisome proliferator-activated receptor o (PPAR«) signaling in various cell types
(Dalen et al., 2006). PLIN2 protein levels contribute to the maintenance of TG stores
within LDs, as degradation of PLIN2 by the proteasome leads to depletion of TG levels

via lipolysis (Kaushik and Cuervo, 2015).

1.4.5. Regulation of lipolysis

Lipolysis is the process by which neutral lipids stored within LDs are hydrolyzed
to release free fatty acids. A signaling cascade causes the hydrolytic cleavage of the fatty
acyl chains of TG molecules, and the resulting free fatty acids can then be oxidized in
other organelles, such as mitochondria or peroxisomes (reviewed in Lass et al., 2011).
These FFAs can also be re-esterified to glycerol to produce TG for storage. The balance
of fatty acid re-esterification and oxidation is affected by the cellular concentration of

FFAs (Langin, 2006).
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In adipose cells, lipolysis is initiated by hormonal B-adrenergic stimulation
resulting in a signaling cascade that activates cAMP-dependent protein kinase A (PKA).
PKA phosphorylates PLINT1 at the LD surface, which causes the dissociation of CGI-58
from PLINI (Granneman et al., 2007; Zimmermann et al., 2004). CGI-58, also called o/p
hydrolase domain containing protein 5, is a highly conserved activator of ATGL. Under
basal conditions, it is bound to PLIN1 at the LD surface and is released upon lipolytic
stimulation. CGI-58 can then interact with ATGL on the LD surface and activate its
lipase activity (Lass et al., 2006). Maximal stimulation occurs at equimolar
concentrations between ATGL and CGI-58 (Lass et al., 2006). It is unclear what the
mechanism of activation is; however, direct protein-protein interaction between the two
proteins is required (Lass et al., 2006). However, protein-protein interaction is not
sufficient: CGI-58 must also be bound to the LD surface to activate ATGL (Gruber et al.,
2010). CGI-58 contains an unstructured region found at its N-terminus that is responsible
for LD-localization and ATGL activation (Gruber et al., 2010). ATGL is also
phosphorylated at two sites, however, it remains unclear how this phosphorylation affects
its activity. The known phosphorylation sites do not seem to affect LD localization or TG
hydrolysis (Duncan et al., 2010). It has also been shown in HeLa cells that the delivery of
ATGL to the LD surface depends on vesicular transport machinery and its protein
components, like Arfl and protein coatamers COPI and COPII. In their absence, ATGL
remained localized at the ER (Soni et al., 2009).

ATGL is negatively regulated by G0/G1 switch gene 2 (G0S2), a highly
conserved and ubiquitously expressed protein that was originally identified as a cell-cycle
regulator (reviewed in Heckmann et al., 2013). GOS2 is highly expressed in adipocytes,

and its overexpression causes massive lipid accumulation (Yang et al., 2010). In addition,
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its expression is inhibited by lipolytic stimulators, such as TNFa (Yang et al., 2010).
GO0S2 directly interacts with the N-terminus of ATGL, although this interaction is not
competitive with CGI-58 (Yang et al., 2010). The enzymatic function of ATGL is also
inhibited by PLIN2, which coats the surface of the LD and serves to block ATGL from
accessing TG molecules within the core of the LD (Granneman et al., 2007).

HSL is primarily regulated by phosphorylation. f-adrenergic stimulated PKA
phosphorylates HSL, which increases its enzymatic activity and allows it to interact with
PLINT at the LD surface. HSL has five sites which can by phosphorylated by other
kinases besides PKA (reviewed in Lass et al., 2011). MGL is present at relatively high
levels across most tissue; however, the mechanism of regulation is unclear (reviewed in

Lass etal., 2011).

1.5. Lipid droplets in Drosophila melanogaster

1.5.1. Lipid metabolism in Drosophila melanogaster

Fly development is characterized by large changes in lipid storage and
mobilization. During oogenesis, large amounts of LDs are synthesized by the mother and
eventually deposited into the developing egg to supply energy and membrane substrate
for the developing embryo. Impairments in this process lead to developmental arrest or
death of the embryo (Gronke et al., 2005). The stages of larval development are mainly

dedicated to feeding and accumulating mass, whereby large amounts of lipid are stored in
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the fat body, the Drosophila equivalent of adipose tissue. For example, the fat content of
the larvae dramatically increases during development, followed by a 3-fold reduction
during pupariation (Church and Robertson, 1966). Stored lipids are required to provide
the energy needed to support the dramatic tissue remodeling that occurs during
Drosophila development. The fat body contains numerous LDs of varying size, which
represent an important caloric source during the development of the animal. LDs within
the fat body can be as large as tens of micrometres in diameter (reviewed in Kiihnlein,
2012). Other larval tissues, such as the malpighian tubules, the gut, and imaginal discs,
also contain a number of smaller LDs. During pupal metamorphosis, larval tissues are
disintegrated and replaced by adult tissues. During this process, LDs are collected in the
adult fat body. From this stage forward, the adult fat body contains the majority of the

LDs in the body (DiAngelo and Birnbaum, 2009).

1.5.2. Lipid biosynthesis in Drosophila melanogaster

TG biosynthetic pathways are well conserved in Drosophila. The Drosophila
genome encodes a single homologue of the mammalian mitochondrial GPAT1 and
GPAT?2 (CG5508) which catalyzes the initial steps of TG biosynthesis. CG5508 is highly
expressed throughout Drosophila development and is particularly enriched in the adult
fat body (Gelbart and Emmert, 2011). Overexpression of CG5508 in the salivary glands
causes massive LD accumulation (Tian et al., 2011). The Drosophila genome also has
homologs of mammalian ER-localized GPAT3 and GPAT4, encoded by CG3209 and
CG15450, respectively. CG3209 is expressed ubiquitously while CG15450 is testis-

specific. However, both genes remain functionally uncharacterized (Chintapalli et al.,
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2007). CG3812 and ful?2 encode the Drosophila homologs of the mammalian AGPATI1
and AGPAT2, which catalyze the second step of TG biosynthesis. Both genes are also
not functionally characterized; however, fu/2 in highly expressed in the fat body
(Chintapalli et al., 2007). While in mammals, the third step of TG biosynthesis is
catalyzed by three different lipins, Drosophila has a single homologue, CG8709. This
gene is also functionally uncharacterized; however, it does contain characteristic lipin
domains (Valente et al., 2010). In addition, CG8709 has been shown to be critical for
adipose tissue development and to control the size and morphology of LDs in Drosophila
larvae (Ugrankar et al., 2011). Moreover, CG8709 is highly expressed in tissues that
contain substantial LDs, such as the fat body, malpighian tubules, and the gut (Ugrankar
etal., 2011).

The final step of TG biosynthesis in Drosophila is catalyzed by midway (mdy),
which encodes the homologue of DGATI in Drosophila. Recombinant mdy has been
shown to possess DGATT activity (Buszczak et al., 2002). The mdy gene is highly
expressed in the adult fat body, but also shows broad expression across all tissues
(Gelbart and Emmert, 2011). In addition, mdy hypomorphic mutants are female sterile
due to deficient lipid loading in the developing oocyte (Buszczak et al., 2002), and adult
flies with impaired mdy activity are lean (Beller et al., 2010). Overexpression of mdy in
larval salivary glands causes massive LD accumulation (Tian et al., 2011). In mammals,
DGAT?2 is found at the LD surface for localized TG synthesis in eLDs. While a putative
DGAT?2 homologue has yet to be identified in Drosophila, its genome encodes three
DGAT family members that have yet to be functionally characterized: CG1941, CG1942,
and CG1946 (reviewed in Kiihnlein, 2011). All three genes are expressed in the gut and

fat body (Gelbart and Emmert, 2011). While more primitive insect species have only one
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DGAT, this is likely not the case for Drosophila as DGAT?2 is essential for localized TG
synthesis in the formation of larger LDs, which are found in many fly tissues. It is
possible that one of the uncharacterized DGAT family members encodes the putative

DGAT2.

1.5.3. Lipases in Drosophila melanogaster

The proteins required for lipid mobilization are well conserved in Drosophila.
The Drosophila ATGL homologue, Brummer (Bmm), plays a central role in both basal
and stimulated lipolysis (Gronke et al., 2005; 2007). Bmm has a paralog, Doppelgédnger
von brummer (Gronke et al., 2005). Like ATGL, Bmm associates with the LD surface
and controls TG mobilization (Gronke et al., 2005). Overexpression of Bmm protects flies
from lipid accumulation caused by a high-fat diet (Birse et al., 2010) and conversely,
results in large LD accumulations when knocked down in cells (Guo et al., 2008). Bmm
expression is induced by starvation (Gronke et al., 2005), and its expression is repressed
by target of rapamycin (TOR), which acts as a nutrient sensor (Luong et al., 20006).
Drosophila Hsl is encoded by CG11055. Hsl was found to be a part of the embryonic LD
proteome (Cermelli et al., 2006), and it accumulates on the surface of LDs in starved
larval fat body cells (Bi et al., 2012). Interestingly, epitope-tagged Hsl does not localize
to the surface of LDs under starvation conditions in Lsd/ mutants (Bi et al., 2012), which
suggests that Lsdl is required for targeting Hsl to the LD surface. Currently, a putative
Mgl has not yet been identified in Drosophila. The regulation of lipolysis in Drosophila

is outlined in Figure 1.3.
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Figure 1.3
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Figure 1.3. Regulation of lipolysis in Drosophila melanogaster. Under basal
conditions, Lsd2 blocks cytosolic lipases from the LD surface. In addition, Lsd1 is bound
to CGI-58 at the LD surface. During lipolysis, a signalling cascade causes the
phosphorylation of Lsd1, which releases CGI-58, which recruits Bmm to the LD surfaces
and catalyzes the hydrolysis of TG to DG, releasing an FFA. Hsl is also phosphorylated
and recruited to the LD surface by phosphorylated Lsd1. Hsl catalyzes the hydrolysis of
DG to MG, releasing another FFA.
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1.5.4. Perilipins in Drosophila melanogaster

There are two members of the PLIN family in Drosophila: PLINI and PLIN2,
which are also called Lsd! and Lsd2, respectively (reviewed in Kiihnlein, 2012). Both
have been shown to modulate lipid storage in Drosophila. Studies have revealed that
Lsdl is the target of PKA phosphorylation (Arrese et al., 2008), and the phosphorylated
form of Lsdl plays an essential role in promoting lipolysis (Beller et al., 2010).
Moreover, Bi et al. showed that Lsdl is essential for Hsl to target the LD surface (Bi et
al., 2012), consistent with the mammalian function of PLIN1. Lsd2 protects TG stores in
the LD from Hsl and Bmm in the cytosol (Bi et al., 2012). Lsd2 mutant flies are lean,
whereas overexpression of Lsd?2 results in massive LD accumulation (Teixeira et al.,

2003). The regulation of lipolysis in Drosophila is outlined in Figure 1.3.

1.5.5. Lipid metabolism in macrophages and S2 cells

S2 cells are thought to be derived from a macrophage-like lineage (Schneider,
1972). Cell of a macrophage lineage must be able to handle rapid spikes of lipids
acquired via phagocytosis of dead cells. Dysfunctional lipid metabolism in mammalian
macrophages leads to various pathologies, such as pulmonary alveolar proteinosis
(reviewed in Remmerie and Scott, 2018), which is characterized by an accumulation of
lipoprotein compounds derived from surfactant (Shah et al., 2000). Lipids are taken up by
macrophages via plasma membrane receptors, such as CD36, and degraded in the
lysosome via LAL (reviewed in Remmerie and Scott, 2018). This generates FFA, which
is usually oxidized in the mitochondria. In addition, macrophages can take up acetylated

LDL particles by endocytosis and pinocytosis (Jones et al., 2000), which, if not
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eliminated properly, results in the formation of foam cells (reviewed in Remmerie and
Scott, 2018). Free cholesterol that is generated at the lysosome via LAL is effluxed at the
plasma membrane or it is used to form cholesterol fatty acid esters at the ER, which are
stored in the LD and make up the “foam” of the foam cell (Maxfield and Tabas, 2005).
Foam cells are either degraded through the de-esterification and subsequent secretion of
cholesterol esters, or localized foam cell formation leads to the formation of plaques (Yu
etal., 2013).

Mammalian macrophages display unique tissue-specific epigenetic features,
which result in specialized transcriptional profiles (Lavin et al., 2014; Scott et al., 2016).
These unique profiles suggest that macrophages in mammals have tissue-specific
functions. Although all macrophage lineages take up and process lipids, lipid metabolism
is considered “accessory” as not all lineages are particularly active in this function. For
example, lung alveolar macrophages and liver Kupffer cells are transcriptionally enriched
with lipid metabolic genes (Gautier et al., 2012; Scott et al., 2016). The ability of alveolar
macrophages to process lipids that are taken up through the phagocytosis of dead cells is
critical to proper lung function. This is highlighted by the pathologies that result from
defective or absent lipid metabolism in these macrophages (Kitamura et al., 1999; Suzuki
et al., 2008). Kupffer cells in mice show an upregulation of lipid metabolism and bile
acid signalling genes in response to dietary fat and cholesterol, whereas macrophages
derived from bone-marrow do not (McGettigan et al., 2017). PPARY is highly expressed
in both alveolar macrophages and Kupffer cells and has been suggested to control the
inflammatory potential of these cells (Gautier et al., 2012; Scott et al., 2016). Fatty acids

can act as PPAR agonists and activate PPAR, which induces a transcriptional response in
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macrophages (reviewed in Grygiel-Gorniak, 2014). This leads to the upregulation of lipid
metabolic genes in macrophages.

Certain types of mammalian macrophages are highly inflammatory and
microbicidal, characteristics that are linked to elevated production of ROS (reviewed in
Remmerie and Scott, 2018). ROS are a by-product of lipid oxidation and the burst of
reactive oxygen species has been shown to be necessary for engulfment of bacteria
during infection in S2 cells and Drosophila hemocytes (Di Cara et al., 2017). In addition,
it has been shown that supplementing mammalian macrophages with saturated fatty acids
provokes an immune response and inflammation attenuates oxidative metabolism
(Namgaladze and Briine, 2016).

S2 cells have been extensively used for studies of LD biology (Beller et al., 2006;
Guo et al., 2008; Kory et al., 2015; Krahmer et al., 2011; Sui et al., 2018; Wang et al.,
2016; Wilfling et al., 2013, 2014). Under standard culture conditions, S2 cells contain
few LDs, but rapidly form LDs that are detectable by light microscope when the culture
media is supplemented with fatty acids. For example, S2 cells are cultured with 1 mM
oleate, they form many small LDs that are easily visible after 24 hours (Guo et al., 2008).
This is standard for LD studies in S2 cells.

S2 cells have been used in RNAi screens for LD phenotypes (Beller et al., 2010;
Guo et al., 2008). S2 cells are highly amenable to RNA interference using dsSRNA, with
targeted genes showing an average of 80-90% knockdown (Ulvila et al., 2006). In
addition, dsSRNAs amplicons used in Drosophila are hundreds of base pairs long and are
processed to smaller siRNAs once inside the cell. Compared to the 21-23 base pair
dsRNA amplicons used in mammalian systems, this reduces off-target effects (Ulvila et

al., 2006).
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Guo et al. utilized S2 dsRNA screening to identify novel regulators of LDs by
scoring changes in LD size, number, distribution, and morphology after knockdown of a
particular gene by dsSRNA. With their analysis, 227 genes were identified that affect LD
biology, many of which were previously unidentified (Guo et al., 2008). This means that
approximately 1.5% of the Drosophila genome is involved in LD formation and
regulation. These were sorted into five classes based on distinct LD phenotypes that were
visually scored. Many of the genes found to affect LDs were involved in phospholipid
biosynthesis and vesicular transport (Guo et al., 2008), which present previously

unidentified regulators of LD biology.

1.6. Known connections between peroxisomes and lipid droplets

Given that both peroxisomes and LDs are critical organelles for lipid metabolism,
it is thought that these organelles likely coordinate their metabolic functions. Recent lines
of evidence have revealed intimate physical connections between peroxisomes and LDs.
Binns et al. found that yeast cells cultured in the presence of oleate have peroxisomes that
are in direct contact with the surface of LDs (Binns et al., 2006). Moreover, these
peroxisomes have extensions, termed “pexopodia”, that protrude into the core of the LD.
A proteomic analysis of these cells found peroxisomal f-oxidation enzymes within the
LD fraction (Binns et al., 2006). It is thought that as particular species of fatty acids are
produced during TG hydrolysis, they are directed into adjacent peroxisomes for

oxidation. Similar observations have been made in COS-7 and HepG2 cells expressing
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GFP-PTS1, whereby peroxisomes were found in close association with LDs (Schrader,
2001). Immunogold staining using an anti-catalase antibody in 3T3-L1 adipocytes and
mouse epididymal white adipose tissue revealed dumbbell-shaped peroxisomes near the
periphery of LDs (Blanchette-Mackie et al., 1995). Lastly, protein-protein interactions
have been observed between peroxisomal proteins and LD resident proteins using a bi-
molecular fluorescence complementation assay. In this study, multiple PEX proteins were
found to interact with LD proteins Erg6 and Pet10 in yeast cells (Pu et al., 2011).

Other physiological links between peroxisomes and LDs in whole animals have
been established. Martens et al. generated Pex5 knockout mice with dysfunctional
peroxisomes in the adipose tissue and the central and peripheral nervous system (Martens
et al., 2012). These mice exhibited dysfunctional adipose tissue as a result of decreased
lipolysis and increased fat mass. Reduced levels of adrenaline and noradrenaline in
circulation were also detected (Martens et al., 2012). This likely contributed to decreased
lipolytic levels as beta-adrenergic signalling stimulates lipolysis.

Biilow et al. generated Drosophila Pex19 mutants, which recapitulated many of
the hallmarks of PBDs, including elevated VLCFAs, neurodegeneration, and decreased
survival rates (Biilow et al., 2018). In addition, Pex/9 mutants showed elevated levels of
lipolysis and decreased lipid stores in the fat body. This was likely a consequence of
elevated Lipase3, which showed a 250-fold increase in expression relative to the wild-
type control (Biilow et al., 2018). Lastly, mitochondrial defects were also observed in the
Pex19 mutant, which was attributed to aberrant levels of fatty acid oxidation in the

mitochondria (Biilow et al., 2018).
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1.7. Hypothesis and rationale

While there is correlative evidence that peroxisomes and LDs interact to
coordinate lipid metabolism, little is known about the mechanisms of these interactions.
Given the importance of these two organelles in cellular lipid metabolism, deciphering
how they communicate will have significant impacts on how diseases like
lipodystrophies and PBDs are understood.

This thesis presents experiments testing my hypothesis that components of the
peroxisome regulate lipid metabolism at the LD in Drosophila. In addition, I hypothesize
that peroxisome biogenesis and enzyme trafficking is conserved between Drosophila and
other organisms.

I found that the majority of the peroxins, PMPs, and enzyme homologues in
Drosophila localized to peroxisomes in S2 cells. Knockdown of several peroxins
confirmed a functional conservation. I also found that Pex13 and Pex14 are targeted to
the surface of LDs during times of increased LD metabolism. Knockdown of Pex/4
results in smaller, more numerous LDs and increased lipolytic activity in S2 cells. These
phenotypes were also observed in Drosophila larvae when Pex14 was knocked down in
the fat body. In addition, overexpression of Pex/4 disrupts the targeting of Hsl to the LD
surface during lipolysis and conversely, overexpression of Lsd [ blocks the targeting of
Pex14 to the LD surface during lipolysis. Lastly, knockdown of Pex/4 results in
differential expression and localization of CGI-58 in lipolytic S2 cells. Altogether, I

propose a model whereby Pex13/Pex14-containing vesicles are targeted directly to LDs
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during periods of increased lipid metabolism and serve to regulate the flux of lipids

stored in LDs.
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Chapter 2: A systematic cell-based analysis of localization of

predicted Drosophila peroxisomal proteins

This chapter has been published as: Baron, M.N., Klinger, C.M, Rachubinski, R.A.,
and Simmonds, A.J. (2016). A Systematic Cell-Based Analysis of Localization of

Predicted Drosophila Peroxisomal Proteins. Traffic /7, 536 — 553.
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2.1. Abstract

A previous sequence-based comparison of the predicted proteome of Drosophila
melanogaster to human proteins identified 82 potential homologues of proteins involved
in peroxisomal biogenesis, homeostasis or metabolism. However, the subcellular
localization of these proteins relative to the peroxisome was not determined.
Accordingly, I systematically tested the localization and selected functions of epitope-
tagged proteins in Drosophila Schneider 2 cells to determine the subcellular localization
of the 82 potential Drosophila peroxisomal protein homologues. Excluding the PEX
proteins, 34 proteins localized primarily to the peroxisome, eight showed dual
localization to the peroxisome and other structures, and 26 localized exclusively to
organelles other than the peroxisome. In addition, the effect of overexpression of each of
the 82 genes on the peroxisome phenotype was analyzed. This work establishes a basic
understanding of peroxisome protein localization in Drosophila. This work will facilitate
the use of Drosophila as a genetically tractable, multicellular model system for studying

key aspects of peroxisome biology and how they function in cellular lipid metabolism.
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2.2. Background

Much of our current knowledge of the functions of peroxisomes and how they are
assembled has come from studies of yeast and mammalian cell culture. However, there is
a need for alternative laboratory models for PBDs, particularly genetically tractable
multicellular models. Specific peroxin deficiencies have been examined in a variety of
organisms, including nematode, fruit fly, zebrafish and mouse (reviewed in Van
Veldhoven and Baes, 2013). Overall, the peroxisome assembly pathway is relatively well
conserved from yeast to human. However, there are differences in peroxisome formation
and function between these species (reviewed in Van Veldhoven and Baes, 2013). For
example, in yeast and human, a minority of matrix proteins relies on the PTS2 pathway
for import into the peroxisome (reviewed in Smith and Aitchison, 2013). PEX7/Pex7p
recognizes PTS2 cargo in the cytosol and delivers it to the peroxisomal matrix after
docking at the peroxisomal membrane (Marzioch et al., 1994; Zhang and Lazarow,
1995). An exception is Caenorhabditis elegans (a nematode), which lacks both a PEX7
homologue and proteins with a canonical PTS2 signal. In C. elegans, homologues of
PTS2-containing proteins in other species instead contain a PTS1 (Motley et al., 2000).
PTS1 is recognized in the cytosol by the soluble cargo receptor, PEXS, which in a
manner akin to that of PEX7, delivers its cargo to the peroxisomal matrix following
docking at the peroxisomal membrane (Van der Lejj et al., 1993; Purdue and Lazarow,
1996). No bona fide PTS2-containing cargo protein has been identified in Drosophila
(Faust et al., 2012), even though a presumptive Pex7 gene is present in the genome.

Differences in targeting pathways for homologous peroxisomal proteins in different
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organisms highlight the need for improved understanding of peroxisome biology in
different organisms.

Drosophila melanogaster is a readily tractable organism to model many human
disorders (reviewed in Pandey and Nichols, 2011), including the PBDs (Mast et al.,
2011). However, while previous studies (Faust et al., 2012; 2014; Mast et al., 2011) have
established specific homologues of PEX and other peroxisomal enzyme genes, in general,
the overall functional conservation of these pathways in Drosophila has not been tested.
Previous in silico comparison of the human and Drosophila genome sequences identified
a group of 82 potential Drosophila homologues of human peroxisome-associated genes
from a query encompassing 112 human peroxisomal protein sequences (Faust et al.,
2012). However, only a few of the potential peroxisomal proteins identified by this
computer-based analysis were functionally tested for peroxisomal localization or
function. Therefore, I performed a comprehensive screen in S2 cells aimed at evaluating
the subcellular localization of the proteins encoded by all these genes. Using a
combination of live-imaging via protein fusions to red fluorescent protein (RFP) or,
where appropriate, to a small FLAG epitope, I evaluated the specific localization of each
candidate peroxisomal protein. The localization of each was examined vis-a-vis
peroxisomes labeled with GFP tagged at its C-terminus with the canonical PTS1, Ser —
Lys — Leu (GFP-SKL). This evaluation included a basic functional analysis of the
consequences of overexpression, and in some cases knock down, of these genes by
measuring changes in peroxisome volume and number. The data showed that most of the
proteins predicted to be involved in peroxisome biogenesis or function in Drosophila

localize to the peroxisome, while a few proteins localize to the peroxisome and another

56



subcellular compartment. In addition, the PTS1 and membrane protein import pathways

seem relatively well conserved in Drosophila, while the PTS2 import pathway does not.

2.3. Results

2.3.1. The majority of Drosophila Pex proteins localize to peroxisomes in S2 cells

I first characterized the cellular localization of the predicted Drosophila
homologues of the known peroxins. Previous functional assays for Pex function using
dsRNA-based knock down have been shown to alter peroxisome protein targeting in
Drosophila S2 cells stably expressing the fluorescent reporter, GFP-PTS1 (Mast et al.,
2011). In S2 cells, the GFP-PTSI1 reporter (Wiemer et al., 1997) marks the majority of
endogenous peroxisomes. This was confirmed by immunofluorescence detection of
peroxisomes with an anti-SKL antibody, as a positive control (Figure 2.1). In addition, at
this time there were no antibodies available to any Drosophila peroxisome proteins that
could be used as an alternative peroxisome marker. It is possible that overexpression of
some of the proteins examined could affect GFP-PTS1 import; however, without a
suitable alternative, GFP-PTS1 was the most appropriate peroxisome marker available.
As a negative control, RFP-Gawky (Gw) was transfected into GFP-SKL S2 cells. Gw
localizes to cytoplasmic mRNA processing bodies (Schneider et al., 2006), which appear
as punctate cytoplasmic structures that do not overlap with the peroxisome marker
(Figure 2.1).

To analyze the subcellular localization of each predicted Drosophila Pex protein,

I expressed the open reading frame for each candidate gene as a fusion to a sequence
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Figure 2.1
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Figure 2.1. Extent of colocalization between the signals for GFP-PTS1 and anti-SKL
(positive control) or RFP-Gw (negative control). Top panels show S2 cells stably
expressing GFP-PTS1 (panels at left). Cells were fixed in 4% paraformaldehyde and
probed with an anti-SKL antibody and a red fluorescent secondary antibody (top middle
panel). Overlap between the GFP-PTS1 and anti-SKL signals is indicated by yellow in
the merge (top right panel). Bottom panels show S2 cells stably expressing GFP-PTSI1,
shown in green (bottom left panel), and transfected with plasmid encoding the Gw
protein fused to mRFP, which localizes to punctate structures in the cytosol (bottom
middle panel). The merged image (bottom right panel) shows limited overlap between the
GFP and mRFP signals. Each image is a maximum projection of a three-dimensional

volume encompassing the entire cell. The scale bar represents 1 pum.
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encoding RFP at the N- or C-terminus of the protein. Appending RFP to proteins can
sometimes cause aberrant protein aggregation or mislocalization in the cell due to steric
hindrance (Huang et al., 2014) or compromised protein folding (Huang et al., 2014;
Wang et al., 2010) resulting from the relatively large size of RFP, RFP-tagged proteins
that did not colocalize with GFP-PTS1-labeled peroxisomes were re-tested as N- and C-
terminal fusions to a 3XFLAG epitope [roughly 2.8 kDa (Miceli et al., 1994)].

The degree of colocalization between the signal for a tagged candidate protein and
GFP-PTS1-labeled peroxisomes was measured using Pearson’s coefficient and expressed
as a percentage (Figure 2.2.A). The Pearson’s correlation coefficient (PCC) measures the
pixel-to-pixel covariance between two signals (Dunn et al., 2011). A value of +1.0
indicates perfect correlation, whereas a value of -1.0 indicates a perfectly negative
correlation, and a value of 0 denotes no relationship between the two signals. Because the
PCC uses the mean intensity of a signal, it is unaffected by differences in the signal
intensity of each pixel and therefore, the signal offset (Dunn et al., 2011). For all
measured Pearson’s calculations, each cell was measured individually and extracellular
space was eliminated from the measurements, as pixels lacking either signal can inflate
the PCC value (Dunn et al., 2011).

While other methods of measuring colocalization exist, such as Mander’s overlap
coefficient (MOC) (Manders et al., 1993), the PCC was chosen as the appropriate
measure of colocalization between predicted peroxisomal proteins and the peroxisome
marker. Several experimentally observed deficiencies have been observed with MOC
(Adler and Parmryd, 2010; Dunn et al., 2011). One concern is that the MOC is highly
sensitive to background signal. This can be cumbersome to remove as background

“noise” can be variable within an image and may require background levels to be
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determined locally (Dunn et al., 2011). In particular, because many of the proteins being
examined do not have an experimentally determined subcellular localization, the signal
from proteins that localize to the cytosol may be considered background and could cause
spurious MOC measurements. In addition, the MOC is sensitive to offset, which, if not
set correctly, can have significant effects on MOC measurements (Adler and Parmryd,
2010). It was found that the PCC reports a 0 value when no relationship is observed
between two signals, while a 0 value for the MOC is only reported when the two signals
are completely exclusive from one another (Adler and Parmryd, 2010). This can cause
false positives. In fact, it was found that when pixels from two signals were randomly
shuffled, an MOC of 0.6 could still be produced, whereas this reduced the PCC to a 0
value, indicating no relationship (Adler and Parmryd, 2010).

GFP-PTS1 labeled essentially all peroxisomes, as colocalization between the anti-
SKL signal and the GFP-PTS]1 reporter was 84.2%. As a negative control, S2 cells stably
expressing GFP-PTS1 were transfected with RFP-Gawky, a component of cytoplasmic
mRNA processing bodies (Schneider et al., 2006). The degree of colocalization between
GFP-PTS1 and RFP-Gawky was 4.8%. This value provided a basal background level
resulting from two signals that should not colocalize and appear completely distinct from
one another. The average percent colocalization of tagged candidate Pex proteins with
GFP-PTS1 is shown in Figure 2.2A and summarized in Table 2.1. Predicted Drosophila
homologues to the peroxisomal biogenesis factors Pex1, Pex2, Pex10, Pex11A/C,
Pex11C, Pex12, Pex13, Pex14 and Pex16, which have been shown in other organisms to
be localized to peroxisomes, also showed strong colocalization with the peroxisomal
GFP-PTS1 signal (Figure 2.2A). The tag used and the terminus of the protein to which it

was appended is shown in Table 2.1. 3xFLAG-Pex6 formed punctate structures that

61



strongly colocalized with the peroxisomal GFP-PTSI1 signal; however, it also showed a
cytosolic signal, resulting in a decreased Pearson’s coefficient (56%) (Figure 2.2A). It is
possible that the observed cytosolic signal is an artefact of overexpression. Unexpectedly,
3xFLAG-Pex3 exhibited less than 30% colocalization with GFP-PTS1 (Figure 2.2A) and
preferentially localized to reticular-like structures consistent in appearance to the ER.
This localization was observed for Pex3 tagged at both the N- and the C-terminus. The
localization pattern observed may be an artifact of Pex3 overexpression. This increased
expression may cause impaired transport of the epitope-tagged Pex3 out of the ER to the
peroxisome membrane. The relative increased levels of Pex3 at the ER may represent a
bona fide Drosophila-specific steady state for Pex3, or an artifact of Pex3
overexpression.

Tagged Pex5 showed both a punctate signal that partially overlapped with GFP-
PTS1 and a generalized cytosolic signal (Figure 2.3). This bipartite localization for Pex5
is consistent with its known role as a soluble receptor for PTS1-containing cargo that
shuttles between the cytosol and the peroxisome (Dodt and Gould, 1996; reviewed in
Lanyon-Hogg et al., 2010;).

Tagged chimeras of Pex7 and Pex19 showed punctate structures that colocalized
with peroxisomes as well as a diffuse signal in the cytosol (Figures 2.5). Pex7p in yeast
has been shown to function as a shuttling receptor for PTS2-containing proteins between
the cytosol and the peroxisome (Marzioch et al., 1994; Zhang and Lazarow, 1995). The
localization of Drosophila Pex7 to both the cytosol and peroxisomes in S2 cells is
consistent with its proposed function. However, previous studies were unable to find
evidence for a functional PTS2 import pathway in Drosophila (Faust et al., 2012). This

raises the interesting question of whether the purported Pex7 homologue of Drosophila
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Figure 2.2

d-yAn
- Hai
{_}-ass¥a
__FHAHd
—__{-210nN
_-Z1H3s
{_|-zaos
LW
I ivvov
dvM1
C_tazual
ZXHd3
avov
1s1d
= {__F3al
(__t9g1sov
{levizols
— 1xayud
{____teisov
— 1a9zd1v
— zy03a
= V1OVH
—] 1SV
[ |-sxaud
[_xovd
— 7T 4B ]
N
Hax
MAWd
ZSON
dNO1
zzdiNd
z/1aoav
. dgn
- 1aos
HOOWH
6ixad TOONWH
u oun
gLxad /vy
. 0ad
" IHO3
. Z4SOV
. 10¥9
gixad YEdWd
£4S0V
Z1xed . £XOOV
. ova
. 6LLANN
. 1X02V
. 1vD
anviixed ] dga
—] SvZZo1S
ouxad . LHaW
. xddS
" oaa
Lxed . 21asH
N 1VHD
9xad . $00
02dWd
. Z/LOVH
SELWIWL
" UOVINY
£xod . YUSHA
n sdov
Zxod . NG
. A1VdND
. LANSAL
. 1109

vixed

OLixad

Gxad

Ixad

T T
o ) =) o
=] © <+ N ..nov < MIU.

100-
100
80

< }S1ld-d49 yim uoljezi|edojod % 0 1SL1d-d49 Y}m uonezijeso|od %,

63



Figure 2.2. Percent colocalization between tagged candidate Drosophila peroxisomal
proteins and the peroxisomal marker GFP-PTS1 in Drosophila S2 cells. (A) Percent
colocalization for predicted Drosophila Pex proteins. (B) Percent colocalization for
predicted Drosophila peroxisomal proteins other than Pex proteins. Percent
colocalization was calculated using Pearson’s coefficient. Black bars, >60%
colocalization; gray bars, 30-60% colocalization; white bars, <30% colocalization.
Plasmids encoding candidate peroxisomal proteins fused to mRFP or the 3xFLAG
epitope were transfected into S2 cells stably expressing GFP-PTS1, which labels
peroxisomes. Values report the percent colocalization between the signals from a tagged
candidate protein and GFP-PTS1 and represent the average of three independent
measurements from three biological replicates (n = 3), for a total of nine total cells
measured. Error bars represent the standard deviation. A filled square denotes a protein

with a canonical PTS1 at its C-terminus.
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actually functions in a currently undefined PTS2 import pathway or functions in a role
unrelated to peroxisome biogenesis. Mammalian PEX19 functions as a shuttling receptor
that recognizes peroxisomal membrane protein cargo in the cytosol and then docks to
PEX3 to deliver its cargo either directly to the peroxisomal membrane or to the
peroxisomal membrane via the ER (Fang et al., 2004; Sacksteder et al., 2000). A role for
Pex19 in peroxisome biogenesis in Drosophila has been previously reported (Pandey and
Nichols, 2011). The localization of Pex19 to both peroxisomes and the cytosol in S2 cells
is consistent with a similar function for Pex19 in trafficking peroxisomal membrane
proteins in Drosophila. mRFP- or 3XxFLAG-tagged versions of the other predicted
Drosophila Pex proteins largely localized to mature peroxisomes marked by the GFP-
PTSI reporter, similar to the peroxisomal localization of these proteins in yeast or human

cells.

2.3.2. The majority of predicted peroxisomal proteins in Drosophila localize to
peroxisomes in S2 cells

I investigated the subcellular localization of an additional 68 Drosophila proteins
predicted to be peroxisomal (Faust et al., 2012). These proteins were identified from the
Universal Protein Knowledgebase (uniprot.com) by querying the Drosophila proteome
using the BLAST algorithm and, in addition, using PTS1-identifying algorithms such as
PeroxiP (Emanuelsson et al., 2003), PProwler and PTS1 Prowler (Hawkins et al., 2007).
In order to validate the original classification of these proteins as being peroxisomal in
Drosophila (Faust et al., 2012), all putative Drosophila peroxisomal proteins were

subjected to reciprocal BLASTp (Altschul et al., 1997) analysis against the ‘refseq’
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Homo sapiens proteome at NCBI (taxid:9606). BLAST settings were left at their default
values. In cases where no corresponding human protein could be identified, the entirety
of the non-redundant (NR) database was queried. This analysis allowed for reciprocal
confirmation of the putative peroxisomal nature of the proteins identified in the original
screen (Faust et al., 2012). Although the peroxisomal nature of most of the proteins was
confirmed, 10 proteins had reciprocal best hits not consistent with the original
classification (Faust et al., 2012). Two of these proteins were potentially homologous to
other proteins (ACAA1 and FBpp0079472; DRS7B and FBpp0084910), while the
remaining proteins did not have obvious homologues in Drosophila. These results are
summarized in Table 2.3 (page 96).

Varying degrees of colocalization were found for the Drosophila proteins
predicted to be peroxisome-localized that were not part of the peroxin genes (Figure
2.2B). The tag used and the terminus of the protein to which it was appended is shown in
Table 2.2. The distribution of the percentage of colocalization between these proteins and
peroxisomes fell broadly into three categories based on the overall trend in the data:
>60%, 30 — 60% and <30%. This trend was supported by subsequent functional
annotation of the proteins in each group. The percentage of colocalization of each
candidate protein with the peroxisome marker is given in Table 2.2. Candidate proteins
that fell into the >60% category showed strong colocalization with the GFP-PTS1 signal,
indicative of peroxisomal localization. Candidate proteins that fell into the <30%
category showed a localization distinct from the peroxisome marker, including the
cytosol. Candidate proteins that fell in the 30 — 60% category exhibited punctate
structures that overlapped with the GFP-PTSI signal and simultaneously had an

alternative localization, suggesting that this class of proteins localizes to both the
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peroxisome as well as other cellular compartments.

2.3.2.1. Tagged candidate peroxisomal proteins exhibiting >60% colocalization with
GFP-PTSI

Of the additional 68 candidate peroxisomal proteins in Drosophila, 34 tagged
chimeras of these proteins showed >60% colocalization with GFP-PTS1, indicative of a
preferential localization to peroxisomes (Figures 2.2B and 2.3). Most proteins in this
group possess a canonical PTS1, —SKL (Gould et al.,1988), or a variation thereof at their
C-terminus. These proteins require an N-terminal tag because a C-terminal tag would
block the PTS1 and therefore disrupt peroxisomal localization. Proteins that strongly
localized to the peroxisome with an N-terminal tag showed disrupted localization when
tagged at their C-terminus. This screen revealed several proteins with non-canonical
PTSI signals that showed strong peroxisomal localization when tagged at the N-terminus,
including malate dehydrogenase 1 (MDH1) (Figure 2.3), aspartate aminotransferase
(GOT1), glyceronephosphate O-acyltransferase (GNPAT), alanine-glyoxylate
aminotransferase (AGXT), copper chaperone for SOD (CCS) and
dehydrogenase/reductase SDR family member 4 (DHSR4) (Figure 2.3), which have the
non-canonical PTS1 sequences SNL, NKL, AKL, SKI, QKL and ARL, respectively.
Several candidate proteins without an evident PTS1, such as acyl-CoA synthetase family
member 3 (ACSF3) (Figure 2.3) and 3-hydroxy-3-methylglutaryl-CoA lyase (HMGCL),
colocalized strongly with GFP-PTS1 when tagged at their N-terminus. ACSF3 is
involved in fatty acid biosynthesis. It has a VSK at its C-terminus and localizes to the
mitochondria in other species; however, it is reported to show substrate preference for

lignoceric acid, a 24-carbon VLCFA (Watkins et al., 2007), which could explain the
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observed peroxisomal localization in Drosophila S2 cells. HMGCL is a key enzyme in
ketogenesis and catalyzes the terminal step in leucine catabolism. It has an RVK at its C-
terminus and is reported to localize to both the mitochondria (Holmes et al., 1995) and
peroxisomes (Ashmarina et al., 1994) in mammalian cells. The observed exclusive
peroxisomal localization of HMGCL may be Drosophila specific. It remains to be
determined whether proteins like ACSF3 and HMGCL possess atypical functional PTS1-
type signals, gain access to the peroxisome by piggybacking on other proteins, or localize
to peroxisomes by an alternative pathway (Islinger et al., 2009; Wu et al., 2000).
Piggybacking occurs when oligomers are imported into an organelle as a complex, yet
only one of the subunits has a targeting signal (Thoms, 2015), a phenomena that has been
previously observed in peroxisomes (McNew and Goodman, 1994; Yang et al., 2001).
Peroxisomal membrane proteins that strongly colocalized with GFP-PTS1 when
tagged at their N-terminus include the homologues of transmembrane protein 135
(TMEM135) (Figure 2.3), PMP70, solute carrier family 22 member 5 (SLC22AS5), solute
carrier family 25 member 17 (SLC25A17), fatty acyl-CoA reductase 1/2 (FAR1/2), and
3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR). Peroxisomal membrane proteins
are targeted to the peroxisome via a pathway that is independent of that for matrix protein
targeting and involves the shuttling receptor Pex19 and relies on a distinct peroxisomal
membrane targeting signal, the mPTS (Rottensteiner et al., 2004; Sacksteder et al., 2000).
Previous work from our group suggests that the peroxisomal membrane protein
trafficking machinery found in other organisms is functionally conserved in Drosophila

(Mast et al., 2011).
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Figure 2.3
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Figure 2.3: Candidate Drosophila peroxisomal proteins exhibiting >60%
colocalization with peroxisomes in S2 cells. Chimeras of candidate peroxisomal
proteins fused to either mRFP or a 3XxFLAG epitope were expressed in S2 cells stably
expressing GFP-PTSI to label peroxisomes. Representative examples of chimeras
exhibiting >60% colocalization with peroxisomes are shown. The GFP-PTS1 signal is
shown in the left panels in green. mRFP- and 3xFLLAG-tagged chimeric proteins are
shown in the middle panels in red. Panels at the extreme right show the merged images,
with colocalization indicated by a yellow signal. Each image is a maximum projection of
a three-dimensional volume encompassing the entire cell. The scale bar represents 1 um.

Each cell is a representative image from three independent biological replicates (n = 3).
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2.3.2.2. Tagged candidate peroxisomal proteins exhibiting <30% colocalization with
GFP-PTSI

Twenty-six tagged chimeras of the 68 candidate peroxisomal proteins exhibited
less than 30% colocalization with the GFP-PTS1 signal defining peroxisomes (Figure
2.2B). No protein in this group exhibited a pattern characteristic of peroxisomal
localization. Notably, some proteins did form punctate structures, but these punctate
structures did not coincide with the structures labeled by GFP-PTS1, suggesting that they
localize to another organelle or aggregate. Based on their morphology and distribution, it
is likely that such proteins localize to lysosomes, mitochondria, or lipid droplets. The
homologue of Calcium-transporting ATPase type 2C member 1 (ATP2CD1) is an
example of a protein in this group that localized to punctate structures distinct from
peroxisomes (Figure 2.4).

Two proteins in this group, the homologues of 2-hydroxyacyl-CoA lyase 1
(HACLI) and insulin degrading enzyme (IDE) have a canonical PTS1 at their C-
terminus. However, N-terminally tagged versions of these proteins did not colocalize
with GFP-PTS1. FLAG-HACLI1 localized to punctate structures distinct from those
labeled by GFP-PTS1, whereas FLAG-IDE localized to the cytosol and plasma
membrane (Figure 2.4). HACLI is a thiamine pyrophosphate binding protein involved in
fatty acid a-oxidation and its subcellular localization in Drosophila has not been
previously reported (Faust et al., 2012; Gong et al., 2004). IDE is a metalloprotease that
has been reported to localize to the cytosol and plasma membrane in Drosophila
(Galagovsky et al., 2014), which is consistent with the localization observed for both

3xFLAG-IDE and mRFP-IDE in S2 cells. Although HACL1 and IDE contain a canonical
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PTS]1, their localization to non-peroxisomal structures could be due to their C-termini
being cleaved by post-translational peptide processing, which could remove their PTS1.
Alternatively, folding of their C-termini into their interiors could mask the PTS1 from its
import receptor.

Some of the candidate Drosophila peroxisomal proteins examined have been
previously reported to localize to cellular compartments other than peroxisomes. The
homologue of Mitochondrial fission 1 protein (Fis1) tagged with the 3XFLAG epitope
localized to punctate structures not labeled by GFP-PTS1 (Figure 2.4). This is consistent
with reports that Fis1 localizes to mitochondria, where it functions in membrane fission
(Jakobs et al., 2003; Koch et al., 2005; Stojanovski et al., 2004). In addition, 3XxFLAG
fusion to the homologue of peroxiredoxin 1 (PRDX1) showed a diffuse cytosolic signal
(Figure 2.4) in agreement with reports of PRDX1 localizing to the cytosol (Radyuk et al.,
2001). Overall, 27 predicted peroxisomal proteins did not appreciably localize to the

peroxisome in S2 cells.

2.3.2.3. Tagged candidate peroxisomal proteins exhibiting 30—-60% colocalization with
GFP-PTSI

Of the 68 candidate Drosophila peroxisomal proteins, eight tagged chimeras
showed 30 — 60% colocalization with peroxisomes marked by GFP-PTS1 (Figure 2.2B).
Two phenotypic subgroups could be recognized within this group based on the
subcellular distribution patterns of the tagged proteins. In one subgroup, fusion proteins

localized to punctate structures that colocalized with GFP-PTS1-labeled peroxisomes, as
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Figure 2.4
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Figure 2.4: Candidate Drosophila peroxisomal proteins exhibiting <30%
colocalization with peroxisomes in S2 cells. Chimeras of candidate peroxisomal
proteins fused to a 3XFLAG epitope were expressed in S2 cells stably expressing GFP-
PTS1 to label peroxisomes. Representative examples of chimeras exhibiting <30%
colocalization with peroxisomes are shown. The GFP-PTSI signal is shown in the left
panels, shown in green. The 3xFLAG-tagged chimeras are shown in the middle panels,
shown in red. Panels at the extreme right show the merged images, with colocalization
indicated by yellow signal. Each image is a maximum projection of a three-dimensional
volume encompassing the entire cell. The scale bar represents 1 um. Each cell is a

representative image from three independent biological replicates (n = 3).
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well as to other punctate structures that were distinct from peroxisomes. In a second
subgroup, fusion proteins showed a diffuse cytosolic signal in addition to punctate
structures that overlapped with GFP-PTS1-labeled peroxisomes (Figure 2.5A).
Differences in the extent of colocalization of a fusion candidate peroxisomal protein with
GFP-PTS1 were noted for the two groups. Proteins like the homologues of L-bifunctional
protein (LBP) and ATP-binding cassette, subfamily D, member 1 (ABCD1) showed a
high degree of colocalization with GFP-PTS1, nearly 60%, while XDH exhibited a lower
degree of colocalization with GFP-PTSI, nearly 30% (Figure 2.2B and Figure 2.5A).
These observations are consistent with all candidate peroxisomal proteins in the 30-60%
colocalization group being localized to both peroxisomes and another cellular
compartment and are suggestive of a dynamic exchange of these proteins between
peroxisomes and other regions of the cell.

Of the eight proteins in this group, only the homologue of LBP has a canonical
PTS1. 3xFLAG-LBP formed punctate structures (Figure 2.5A) that showed 59.6%
colocalization with GFP-PTS1 (Figure 2.2B). LBP is an enoyl-CoA hydratase involved in
fatty acid oxidation, and previous reports have documented the localization of LBP to
multiple compartments, including lipid droplets (Beller et al., 2006; Cermelli et al.,
2006), mitochondria (Tan et al., 2009), microtubule-associated complex (Hughes et al.,
2008), and peroxisomes (Faust et al., 2012). The homologue of PMP22 fused to 3xFLAG
formed punctate structures (Figure 2.5A) that partially overlapped with GFP-PTS1-
labeled peroxisomes (55% colocalization) (Figure 2.2B). PMP22 is a peroxisomal
integral membrane protein that is 22 kDa in size and has been predicted to localize to
both peroxisomes (Faust et al., 2012) and the inner mitochondrial membrane (GOA

Curators et al., 2007). These findings confirm that both soluble proteins, such as LBP,

75



Figure 2.5A
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Figure 2.5: Candidate Drosophila peroxisomal proteins exhibiting 30-60%
colocalization with peroxisomes in S2 cells. Chimeras of candidate peroxisomal
proteins fused to either mRFP or a 3XxFLAG epitope were expressed in S2 cells stably
expressing GFP-PTS1 to label peroxisomes. (A) Representative examples of chimeras
exhibiting 30-60% colocalization with peroxisomes are shown. The GFP-PTS1 signal is
in the left panels, shown in green. RFP- and FLAG-tagged proteins are in the middle
panels, shown in red. Panels at the extreme right show the merged images, with
colocalization indicated by a yellow signal. Each image is a maximum projection of a
three-dimensional volume encompassing the entire cell. The scale bar represents 1 pm.
Each cell is a representative image from 3 independent biological replicates (n = 3). (B)
Select chimeras were transfected into S2 cells that were subsequently stained with
MitoTracker Green FM. The percent colocalization of the signals from a fusion protein
and MitoTracker was determined by Pearson’s coefficient, and the values represent the
average of three individual cells from three biological replicates, for a total of nine cells
measured. Error bars represent the standard deviation. A filled square denotes a protein

with a canonical PTS1 at its C-terminus.
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and membrane proteins, such as PMP22, can be targeted to both peroxisomes and other
cellular compartments. 3xFLAG-XDH and the homologue of nitric oxide synthase 2A
(NOS2) fused to 3xFLAG showed approximately 32% and 47% colocalization with GFP-
PTSI, respectively (Figures 2.2B and 2.5A). Neither XDH nor NOS2 contains a
canonical PTS1. XDH is involved in a variety of metabolic functions (Gelbart et al.,
1974; Kim et al., 2001) and has been reported to localize to the microtubule-associated
complex in Drosophila (Hughes et al., 2008), suggesting that XDH may be found in the
cytosol, although, a peroxisomal localization for XDH has also been reported (Faust et
al., 2012). These observations are consistent with a dual localization of 3XxFLAG-XDH to
both the cytosol and peroxisomes in S2 cells (Figure 2.5A). NOS2 is a flavodoxin with
nitric oxide synthase activity and has been predicted to localize to both the cytosol
(Gaudet et al., 2011) and the peroxisome (Faust et al., 2012). These results are also
consistent with this dual localization for NOS2 (Figure 2.5A).

A select number of fusion proteins from the 30-60% category that have been
previously predicted to localize to mitochondria were additionally analyzed for
colocalization with mitochondria. Of the fusion proteins analyzed, five colocalized with
the mitochondrial marker, MitoTracker Green FM, to an appreciable degree (Figure
2.5B). Fusion proteins mRFP-LBP, 3xFLAG-PMP22, and 3xFLAG-MUL1 showed
greater than 50% colocalization with the mitochondrial marker, whereas 3xFLAG-
ABCDI and 3xFLAG-LONP showed 32.5% and 37.8% colocalization, respectively. The
degree of colocalization between these fusion proteins and both peroxisomal and
mitochondrial markers suggests that they localize to both peroxisomes and mitochondria
in Drosophila S2 cells. Taken together these results show that a number of Drosophila

proteins localize to mature peroxisomes and are likely also trafficked to additional
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cellular compartments, such as mitochondria, where they may perform alternative

functions.

2.3.3. Overexpression of genes coding for candidate peroxisomal proteins differentially
affect peroxisome volume and number in S2 cells

Overexpression of genes encoding peroxins or peroxisomal proteins often leads to
changes in the volume and number of peroxisomes in cells (Chang et al., 1999; reviewed
in Subramani, 1998). It is likely that many of the genes analyzed were being expressed at
higher than endogenous levels, and therefore effects on peroxisomal volume (Figure
2.6A; Table 2.4) and number (Figure 2.6B; Table 2.5) were investigated in S2 cells.
Individual GFP-PTS1-labeled peroxisomes in untransfected S2 cells were roughly 0.173
um? in volume (Figure 2.6A). Overexpression of some candidate genes resulted in larger
peroxisomes (Figure 2.6A). Significant increases in peroxisome volume were observed
for overexpression of the homologues of phosphomevalonate kinase (PMVK),
mitochondrial ubiquitin ligase activator of NFKB (MUL1), Pex11C, carnitine O-
octanoyltransferase (CROT) and a-methylacyl-CoA racemase (AMACR), AGPS,
GNPAT, HMGCR, DAO, D-aspartate oxidase (DDO), HMGCL, Limkain-b1 (LKAP),
Peroxisomal coenzyme A diphosphatase (NUDT?7), Acyl-CoA synthetase long-chain
family member 3 (ACSL3), SLC22A5, Pex1, and Pex19 (Figure 2.6A). Many of these
are predicted to be peroxisomal matrix proteins, and increased amounts of matrix proteins
have been shown to result in enlarged peroxisomes (Smith et al., 2000, 2002). The tagged
homologue of MULI1 showed moderate colocalization of ~30% with the peroxisome

marker (Figure 2.2B), and MULI has been predicted to regulate mitochondrial fission
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Figure 2.6: Effect of overexpression of genes for candidate Drosophila peroxisomal
proteins on peroxisome volume and number in S2 cells. Genes encoding candidate
Drosophila peroxisomal proteins were expressed under control of the actin promoter.
Plasmids were transfected into S2 cells stably expressing GFP-PTS1 to label
peroxisomes. Black bars, >60% colocalization; gray bars, 30—60% colocalization; white
bars, <30% colocalization. Peroxisome volume (A) and number (B) were determined.
Peroxisome volume is reported in pm?. Values report the average of three individual
measurements from three independent biological replicates (n = 3) for a total of nine
individual cells measured. Error bars represent the standard deviation. A filled square
denotes a protein with a canonical PTS1 at its C-terminus. An asterisk denotes genes
whose overexpression had a statistically significant effect on peroxisome volume (A) or
number (B) relative to untransfected controls, determined using an upaired Student’s ¢-

test. *, p < 0.05.



(Yun et al., 2014), suggesting that MUL1’s effect on peroxisome volume is likely
indirect. In addition, the overexpression of several peroxins such as Pex1, Pex11C, and
Pex19 led to increases in peroxisomal volume (0.318, 0.297, and 0.316 um?,
respectively). Pex11C, like Pex11A/B, is a positive regulator of peroxisomal fission in
yeast, and overexpression of the PEX/ ] gene in yeast leads to smaller peroxisomes
(Marshall et al., 1995). Therefore, it was somewhat surprising that overexpression of
Pex11C led to enlarged peroxisomes (Figure 2.6A), which suggests that it may perform a
function unrelated to peroxisome fission in Drosophila. The overexpression of the
predicted peroxisomal proteins did not cause a significant decrease in peroxisome
volume.

Untransfected S2 cells grown in serum-free medium typically contain between 60
and 80 peroxisomes per cell (Figure 2.6B). Overexpression of most genes encoding
candidate Drosophila peroxisomal proteins had little effect on the number of
peroxisomes. However, overexpression of some genes, including those coding for
superoxide dismutase 1 (SOD1), B-ketoacyl-CoA thiolase (ACAA1), MULI, 3,2-trans-
enoyl-CoA isomerase (PECI), AGXT, Pex1, and Pex7 did result in a significant decrease
in the number of peroxisomes per cell. How the overexpression of these genes leads to a
smaller number of peroxisomes in a cell is unclear at present; however, given that mature
peroxisomes do not fuse (Motley and Hettema, 2007), overexpression is likely interfering
with the de novo peroxisome biogenesis pathway or with the peroxisome fission pathway,
resulting in a decrease in the overall peroxisome number per cell.

Overexpression of four genes led to a significant increase in peroxisome number
in S2 cells (Figure 2.6B). Two of the four genes encoded proteins that localized strongly

to GFP-PTS1-labeled peroxisomes (Figure 2.2B), which were the homologues of
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ABCD1/2 and the peroxisomal leader peptide-processing protease TYSNDI1. TYSNDI is
a matrix protein with no known direct role in peroxisome fission. The overproduction of
TYSNDI1 might increase the protein content of peroxisomes, which could signal to the
cell to increase the number of peroxisomes. Human homologues of these proteins could
represent potential therapeutic targets for upregulating peroxisome numbers in cells of
PBD patients as a means of at least partially alleviating their peroxisomal metabolic
deficiencies. ABCD1/2 is an ABC transporter that transports fatty acids and/or fatty acyl-
CoAs into the peroxisome (Guimaraes et al., 2005). The observed effect on peroxisome
number when ABCD1/2 is overexpressed could be a result of increased fatty acid uptake
into peroxisomes, which might induce peroxisome fission.

Two other genes, when overexpressed, led to increased numbers of peroxisomes
in cells encoded proteins that showed <30% colocalization with GFP-PTS1-labeled
peroxisomes. The homologues of Solute carrier family 27, member 2 (SLC27A2) and
Mpv17-like protein (MP17) did not localize to peroxisomes (Figure 2.2) and caused an
increase in peroxisome number when overexpressed (Figure 2.6B). Because both of these
proteins did not localize to peroxisomes in S2 cells, it is likely that this is an indirect
effect on the peroxisome population.

The total peroxisome capacity of a cell overproducing a candidate Drosophila
peroxisomal protein, as measured by the total peroxisomal volume of the cell, varies from
the wild-type condition to various degrees depending on the protein being overexpressed
(Table 2.5). This suggests that control of overall peroxisome population within a cell is

controlled and modulated by a number of factors, pathways, and events.
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2.3.4. Drosophila Pex5 directs the peroxisomal import of PTS1-containing cargo

In yeast cells, matrix proteins targeted to peroxisomes via the PTS1 pathway rely
on the receptor Pex5p for their import (Van der Leij et al., 1993). D-Bifunctional protein
(DBP) is an enzyme with oxidoreductase activity that is involved in the f-oxidation of
very-long chain fatty acids (Mehtéla et al., 2013). The homologue of DBP contains the
PTSI signal, -AKL, and mRFP-DBP strongly colocalized (76.2%) with peroxisomes in
S2 cells (Figures 2.3 and 2.7). Knock down of Pex5 by dsRNA treatment caused a
reduction in the number of mRFP-DBP-labeled punctate structures and a redistribution of
mRFP-DBP signal to the cytosol (Figure 2.7), consistent with a role for Drosophila Pex5

in targeting PTS1-containing proteins to the peroxisome.

2.3.5. Pex19 functions in membrane protein recruitment to the peroxisome

3xFLAG-ABCDI is a membrane protein that preferentially (57%) localizes to
peroxisomes (Figure 2.5). Transport of ABCD1 to peroxisomes is independent of the
PTSI targeting pathway, as knock down of Pex5 by dsRNA treatment did not affect the
localization of 3XFLAG-ABCDI1 to punctate structures, but resulted in mislocalization of
GFP-PTSI to the cytosol (Figure 2.7). Conversely, knock down of Pex/9 by dsRNA
treatment did not affect the localization of GFP-PTSI to punctate structures, but resulted
in the mislocalization of 3XxFLAG-ABCDI and its accumulation in the cytosol (Figure
2.7). This result is consistent with a role for Drosophila Pex19 in trafficking membrane

proteins to the peroxisome (Sacksteder et al., 2000).
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2.3.6. Drosophila expresses a protein homologous to Pex7 but it does not appear to
function in PTS2-mediated import

Corresponding to previous reports (Faust et al., 2012), I was unable to confirm
any potential peroxisomal protein containing a PTS2 signal. When human proteins with a
confirmed PTS2 signal were transgenically expressed in S2 cells, no transport to
peroxisomes was observed (Faust et al., 2012). One possible explanation for the lack of
apparent PTS2 pathway in Drosophila is that homologues to PTS2-containing proteins
have evolved to use the PTS1 pathway for their import into peroxisomes. This scenario
has been observed in C. elegans (Motley et al., 2000). However, given that a Pex7
homologue appears to be expressed in Drosophila, and that this protein showed
appreciable concentration in peroxisomes (Figure 2.5), the question arises as to whether
this protein has a role in PTS1-mediated transport. This does not appear to be the case as
knock down of Pex7 by dsRNA treatment did not affect the localization of RFP-DBP,
while knock down of Pex5 caused its mislocalization to the cytosol (Figure 2.7).

There does appear to be a non-conventional pathway trafficking cargo to
peroxisomes in Drosophila that does not rely on the PTS1 or the PTS2 system. The
homologue of FAR1/2 contains neither a putative PTS1 nor PTS2, yet it strongly (67.2%)
localized to peroxisomes in S2 cells when tagged with a 3XFLAG epitope at its N-
terminus (Figure 2.7). It is possible that FAR1/2 possesses a non-conventional PTS1 that
has not been previously described; however, appending the 3xFLAG epitope to the C-
terminus did not disrupt its localization. In addition, the knockdown of Pex5 and the
putative Pex7 did not disrupt the localization of 3XFLAG-FAR1/2 to punctate structures;
however, it is difficult to conclude that these punctate structures are peroxisomes as the

GFP-PTS1 signal is disrupted in Pex5 dsRNA treated cells. This result suggests that
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Figure 2.7. Localization of proteins to peroxisomes is dependent on Pex5 and Pex19,
but not Pex7. Chimeras of the homologues of peroxisomal proteins DBP, FAR1/2 and
ABCDI fused to mRFP or a 3XFLAG epitope were expressed in S2 cells stably
expressing GFP-PTS1 to label peroxisomes. Transfected cells were treated with dSRNA
targeting Pex5, Pex7 or Pex19 transcripts, as labelled. Control cells were treated with
scrambled dsRNA for comparison. Representative images show the localization of each
fusion protein under each dsRNA treatment. The GFP-PTSI signal is shown in green in
the left panels. RFP- and FLAG-tagged chimeric proteins are shown in red in the middle
panels. Panels on the extreme right show the merged images of the green and red signals,
with colocalization indicated by the yellow signal. Each image is a maximum projection
of a three-dimensional volume encompassing the entire cell. The scale bar represents 1

um. Each is a representative image from three independent biological replicates (n = 3).

89



FAR1/2 is targeted to peroxisomes independently of a PTS1 or PTS2 import pathway;
however, further experimentation will be required to validate these observations (Figure

2.7).

2.4. Summary and conclusions

A systematic screen in Drosophila S2 cells was performed to determine the
subcellular localization of proteins previously predicted to have a role in peroxisome
function or biogenesis in Drosophila based on homology to human proteins with known
peroxisomal functions (Faust et al., 2012). I evaluated 14 predicted Drosophila Pex
proteins and 68 predicted Drosophila peroxisomal proteins. Of these 68 proteins, 34
proteins were found to localize preferentially to peroxisomes, while eight proteins
localized to both the peroxisome and other punctate structures that most likely represent
other organelles. Twenty-six proteins did not localize to the peroxisome, which suggests
that certain human peroxisomal proteins are absent or targeted elsewhere in Drosophila.
In addition, it may be possible that the correct homologues were not identified in the
initial bioinformatic screen. A re-analysis of the original screen (Faust et al., 2012)
identified 10 reciprocal best hits for homologues of human peroxisomal proteins that
were not identified in the original screen. Of those original 10 genes, seven genes
encoded proteins that showed less than 30% localization to peroxisomes in this analysis.
This result would suggest that these seven original putative Drosophila homologues of
human peroxisomal proteins were incorrectly identified in the original screen (Faust et
al., 2012). In addition, this analysis also identified genes for candidate peroxisomal

proteins that have an effect on peroxisome size and number when overexpressed in S2
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cells. How overexpression of these genes reduces or increases a cell’s peroxisome
population is a topic for future investigation. Overall, these results strongly support the
notion that peroxisome function and the mechanisms of peroxisome biogenesis are
largely conserved between Drosophila and human. Thus, Drosophila can be a valuable
multicellular organism with which to study peroxisome-LD interactions.

One notable difference between Drosophila and human is the apparent absence of
a PTS2 import pathway mediated by the PTS2 receptor, Pex7, in Drosophila. Although a
protein homologous to human Pex7 is found in Drosophila, and notwithstanding its
appreciable localization to the peroxisome in S2 cells, this putative Drosophila Pex7
homologue appeared not to function in any aspect of protein targeting to peroxisomes.
Further studies are needed to define the physiological role of this Pex7 homologue in

Drosophila.

91



Table 2.1. Percent colocalization between tagged candidate Drosophila Pex proteins
and GFP-PTS1 in S2 Cells. Colocalization between tagged candidate Drosophila Pex
proteins and the peroxisomal marker GFP-PTS1 in Drosophila S2 cells measured as a
percentage. Plasmids encoding candidate Pex proteins fused to mRFP or the 3xFLAG
epitope were transfected into S2 cells stably expressing GFP-PTS1, which labels
peroxisomes. The column on the extreme left gives the unique FlyBase gene ID (CG
number) for each gene. The second column gives the human homologue. The third
column gives the percent identity between the corresponding Drosophila and human
proteins. The fourth column gives the C-terminal three amino acids of the Drosophila
protein. The fifth column gives the tag used to measure colocalization and its appended
location on the protein. The column on the extreme right gives the percent colocalization
between the signal from tagged candidate Pex proteins and GFP-PTS1 and represents the
average of three individual measurements from three biological replicates for a total of

nine cells measured.

lF\Ilgllr;l?)sei CG H(l;lérlllzén Ideoéij iy C-term Tag/Location % C(();l%cl)a_lli,z]gléilon w/
CG6760-PA PEX] 27 TLA FLAG/N-term 74.80 £ 3.03
CG7081-PA PEX2 26 QSvV FLAG/N-term 63.87 £3.85
CG6859-PA PEX3 33 SSA FLAG/N-term 22.03 £4.95
CG14815-PB PEX5 38 FKD FLAG/N-term 68.73 £2.02
CG11919-PA PEX6 26 YSV FLAG/N-term 56.00 £ 6.52
CG6486-PA PEX7 42 LVV FLAG/N-term 39.73 £ 6.01
CG7864-PA PEXI10 30 NYA FLAG/N-term 70.37 £ 13.98
CG8315-PA PEXI11A4/B 33 TPA FLAG/N-term 81.63 +2.47
CG13827-PA PEXIIC 28 LNK FLAG/N-term 74.63 £3.23
CG3639-PA PEXI2 28 YET FLAG/C-term 75.17 £5.52
CG4663-PA PEXI3 29 GFA FLAG/N-term 64.27 +4.67
CG4289-PA PEX14 26 EIM FLAG/N-term 80.83 +£3.01
CG3947-PA PEXI6 37 WST FLAG/N-term 72.40 +£5.40
CG5325-PA PEXI19 27 PTM FLAG/N-term 30.27 £5.95
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Table 2.2. Percent colocalization between tagged candidate Drosophila peroxisomal

proteins and GFP-PTS1 in S2 Cells. Colocalization between tagged candidate

Drosophila peroxisomal proteins and the peroxisomal marker GFP-PTS1 in Drosophila

S2 cells measured as a percentage. Plasmids encoding candidate peroxisomal proteins

fused to mRFP or the 3xFLAG epitope were transfected into S2 cells stably expressing

GFP-PTS1, which labels peroxisomes. The column on the extreme left gives the unique

FlyBase gene ID (CG number) for each. The second column gives the human homologue.

The third column gives the percent identity between the corresponding Drosophila and

human proteins. The fourth column gives the C-terminal three amino acids of the

Drosophila protein. The fifth column gives the tag used to measure colocalization and its

appended location on the protein. The column at extreme right gives the percent

colocalization between the signal from tagged candidate proteins and GFP-PTS1 and

represents the average of three individual measurements from three biological replicates

for a total of nine cells measured. Black highlighted sequences, >60% colocalization of

tagged Drosophila protein with GFP-PTS1; gray highlighted sequences, 30—60%

colocalization of tagged Drosophila protein with GFP-PTS1; unhighlighted sequences,

<30% colocalization of tagged Drosophila protein with GFP-PTSI.

CG
Number

CG8430-PA
CG3589-PA
CG4625-PA
CG3926-PA

CG10253-PA
CG10672-PA

CGI9319-PA

CG11737-PA
CG18003-PA
CG12703-PA

CG17753-PA

CG1041-PA
CG5590-PA

Human Gene
(PTS1%)

GOTI*

TYSNDI*
GNPAT*

AGXT/SPAT*

AGPS*
DHSR4/PECR*
AMACR*
TMEMI35
HAO1/2*
PMP70

CCS*

CRAT*
HSDL2*

Tag/Location

RFP/N-term

RFP/N-term
RFP/N-term

RFP/N-term

RFP/N-term
RFP/N-term
RFP/N-term
FLAG/N-term
RFP/N-term
FLAG/C-term

RFP/N-term

RFP/N-term
FLAG/N-term

%
Colocalization
w/ GFP-PTS1

91.5+1.40

85.7 +3.80
84.07 £4.13

83.9 £2.56

83.8+7.10
82.50 = 8.50
80.77 £ 1.95
79.80 £3.82
79.20 £ 7.89
78.80 £8.29

78.70 £5.15

77.17 £7.25
76.93 £6.98




CG12236-PA

CG17597-PA
CG5362-PA
CG6331-PA
CG3415-PA

CG6871-PA

CG5009-PA
CG10194-PA

CG12338-PA

CG9527-PA
CG18155-PB
CG32250-PA
CG12428-PA
CG12512-PA
CGI9577-PA
CG13890-PA
CG5065-PA
CG7171-PA
CG10399-PA
CG10367-PA
CG11793-PA

CG4389-PB
CG2316-PA
CG11077-PA
CG8798-PC
CG6713-PA

CG10268-PA
CG7642-PA
CG1134-PA
CG7400-PA
CG8032-PA
CG7217-PA

CG3961-PA
CG11208-PA
CG3699-PA
CG32451-PA
CG8732-PH

CG1633-PA
CG30194-PD

DDO*

SCPx*
MDHI*
SLC2245
DBP*

CAT*

ACOXI1*
NUDTI9*

DAO*

ACOX3*
ACSF3
PMP34
CROT*

ACSF2*
ECHI*
PECI*
FARI/2

URO*

HMGCL

HMGCR
SODI*

LBP*

ABCDI1/2
PMP22
LONP
NOS2

PMVK
XDH
MULI
SLC27A44
PAOX
PRDX5

ACSLI
HACLI*
DECR?
ATP2CDI1
ACSL3

PRDXI1
SLC2742

27
46
26
32
44
38
51

29
45

28
56

46
53
29
63
46

69
36

94

SKL
FLS
LNS
PYS
SQP
QYR
IVP

FIA
IRF

ALD
GKK

HLD
SKL
TPR
DFV
YAS

TTS
DFV

FLAG/N-term

RFP/N-term
FLAG/N-term
FLAG/C-term

RFP/N-term

RFP/N-term

RFP/N-term
FLAG/N-term

RFP/N-term

RFP/N-term
FLAG/N-term
FLAG/C-term

RFP/N-term
FLAG/N-term

RFP/N-term

RFP/N-term
FLAG/N-term
FLAG/N-term
FLAG/N-term
FLAG/N-term
FLAG/N-term

RFP/N-term
FLAG/N-term
FLAG/N-term
FLAG/C-term
FLAG/N-term

FLAG/C-term
FLAG/N-term
FLAG/N-term
FLAG/N-term
FLAG/C-term
FLAG/N-term

FLAG/N-term
FLAG/N-term
FLAG/C-term
FLAG/N-term
FLAG/N-term

FLAG/N-term
FLAG/N-term

76.50 +£2.30

76.30 + 8.66
76.30 £ 8.50
76.23 £13.8
76.20 £6.07

76.20 £ 1.21

75.03 £5.87
74.43 £4.46

74.26 £2.82

73.97 £1.24
73.70 £5.24
IERVERWA
72.87 £6.19
71.87+£9.13
70.13 £3.04
68.77 £7.48
67.17 £5.16
67.10 £5.44
66.63 £2.87
65.43 £7.18
62.53 £8.95

59.67 £2.75

57.00 £ 6.16
55.03 £3.61
49.40 £ 8.41
47.10 £3.90

3453 +£7.44
32.07 £ 25.64
30.20 + 10.57
1897 £2.94
16.03 £2.81
15.87 £5.08

9.77 £5.48
9.40 +3.12
8.97 +1.89
8.87 +£5.98
8.83+6.19

8.13 £6.81
7.17 £4.28




CG3961-PC
CG17510-PE
CG4860-PA

CG1882-PA

CG5517-PA
CG5919-PA
CG17018-PA
CG9149-PA
CG12355-PB

CG8905-PA

CG3943-PA
CG11095-PA
CG14688-PB
CG31548-PA
CG7176-PA
CG33671-PA

ACSL5/6
FIS1
ACADI1

EPHX2

IDE*
IDI1/2
LKAP
ACAAI
MP17

SOD2

SERHL
NUDT7
PHYH
DRS7B
IDH]I
MVK

48
47
24

11

45
48
16
38
28

58

32
15
13
41
71
30

95

HLD
ARK
GKE

SKL
QRF
KIA

SET
LGC

MRT

CPR
AAK
LDD

FLAG/C-term
FLAG/N-term
FLAG/N-term

FLAG/C-term

FLAG/N-term
FLAG/N-term
FLAG/N-term
FLAG/N-term
FLAG/C-term

FLAG/N-term

FLAG/N-term
FLAG/N-term
FLAG/N-term
FLAG/N-term
FLAG/N-term
FLAG/N-term

6.97 +2.93
6.57 £2.89
6.17+1.36

6.13£2.16

5.73+2.55
543 +4.29
4.60+2.17
427+1.42
4.10+5.37

3.93 £6.81

3.90+1.04
3.50+£3.77
3.30£2.81
2.30+0.90
1.77 £1.20
0.50 = 0.87



Table 2.3. Summary of reciprocal BLASTp analysis of predicted Drosophila
peroxisomal proteins. Summary of reciprocal BLASTp analysis of predicted Drosophila
peroxisomal proteins. Putative Drosophila melanogaster peroxisomal proteins identified
in the original screen were subject to reciprocal BLASTp analysis against the ‘refseq’
Homo sapiens proteome at NCBI (taxid:9606). Results showing the Drosophila FlyBase
ID used for each query and the corresponding BLAST hit and E-value for each are
presented. Sequences shadowed in red highlight 10 reciprocal best hits for homologues of

human peroxisomal proteins not identified in the original screen.

Name Top BLAST  E-value  Next Best Evalue Do
CGOI49-PA NP 0058822  1.67B-161 NP_0061022  1.35E-109 FBpp00
79472
CG4860-PA  NP_000008.1  6.57E-166 NP_001600.1  7.81E-97 NO
CGS009-PA  NP_0040262 0 NP_003491.1  2.95E-129
CG9527-PA  NP_0034922 0 NP_0092232  1.97E-85
CGI2512-  NP_0794253  781E-146 NP 8724233  6.15E-37
PA
CGI8ISS-PB NP_777577.2  17E-73  NP_0056132  6.88E-1
CG3961-PA NP 9763131 0 NP_001192179.  0.00E+00
!
CGS732-PH  NP_0044482 0 NP_075266.1  0.00E+00
CG3961-PC NP 9763131 0 NP_001192179.  0.00E+00
!
CG1041-PA  NP_001244292. 544E-140 NP_001136405. 4.72E-100
! !
CG12428- NP 0669742  8.14E-114 NP_001244292.  1.36E-75
PA !
CG3415-PA  NP_000405.1 0 NP_055049.1  6.72E-22
CG3699-PA NP_116172.2  1.09E-35  NP_057370.1  7.62E-34 NO
CG10672-  NP_0662842  2.67E-87  NP_005785.1  1.00E-78
PA
CG9577-PA  NP_001389.2  6.57E-92  XP_006710803. 4.13E-19
!
CG4389-PB NP_000173.2 0 NP_001957.2  1.30E-85
CG13890-  NP_0061082  4.1E-49  NP_001137442. 2.24E-29
PA !
CG17597-  NP_002970.2 0 NP_001290182.  3.71E-09
PA !
CG9319-PA NP 0551394  148E-123  XP_011513828. 2.56E-35
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CG11208-
PA
CG7176-PA
CG10672-
PA
CG14688-PB

CG10253-
PA
CG4625-PA

CG5065-PA
CG6871-PA
CG17753-
PA
CG1882-PA

CG6713-PA

CG1633-PA
CG7217-PA

CGI11793-
PA
CG8905-PA

CG10367-
PA
CG5919-PA

CG33671-
PA
CG10268-
PA
CG5517-PB

CG8798-PC

CG3943-PA

CG3589-PA

CG3926-PA
CG12338-
PA
CG11236-
PA
CG8430-PA
CG31548-
PA

NP_036392.2

NP 005887.2
NP_066284.2

NP_001094346.

1
NP_003650.1

XP_005273370.

1
NP_115604.1
NP_001743.1
NP _005116.1

NP 071343.2
NP_000611.1

NP_005800.3
NP 036226.1
NP_000445.1

NP _000627.2

NP_000850.1

NP_001304885.

1
NP 000422.1

NP _006547.1

NP_004960.2

NP_001263409.

1

XP_011528386.

1

NP 000021.1
NP_003640.2

NP_003640.2

NP 002070.1
NP_066284.2

0

0
2.67E-87

4.5E-81

0
1.55E-82
6.51E-148
0
6.47E-78

1.03E-114
0

6.65E-98
3.45E-62
2.94E-59

7.00E-93

0

1.65E-67

5.40E-41

3.25E-43

0

0

1.24E-42

3.79E-119
1.34E-63

2.72E-52

2.48E-168
1.89E-31
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NP _006835.2

NP_005785.1

NP_001032626.

1
NP 919417.1

NP _065969.3
NP _060569.3
NP_000445.1

NP_057090.2
NP _000932.3

NP_002565.1

NP _005116.1

NP_001185689.

1

NP_150286.1

NP_001229290.

1

NP_001287877.

1

XP_005265391.

1

NP 066977.1
NP_001908.3

NP_001908.3

NP 002071.2
NP_057330.2

1.25E-54

-1.00E-78
0.01
6.08E-24
5.08E-26
1.09E-136
-7.06E-35

8.95E-102
1.45E-65

5.58E-97

6.93E-34
3.6

4.13E-53

2.35E-157
1.81E-145

3.11E-04

5.7
1.04E-45

8.54E-42

1.05E-133
4.68E-29

NO

NO



CG18003-
PA
CG10399-
PA
CG5590-PA

CG17018-
PA
CG5362-PA
CG1134-PA
CG10194-
PA
CG11095-
PA
CG8032-PA

CG7171-PA
CG7642-PA

CG2316-PA
CG12703-
PA
CG32451-
PA
CG17510-PE

CG12355-PB

CG11077-
PA
CG6331-PA
CG32250-
PA
CG30194-
PD
CG7400-PA

CGl11737-
PA
CG6760

CG7081-PA
CG6859-PA
CG14815-PB

CG11919-
PA
CG6486-PA

NP_060015.1
NP _000182.2

NP 115679.2

XP 011521062.

1
NP_005908.1

NP _078820.2

NP_001099040.

1

NP_001230679.

1
NP _787033.1

XP_011531397.

1
NP _005155.1

NP_002849.1

NP_001186113.

1
NP_057152.2

NP_001121895.

1
NP _002428.1

NP _003051.1
NP_006349.1

NP_940982.1

NP_005085.2
NP _075069.3

XP_005250490.

1
NP_000309.1

NP _003621.1

NP_001124496.

1

NP_001303242.

1
NP_000279.1

5.46E-124

1.23E-138

4.89E-161
2.76E-92

3.21E-159
3.46E-47
1.83E-54

5.31E-28

1.77E-80

0

6.25E-40
3.68E-29

4.42E-26

1.83E-107
2.13E-88

0

0
2.59E-66

3.90E-100

3.24E-37
1.24E-59
1.89E-119

7.72E-108

2.51E-82
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NP 057611.1

NP_001035865.

1
NP_000405.1

NP _001158.2

XP_011513889.

1

NP_001099133.

1

XP_006710537.

1

NP _000024.2
NP _005155.1
NP 055676.3

NP 002428.1

NP_116072.2

NP 004247.2
NP_110407.2

NP_005085.2

NP_940982.1

XP _006723513.

1
NP 996671.1

NP_002608.1
NP 001295.2

NP_001243685.

1
NP_009057.1

NP_001128728.

1

4.05E-111

6.45E-135

1.45E-15

3.87E-06
3.2

1.51E-11

2.07E-26

0
7.51E-150
0

8.42E-13

6.11E-10

2.42E-107
3.24E-32

0

7.5

1.84E-65

3.45E-05
6.5
2.05E-87

1.81E-71

6.85E-21



CG7864-PA
CG8315-PA

CG13827-
PA
CG3639-PA

CG4663-PA

CG4289-PA
CG3947-PA
CG5325-PA

NP_002608.1
NP _003837.1
NP 542393.1

NP _000277.1

XP 009440785.

1
NP_004556.1

NP_004804.1
NP _002848.1

2.03E-44
1.74E-35
1.84E-32

8.68E-27
2.47E-46

6.40E-24
3.88E-58
4.55E-27
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NP _008844.1
NP _003838.1

NP_002608.1

NP_001034794.

1

5.57E-10
9.78E-33

0.004
3.3



Table 2.4. Effect of overexpression of genes encoding candidate Drosophila
peroxisome proteins on peroxisome volume in S2 cells. Effect of overexpression of
genes encoding candidate Drosophila peroxisomal proteins on peroxisome volume in
Drosophila S2 cells. Plasmids encoding candidate peroxisomal proteins fused to mRFP
or the 3xFLAG epitope were transfected into S2 cells stably expressing GFP-PTS],
which labels peroxisomes. Rows that are black represent proteins that showed greater
than 60% colocalization with GFP-PTS1. Rows that are gray represent proteins that
showed 30-60% colocalization with GFP-PTS1. Rows that are white represent proteins
that showed less than 30% colocalization with GFP-PTS1. The column on the left gives
the FlyBase CG number. The middle column gives the human homologue. The right
column gives the average volume of peroxisomes in pm? in transfected cells and
represents the average of three individual measurements from three biological replicates

for a total of nine cells measured.

FlyBase CG Human Gene Peroxisome Volume
Number (PTS1%) (um?)
Untransfected 0.173 +0.038
CG10268-PA PMVK 0.482 +0.151
CG1134-PA MULI 0.426 + 0.055

CG13827-PA PEX11C 0.417£0.118
CG12428-PA CROT* 0.414 £0.098
CG9319-PA AMACR* 0.410 £0.041
CG4625-PA GNPAT* 0.401 £0.042

CG10253-PA AGPS* 0.380 + 0.127
CG10399-PA4 HMGCL 0.377 £ 0.100
CG12236-PA DDO* 0.354 £0.072
CG12338-PA DAO* 0.339 £0.022
CG8732-PH ACSL3 0.327+0.101

CG11095-PA NUDT7 0.323 +(0.027
CG6760-PA 0.318 £ 0.020

CG17018-PA LKAP 0.317 £0.032
CG10367-PA HMGCR 0.316 +0.049
CG6331-PA SLC22A45 0.316 +£0.027
CG5325-PA PEXI19 0.316 = 0.025
CGI1882-PA EPHX2 0.312 +£0.040
CG32451-PA ATP2CDI1 0.305 £ 0.063
CG8032-PA PAOX 0.301 £0.030
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CG6486-PA

PEX7

0.297 £ 0.038

CG5009-PA ACOX1* 0.291 £0.100
CG12703-PA PMP70 0.278 £ 0.024
CG3961-PA ACSLI 0.276 £ 0.016
CG3947-PA 0.275 £ 0.086
CG3926-PA 0.269 + 0.030
CG11793-PA 0.266 + 0.044
CG8905-PA SOD?2 0.265 +0.011
CG7400-PA SLC27A44 0.262 +0.029
CG3943-PA SERHL 0.261 +0.023
CG7642-PA XDH 0.259 £ 0.078
CG5919-PA IDI1/2 0.256 £0.018
CG8798-PC LONP 0.255 £ 0.021
CG7176-PA IDHI 0.250 £ 0.026
CG33671-PA MVK 0.250 % 0.380
CG31548-PA DRS7B 0.249 + 0.036
CG9149-PA ACAAI 0.249 + 0.062
CG7217-PA PRDXS 0.240 £ 0.012
CG1633-PA PRDXI 0.237 + 0.091
CGI14688-PB PHYH 0.234 £ 0.054
CG9527-PA ACOX3* 0.231 £0.046
CG6871-PA CAT* 0.230 £0.017
CG3961-PC ACSL5/6 0.226 +0.031
CG5065-PA FARI1/2 0.226 +£0.031
CG3589-PA TYSND1* 0.226 +0.026
CG17510-PE FIS] 0.220 £ 0.073
CG3415-PA DBP* 0.217 £0.062
CG10194-PA NUDTI[9* 0.216 £0.023
CG11077-PA PMP22 0.214 + 0.004
CG3639-PA 0.208 = 0.024
CG7081-PA 0.207 £ 0.042
CG6859-PA 0.199+0.078
CG4389-PB LBP* 0.198 £ 0.121
CG5590-PA HSDL2* 0.192 £0.027
CG7171-PA URO* 0.186 £0.016
CGI18155-PB ACSF3 0.184 £ 0.010
CG32250-PA PMP34 0.184 +0.013
CG11208-PA HACLI* 0.182 £0.019
CG6713-PA NOS2 0.182 £ 0.034
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CG4663-PA

CG4289-PA
CG4860-PA

CG18003-PA
CG11919-PA
CG9577-PA

CG1041-PA
CG13890-PA
CG5362-PA
CG2316-PA
CG12355-PB

CG30194-PD
CG8315-PA

CG10672-PA

PEX13
PEX14
ACADI1
HAO1/2*
PEX6
ECHI*
CRAT*
PECI*
MDHI*
ABCDI/2
MP17

SLC27A42

PEX114/B

DHSR4/PECR*

0.182 % 0.041
0.182+0.014
0.175+0.017
0.170 % 0.024
0.169 + 0.021
0.167 + 0.023

0.164 + 0.009
0.162 + 0.044
0.158 £ 0.030
0.158 £ 0.007
0.156 £ 0.001

0.149 +£ 0.014
0.139+£0.015

0.134 + 0.009

CG17753-PA
CG3699-PA

CG5517-PA
CG17597-PA

CCS*
DECR2

IDE*
SCPx*
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0.133 +£0.023
0.132 £ 0.025

0.129 + 0.086
0.109 + 0.042



Table 2.5. Effect of overexpression of genes encoding candidate Drosophila
peroxisome proteins on peroxisome number in S2 cells. Effect of overexpression of
genes encoding candidate Drosophila peroxisomal proteins on peroxisome number in
Drosophila S2 cells. Plasmids encoding candidate peroxisomal proteins fused to mRFP
or the 3xFLAG epitope were transfected into S2 cells stably expressing GFP-PTS],
which labels peroxisomes. Rows that are black represent proteins that showed greater
than 60% colocalization with GFP-PTS1. Rows that are gray represent proteins that
showed 30-60% colocalization with GFP-PTS1. Rows that are white represent proteins
that showed less than 30% colocalization with GFP-PTS1. The column on the left gives
the FlyBase CG number. The middle column gives the human homologue. The right
column gives the average number of peroxisomes in transfected cells and represents the
average of three individual measurements from three biological replicates for a total of

nine cells measured.

FlyBase CG Human Gene Peroxisomes/Cell
Number (PTS1%)

Untransfected 72.00 + 7.00
CG2316-PA ABCD1/2 129 + 30.79
CG30194-PD SLC27A42 120.33 £23.69
CG12355-PB MP17 117.67 +34.36
CG3589-PA TYSNDI* 113.67 £39.55
CG11208-PA HACLI* 107.67 +£21.13
CG8315-PA PEX114/B 104.33 £ 6.51
CG17510-PE FISI 104.00 = 31.58

CG7081-PA PEX2 101.00 + 8.89

CG13827-PA PEX1IC 95.33 + 37.86

CG11077-PA PMP22 83.33 £ 0.58
CG8430-PA GOTI* 82.33+1.53
CG18003-PA HAO1/2* 82.00 + 3.61
CG1633-PA PRDXI 80.00 + 14.53
CG12703-PA PMP70 80.00 +£21.79
CG18155-PB ACSF3 79.67 +7.02
CG5325-PA PEXI9 77.67 £ 8.08
CG4389-PB LBP* 76.33 £24.01
CG11737-PA TMEM135 75.67 £24.68
CG3943-PA SERHL 73.33 £7.37
CG8732-PH ACSL3 68.33 + 10.69
CG10253-PA AGPS* 67.67 +£2.52
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67.33 £21.52
66.67 £9.50

66.33 + 15.31

66.00 £ 11.53
65.00 + 33.41
64.00 £ 12.49

63.00 £ 1.73
63.00 = 19.08

CG17597-PA
CG12236-PA

CG10399-PA

CG3961-PC ACSL5/6
CG6713-PA NOS2
CG9577-PA ECHI*
CG5065-PA FARI1/2
CG7864-PA PEX10
CG3639-PA PEXI2
CG17018-PA LKAP
CG5919-PA IDI1/2
CG31548-PA DRS7B
CG4663-PA PEX13
CG5517-PA IDE*
CG32451-PA ATP2CDI1
CG1882-PA EPHX?

CG4625-PA

CG10367-PA
CG12512-PA

GNPAT*

HMGCR
ACSF2*

63.00 £ 2.65
61.67+1.53
60.67 + 15.04

60.67 + 18.56
60.33 +1.53

60.00 + 34.51

59.00 +20.42

58.67 +12.74
58.00 £ 6.56

57.33+13.05
57.00 + 10.15

CG3699-PA DECR2

57.00 + 4.58
57.00 + 15.59

55.33+11.59

5433 +15.57
53.33+15.70

52.67 +£7.02
51.67 £2.52

51.00 + 2.65
51.00 £4.00
51.00 £ 6.56

50.67 £3.79
48.00 + 19.97

4733+ 11.24
45.67£16.20

45.00 £3.61
44.67 +10.50
41.67 £4.51

CG14815-PB PEX5
CG17753-PA CCS*
CG5590-PA HSDL2*
CG4860-PA ACADI1
CG3415-PA DBP*
CG3947-PA PEXI6
CG9319-PA AMACR*
CG14688-PB PHYH
CG7217-PA PRDX5
CG7400-PA SLC2744
CG6859-PA PEX3
CG10194-PA NUDTI9*
CG11095-PA NUDT7
CG10672-PA DHSR4/PECR*
CG7171-PA URO*
CG12428-PA CROT*
CG32250-PA PMP34
CG10268-PA PMVK
CG12338-PA

CG33671-PA MVK
CG1041-PA CRAT*
CG8032-PA PAOX
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41.67 £ 8.62
40.67 = 6.43

40.33 £3.21
40.00+ 8.00
39.67 £4.51
39.33 £14.29




CG7176-PA IDH] 38.00 +£15.13

CG8905-PA SOD?2 37.67 £4.51
CG3961-PA ACSLI 36.33 £2.08
CG4289-PA 36.33 £10.97
CG5362-PA 36.00 +£2.65
CG6871-PA 3433 £8.74
CG7642-PA XDH 34.00 £ 10.82
CG8798-PC LONP 33.67 +7.64
CG6331-PA SLC2245 33.00+10.82
CG11919-PA PEX6 32.67+£12.70
CG1134-PA MULI 28.00 £ 19.30
CG6486-PA PEX7 27.67 £ 5.51
CG13890-PA 27.00+7.00
CG3926-PA 2433 +9.24
CG9149-PA ACAAI 21.33+£4.62
CG11793-PA SOD1* 21.00 £ 2.65
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Table 2.6. Effect of overexpression of genes encoding candidate Drosophila
peroxisomal proteins on total peroxisome volume per S2 cell. Effect of overexpression
of genes encoding candidate Drosophila peroxisomal proteins on total peroxisome
volume per S2 cell. Plasmids encoding candidate peroxisomal proteins fused to mRFP or
the 3XFLAG epitope were transfected into S2 cells stably expressing GFP-PTS1, which
labels peroxisomes. Rows that are black represent proteins that showed greater than 60%
colocalization with GFP-PTS1. Rows that are gray represent proteins that showed 30-
60% colocalization with GFP-PTS1. Rows that are white represent proteins that showed
less than 30% colocalization with GFP-PTS1. The column on the left gives the FlyBase
CG number. The middle column gives the human homologue. The right column gives the
total peroxisome volume in pm? per cell calculated by multiplying the average number of
peroxisomes per cell by the average volume of each individual peroxisome. The data
represents the average of three individual measurements from three biological replicates

for a total of nine cells measured.

FlyBase CG Human Gene (PTS1%) Total Peroxisome

Number Volume (um?)
Untransfected 12.46

CG13827-PA PEXIIC

CG10253-PA AGPS*

CG3589-PA TYSNDI*

CG10399-PA HMGCL

CG5325-PA PEX19 24.54

CG12236-PA DDO*

CG4625-PA GNPAT*

CG17510-PE FISI 22.88

CG8732-PH ACSL3 22.34

CG12703-PA PMP70

CG9319-PA AMACR*

CG7081-PA PEX2

CG2316-PA ABCDI/2

CG10268-PA PMVK 19.60

CG11208-PA4 HACLI* 19.60

CG17018-PA LKAP 19.55

CG8430-PA GOTI*

CG11737-PA TMEM]I135 19.22

CG3943-PA SERHL 19.14
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CG1633-PA
CG12355-PB

CG1882-PA
CG10367-PA

CG32451-PA

CG30194-PD
CG11077-PA

CG12512-PA

CG12428-PA
CG7864-PA

PRDXI1 18.96
MP17 18.36
EPHX2 18.31

HMGCR 18.12

ATP2CDI1 18.00
SLC2742 17.93
PMP22 17.83

CG5919-PA
CG4389-PB
CG31548-PA

CG3961-PC
CG14815-PB

IDI1/2 15.53
LBP* 15.11
DRS7B 15.11
ACSL5/6 14.92

PEX5

CG11095-PA
CG18155-PB

CG8315-PA
CG5065-PA
CG3947-PA
CG18003-PA
CG12338-PA
CG7400-PA
CG3639-PA

NUDT7 14.75
ACSF3

PEX114/B

FARI1/2

PEX16
HAO1/2*

DAO*

CG7217-PA
CG14688-PB
CG1134-PA
CG8032-PA
CG6713-PA
CG3415-PA
CG4663-PA
CG9577-PA
CG5590-PA
CG6331-PA
CG10194-PA
CG3961-PA
CG33671-PA

CG8905-PA
CG6859-PA

CG7176-PA

CG4860-PA
CG5009-PA

SLC27A44 13.28

PEX12

PRDX5 12.24
PHYH 11.93
MULI 11.93
PAOX 11.84
NOS2 11.83
DBP*

PEX13

ECHI*

HSDL2*
SLC2245
NUDTI9*

ACSLI 10.03
MVK 10.00
SOD2 9.98
PEX3 9.55
IDH]I 9.50

ACADI] 9.33
ACOXI* 9.31
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CG6760-PA PEX] 8.90

CG7642-PA 8.81
CG9527-PA ACOX3* 8.70
CG8798-PC LONP 8.59
CG7171-PA URO* 8.31
CG6486-PA PEX7 8.22
CG6871-PA CAT* 7.90
CG5517-PA IDE* 7.74

CG32250-PA

CG3699-PA DECR?2 7.52
CG17753-PA CCS*

CG17597-PA SCPx*

CG4289-PA PEX14

CG3926-PA AGXT*

CG1041-PA CRAT*

CG10672-PA DHSR4/PECR*

CG5362-PA MDH]I*

CG11793-PA SOD1* .
CG11919-PA4 PEX6 5.52
CG9149-PA ACAAI 5.31

CG13890-PA
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Chapter 3: Pex13 and Pex14 function at the lipid droplet

surface to regulate lipolysis
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3.1. Abstract

Previous studies have shown that peroxisomes and lipid droplets physically
interact in cells under certain conditions, particularly when the culture medium is
supplemented with excess lipid (Binns et al., 2006; Schrader, 2001). Despite growing
evidence of physical interaction, little is still known about what mechanism facilitates
this interaction or what function peroxisomes perform at lipid droplets. This chapter
outlines my analysis of peroxisome and lipid droplet interactions in Drosophila
melanogaster. S2 cells cultured in the presence of oleate showed an upregulation of
Pex14 expression. Further, knockdown of Pex/4 in S2 cells showed increased lipolytic
activity. This phenotype was recapitulated in whole animals when Pex/4 expression was
knocked down in the fat body of Drosophila larvae. In addition, when the subcellular
localization of each Pex protein was analyzed in S2 cells under conditions of increased
lipid droplet metabolism, it was found that Pex3, Pex13, and Pex14 all localize to the
surface of the LD. This phenotype was conserved in mammalian cells. The localization of
Pex14 to the lipid droplet surface was not observed when the perilipin, Lsd! was
simultaneously overexpressed in S2 cells. Conversely, the simultaneous overexpression
of Pex14 and the lipase, Hsl, resulted in the mislocalization of Hsl to the cytosol. Lastly,
knockdown of Pexi4 in S2 cells results in differential expression levels of CGI-58, a
major regulator of lipolysis. In summary, it appears that Pex13 and Pex14 are targeted to
the LD surface during periods of increased lipid metabolism, where they function to

regulate lipid mobilization.

110



3.2. Background

Organelles compartmentalize biochemical functions within the eukaryotic cell.
Physical partitioning of particular biochemical processes into discrete compartments
enhances the efficiency of the biochemical reactions involved. However, to maintain
cellular homeostasis, these organelles must communicate in some way in order to jointly
coordinate these processes. Two such organelles, the peroxisome and the LD, are both
involved in the metabolism of cellular lipids. Because of their involvement in similar
metabolic processes, the metabolic pathways that occur at each respective organelle
overlap through common metabolites or intermediates. Therefore, it is critical for
peroxisomes and LDs to communicate in order to cooperatively regulate lipid
metabolism.

Studies have revealed that LDs interact with a number of other organelles
(reviewed in Gao and Goodman, 2015). Proteomic studies have shown specific organelle
proteins, such as ER luminal chaperones and mitochondrial oxidative enzymes, within
LDs (Puetal., 2011; Wang et al., 2015). Microscopic studies have similarly revealed
intimate physical connections between LDs and other organelles. In particular, LDs show
extensive interactions with the ER. Often, mature LDs remain completely connected to
the ER membrane through membrane bridges (reviewed in Gao and Goodman, 2015). In
fact, in yeast cells, LDs never fully dissociate from the ER membrane (Szymanski et al.,
2007). These bridges allow for the continuous transfer of lipids from the ER to LDs, and
some enzymes involved in neutral lipid biosynthesis, such as the yeast diacylglycerol
acyltransferase, Lrolp, have been found concentrated at these sites (Wang and Lee,

2012).
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Peroxisomes have also been found to interact with a number of other organelles,
including lysosomes and mitochondria (reviewed in Lodhi and Semenkovich, 2014). It
has been shown that cholesterol is trafficked via peroxisome-lysosome contact sites
facilitated by the lysosomal Syt7 binding to peroxisomal PI(4,5)P2, which bridges the two
organelles (Chu et al., 2015). Peroxisomes have direct contact sites with mitochondria
(Fan et al., 2016), and mitochondrially derived vesicles (MDVs) have been shown to fuse
with PPVs during de novo biogenesis (Sugiura et al., 2017).

Peroxisomes also show intimate physical connections to LDs. These two
organelles were first found to be in close proximity in rabbit ovarian tissue (Blanchette,
1966). This was also later observed in rat fat pads, although complete contact between the
two organelles was never observed (Blanchette-Mackie et al., 1995). In yeast cells
supplemented with oleate, an 18-carbon fatty acid, peroxisomes were found to stably
adhere to the surface of LDs (Binns et al., 2006). Using TEM, membrane protrusions
from the peroxisome were found to extend into the interior of LDs in cells cultured with
oleate (Binns et al., 2006). In these same cells, the LD fraction was found to be enriched
in peroxisomal B-oxidation enzymes (Binns et al., 2006). Peroxisome-LD interactions
were similarly observed in COS7 cells (Schrader, 2001). In addition, protein-protein
interactions have been observed between resident LD proteins and peroxisomal markers
in yeast (Pu et al., 2011). These connections between peroxisomes and LDs appear to be
functional, as the transfer of neutral lipids and phospholipids between the two organelles
has been observed. Chapman and Trelease used radiolabelled lipid to perform an in vitro
pulse-chase assay to confirm the transfer of lipids from isolated fractions of LDs to
glyoxysomes (Chapman and Trelease, 1991), which are specialized peroxisomes found in

plant cells. More recently, the transfer of the TG lipase, SDP1, in Arabidopsis from
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peroxisomes to LDs was observed during plant development (Thazar-Poulot et al., 2015).
However, it is unclear which lipase facilitates the release of FFA at the peroxisomal-LD
junction.

Despite the evidence that peroxisomes and LDs physically interact and both
metabolize lipids, little is known about the function of these interactions or what
regulates this mechanism. I investigated the functional relationship between peroxisomes
and LDs in Drosophila melanogaster.

Peroxisome biology in Drosophila is becoming increasingly well characterized
and Drosophila have been utilized for the discovery of novel peroxisomal functions in
the immune response (Di Cara et al., 2017). Drosophila encodes homologues of the
human PEX1, PEX2, PEX3, PEXS5, PEX6, PEX7, PEX10, PEX11A/B, PEX11C, PEX12,
PEX13, PEX14, PEX16, and PEX19 (see Chapter 2) and the initial steps of peroxisome
biogenesis from the ER seem to be well conserved. Protein targeting via the PTS1
pathway also seems to be well conserved (see Chapter 2). LD biology is also well
characterized in Drosophila (Beller et al., 2006; reviewed in Kiihnlein, 2011; reviewed in
Lee et al., 2013). Drosophila larvae have been used extensively to study LDs, as their
development is strongly influenced by lipid metabolism, particularly in the fat body,
which comprises a significant portion of the entire animal (reviewed in Kiihnlein, 2011;
reviewed in Lee et al., 2013; reviewed in Musselman and Kiihnlein, 2018). Drosophila
S2 cells have also been extensively used to study LD metabolism (Beller et al., 2006;
Guo et al., 2008; Kory et al., 2015; Krahmer et al., 2011; Sui et al., 2018; Wang et al.,
2016; Wilfling et al., 2013, 2014). While mammalian systems have five PLIN proteins,
the Drosophila genome encodes two PLIN homologues: Lsd] and Lsd2 (Beller et al.,

2006; Bi et al., 2012; Guo et al., 2008). Lsd1 facilitates lipid mobilization by recruiting
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Hsl, upon phosphorylation, to the LD surface during lipolysis (Bi et al., 2012). In
contrast, L.sd2 serves to protect LDs from lipases, such as Bmm, the Drosophila
homologue of ATGL (Bi et al., 2012).

This chapter outlines an analysis of the interactions observed between
peroxisomal components, Pex13 and Pex14, with the LD surface in Drosophila. 1 will
also describe observations investigating how Pex13 and Pex14 modulate LD-protein

components, which serves to regulate lipid mobilization at the LD surface.

3.3. Results

3.3.1. Peroxisomes respond to oleate in S2 cells

In order to stimulate LD biogenesis, S2 cells were cultured in Schneider’s
medium with fetal bovine serum (FBS) and 1 mM oleate for 24 hours. Oleate, an 18-
carbon fatty acid, is taken up by the cells and esterified to a glycerol backbone to form
TG for storage within the LD (Darfler, 1990; Guo et al., 2008). Peroxisomes were
visualized in S2 cells using an anti-SKL antibody, shown in Figure 3.1A. The presence of
—SKL at the C-terminus of proteins targets them to the matrix of peroxisomes via the
PTS1 pathway (Gould et al., 1989). The size and number of peroxisomes per cell were
quantified in each state. In the oleate-supplemented state (+oleate), S2 cells possessed
fewer peroxisomes per cell relative to the standard state (Schneider’s medium with 10%
FBS) (Figure 3.1 B). S2 cells in standard conditions possessed an average of 92
peroxisomes per cell, whereas S2 cells in oleate-supplemented conditions had an average

of 51 peroxisomes per cell. In addition, the peroxisomes in these cells exhibited a larger
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Figure 3.1.
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Figure 3.1. Peroxisomes respond to excess oleate. A. Immunofluorescence images of
fixed S2 cells in standard and oleate-supplemented conditions. Anti-SKL marks
peroxisomes in green. Each image is a maximum projection of a three-dimensional
volume encompassing the entire cell. Scale bar is 2 um. B. A graph showing the average
number of peroxisomes per cell in standard and oleate-supplemented conditions,
calculated using Imaris software. *, p < 0.05 C. Graph showing the average volume of
peroxisomes in each cell in standard and oleate-supplemented conditions, calculated
using Imaris software ***, p <0.001 For both peroxisome volume and number
calculations, values represent an average of 10 cells measured from three independent
biological replicates (n = 3) for a total of 30 cells measured. D. A volcano plot
representing the expression profile of S2 cells in standard versus oleate-supplemented
conditions, measured by RNA-Seq. Red dots represent genes that are differentially
expressed to a statistically significant level between the two conditions. The p-value is on
the y-axis, and the log> fold change is on the x-axis. E. A graph showing the expression
levels of Pexi4 in S2 cells in standard versus oleate-supplemented conditions, measured
by qRT-PCR. The y- axis shows the fold change. **, p <0.01. Pex/4 expression values
shown are an average of three independent biological replicates (n = 3). All statistical

analysis was performed using an unpaired Student’s #-test.
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average volume (Figure 3.1C). The average peroxisome volume increased from 0.329
um? to 1.656 um? when S2 cells were cultured with 1 mM oleate. This observation
demonstrates that the peroxisome population responds phenotypically to the presence of
excess oleate. It is unclear what mechanism is responsible for this phenotype as mature
peroxisomes do not fuse. One possibility is that under oleate supplemented conditions
peroxisomes begin to cluster, which causes the fluorescent signal from multiple
peroxisomes to be detected as one.

In order to identify genes involved in the response to excess lipid, RNA-Seq was
performed to compare S2 cells in standard conditions versus oleate-supplemented
conditions. The red dots on the volcano plot (Figure 3.1D) represent genes that were
significantly differentially expressed between the two conditions. Using EdgeR
(Robinson et al., 2010) and DESeq2 (Love et al., 2014) software to determine differences
in normalized transcript reads, 745 genes showed differential expression to a statistically
significant level. This analysis was performed by Dr. Andrew Simmonds. A gene
ontology analysis of the data showed enrichment in genes involved in protein
glycosylation, fatty acid -oxidation, MAP-kinase cascade, amino acid metabolism,
carbohydrate metabolism, and proteolysis. Fatty acid 3-oxidation showed a 6-fold
enrichment, which included Mtpc, the homologue of LBP (CG4389). Epitope-tagged
Mtpa was found to localize to peroxisomes shown in Chapter 2. Pex/4 was the only
other peroxisome gene that showed significant differential expression. Pex/4 was found
to be significantly (p < 0.001) upregulated in the oleate-supplemented state (Figure 3.1E).
Pex14 is a peroxin that resides on the peroxisomal membrane and functions in the import
of cargo into the peroxisome matrix (Albertini et al., 1997). Given that the relationship

between LDs and peroxisomes was being explored, Pex/4 was chosen for further
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investigation. The differential expression of Pex/4 between these two conditions was
confirmed by qRT-PCR (Figure 3.1E), which showed a 2.5-fold increase in expression in

the oleate-supplemented state (p < 0.0001).

3.3.2. Knockdown of Pex14 by dsRNA affects lipid droplet structure and metabolism in
S2 cells

In order to determine if Pex14 affects LD activity, S2 cells were treated with
dsRNA targeting Pex/4. A scrambled dsRNA amplicon was used as a control for off-
target effects. Knockdown of Pex/4 was confirmed by qRT-PCR, which showed an 80-
90% reduction (Figure 3.2A). In order to measure lipolysis associated with LDs, the level
of glycerol was measured in the media of S2 cells in a lipolytic state. This protocol was
adopted from a previous study (Guo et al., 2008), whereby S2 cells were induced to form
LDs, followed by a period of nutrient deprivation in order to upregulate lipolysis. S2 cells
were supplemented with 1 mM oleate for 24 hours (+oleate), followed by the removal of
FBS and oleate, and cultured in Schneider’s medium alone for an additional 24 hours
(lipolytic). These conditions were intended to induce lipolysis at the LD, during which
the fatty acyl chains are cleaved from TG molecules and the glycerol backbone is
released into the medium as a by-product (Ducharme and Bickel, 2008). S2 cells in
standard and oleate supplemented conditions showed no significant change in glycerol
production when treated with Pex/4 dsRNA (Figure 3.2B). In both standard and oleate-
supplemented conditions, approximately 30-40 pg of glycerol per mg of protein was

detected. These measurements were not affected when cells were pretreated with Pex/4
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Figure 3.2
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Figure 3.2
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Figure 3.2. Knockdown of Pex14 increases lipolysis in S2 cells. A. The expression
levels of Pex14 transcript measured by qRT-PCR from S2 cells treated with scrambled
dsRNA (control) or Pex/4 dsRNA. B. A graph showing the amount of glycerol in the
medium of S2 cells in a lipolytic state treated with a scrambled dsSRNA amplicon or
dsRNA targeting Pex/4. **, p <0.01. The values shown are an average of six biological
replicates (n = 6). C. S2 cells in oleate-supplemented or lipolytic state treated with
scrambled dsRNA (control) or Pex/4 dsSRNA. Anti-SKL marks the peroxisomes in green,
and LipidTOX Deep Red marks the LDs in blue. The merge images are on the far right.
Each image is a maximum projection of a three-dimensional volume encompassing the
entire cell. Scale bar is 2 pm. Images shown are representative of six biological
replicates. D,E. Graphs showing the average volume (F) and number (G) of peroxisomes
per cell in an oleate-supplemented or lipolytic state treated with scrambled dsSRNA
(control) or Pex/4 dsRNA. ** p <0.01. F,G. Graphs showing the average volume (F)
and number (G) of LDs per cell in an oleate-supplemented or lipolytic state treated with
scrambled dsRNA (control) or Pex/4 dsRNA. **** p <0.0001. *, p < 0.05. The values
shown in D-G are an average of five individual measurements from six biological
replicates, for a total of 30 cells measured. All statistical analysis was performed using an
unpaired Student’s #-test to measure the mean values between control and Pex/4 dsRNA

treated cells under each metabolic condition, shown in each graph.
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dsRNA. Conversely, lipolytic S2 cells treated with dsSRNA targeting Pex/4 showed
significantly elevated (p < 0.01) levels of glycerol in the medium, relative to control
conditions (Figure 3.2B). Glycerol was measured relative to the protein content of the
sample. In control conditions, an average of 150 pg of glycerol per mg of protein were
detected. Conversely, when S2 cells were treated with Pex/4 dsRNA prior to lipolytic
conditions, over 331 ug of glycerol per mg of protein were detected, demonstrating more
than a two-fold increase in glycerol release (Figure 3.2B).

The morphology of LDs and peroxisomes were analyzed by staining the cells with
LipidTOX Deep Red and probing with an anti-SKL antibody, respectively (Figure 3.2C).
In control conditions, peroxisomes are abundant. In contrast, in cells treated with Pex/4
dsRNA, the anti-SKL signal appeared relatively diffuse throughout the cytoplasm, with
some punctate structures remaining, suggesting Pex/4 expression was efficiently
knocked down and PTS1 import into peroxisomes was disrupted. Both peroxisome
volume and number were quantified (Figure 3.2D and 3.2E). Peroxisome volume was
significantly reduced (p < 0.01) in oleate supplemented S2 cells pretreated with Pex/4
dsRNA (1.631 um? to 0.299 um?); however, this effect was not observed in lipolytic
conditions (Figure 3.2D). Conversely, peroxisome number was significantly reduced (p <
0.01) in lipolytic cells (Figure 3.2E). Lipolytic cells pretreated with a scrambled dsRNA
amplicon showed an average of 47 peroxisomes per cell, whereas lipolytic cells
pretreated with Pex/4 dsRNA showed an average of 11 peroxisomes per cell.

The LD volume and number per cell was quantified, shown in Figure 3.2F and
3.2G. LD volume and number were unaffected when oleate-supplemented S2 cells were
pretreated with Pex/4 dsRNA (Figure 3.2F and 3.2G). S2 cells pretreated with dSRNA

targeting Pex/4 prior to lipolytic conditions exhibited smaller, more numerous LDs
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relative to the control cells (Figure 3.2F and 3.2G). LD volume was significantly reduced
(p <0.0001) from 15.57 pm? in control cells to 4.09 um? in lipolytic cells treated with
Pex14 dsRNA (Figure 3.2F). In control conditions, each cell in lipolytic conditions
contained an average of 12 LDs. Conversely, when lipolytic cells were treated with
Pex14 dsRNA, an average of 25 LDs per cell were detected (Figure 3.2G). Overall, these
results suggest that perturbations to Pex/4 expression levels affect LD metabolism and

morphology.

3.3.3. Tissue-specific knockdown of Pex14 in the Drosophila fat body affects the lipid
content

In order to examine how Pex14 may affect lipid metabolism in the whole animal,
Pex14 was knocked down in the fat body of Drosophila. The fat body is the Drosophila
equivalent of adipose tissue and comprises a significant proportion of the entire body at
the larval stage (reviewed in Church and Robertson, 1966; reviewed in Musselman and
Kiihnlein, 2018). Tissue-specific knockdown of Pex14 in Drosophila was performed
using the GAL4-UAS system. UAS-Pex/4 dsRNA flies were crossed with R4-GAL4
flies, which drove the expression of dsSRNA targeting the Pex/4 transcript in the fat body
of the resulting progeny (Brand and Perrimon, 1993; Rodriguez et al., 2012). UAS-Pex/4
dsRNA flies were crossed to the white!!’® (w!?1%) line as a control. The w8 fly line
expresses a mutation that results in white eyes, whereas adult Drosophila have red eyes.
The use of the w!/! line as a control allows alleles to be followed in a genetic cross.
During Drosophila development, the 1% instar larvae hatch within 24 hours after egg-

laying, which are deposited directly into the fly food. The first molt from 1% to 2"¢ instar
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larvae occurs approximately 24 hours after egg-hatching, and the second molt from 2" to
3t instar larvae occurs another 24 hours after that. During this time, the larvae remain
embedded in their food and continually consume nutrients. Approximately 24 hours after
the transition from 2™ to 3™ instar occurs, the larvae crawl out of the food (Church and
Robertson, 1966). Once wandering 3™ instar larvae emerged from the food, the animals
were examined. A buoyancy assay was performed whereby 3™ instar larvae were
suspended in a 12% sucrose solution (Reis et al., 2010). This examines the density of the
animals, which is determined by their overall fat content and demonstrated by their
propensity to float. Nearly all of the w!/’8 x UAS-Pex14 dsRNA progeny floated in the
sucrose solution (Figure 3.3A, vial labeled “C”), whereas less than 25% of the R4-GAL4
x UAS-Pex14 dsRNA progeny floated (Figure 3.3A, vial labeled “14”). The results are
quantified in Figure 3.3B. Progeny from the R4-GAL4 x UAS-Pex/4 dsRNA cross have
a higher density, suggesting that they possess less overall fat. To confirm this
biochemically, lysates were made from both crosses and the overall TG content of each
was measured by a colorimetric assay. This analysis involved a biochemical reaction
whereby larval lysates from each cross were treated with a lipase that hydrolyzed the TG
found within each sample and the subsequent levels of glycerol were measured. The
levels of glycerol detected would be an indirect measure of the TG per sample. R4-GAL4
x UAS-Pex14 dsRNA progeny were found to possess significantly less (p <0.01) TG
than w!?/® x UAS-Pex14 larvae (Figure 3.3C). w/!® x UAS-Pex14 dsRNA lysates
contained an average of 761 pg of glycerol per mg of protein. In contrast, R4-GAL4 x
UAS-Pex14 dsRNA lysates contained an average of 189 pug of glycerol per mg of protein
(Figure 3.3C). This suggests that the knockdown of Pex/4 in the fat body of Drosophila

results in less overall fat storage or increased lipolysis in the fat body. This is consistent
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Figure 3.3. Knockdown of Pex14 in the fat body increase lipolysis in 3 instar
larvae. A. 3" instar larvae were pulled from each cross and suspended in a 12% sucrose
solution to test their overall fat content. B. A graph quantifying the number of 3™ instar
larvae from each cross that floated in the sucrose solution. The values shown are an
average of 10 larvae examined from three independent genetic crosses, for a total of 30
larvae examined. **** p <(0.0001. C. A graph showing the quantification of overall TG
from 3" instar larvae. For each measurement, Lysates were made from 10 whole 3™
instar larvae, and total TG content was measured using a triglyceride quantification kit
(Abcam). Measurements are shown as pg of glycerol per mg of protein. The values
shown are an average of three biological replicates. **, p <0.01. D. Fat body tissue was
dissected from 3" instar larvae from each cross and stained with Nile Red, which marks
the LDs, shown in red. DAPI stains the nuclei in blue. Tissue was imaged using confocal
microscopy. Images are individual slices and are representative of three biological
replicates. Scale bar is 10 pm. E. A graph showing the average volume of LDs measured
in the fat body of larvae from both genetic crosses. LD volume was measured using
Imaris software and reported as um?. The values shown are an average of six independent
measurements from three biological replicates for a total of 18 fat body images measured.
F. Survival plot of 3™ instar larvae on holidic food versus lard food from each respective
cross. Larvae were transferred from conventional food to holidic or lard food and the
number of larvae remaining alive was measured after each day. Ten larvae from each
cross were transferred to the different food types for each trial. The values reported are an
average of five biological replicates for a total of 50 larvae examined. All statistical

analysis was performed using an unpaired Student’s #-test.
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with the effects observed with the knockdown of Pex/4 in S2 cells (Figure 3.2). Fat body
was dissected from 3™ instar larvae and stained with Nile Red, which marks neutral lipids
(Figure 3.3D). In w!/’8 x UAS-Pex14 dsRNA fat body, LDs appeared large and occupied
the majority of each cell. In contrast, the R4-GAL4 x UAS-Pex/4 dsRNA fat body had
smaller LDs (Figure 3.3D). The average LD volume in the R4-GAL4 x UAS-Pex14
dsRNA fat body was 21.27 um?, which was significantly reduced (p < 0.01) compared to
the average LD volume of 33.23 um?® found in control larval fat body (Figure 3.3E).
Larvae from both crosses were fed a high lipid food or minimal nutrition
(holidic), and the effect on survival was measured. Four days after egg laying, 10 3™
instar larvae were transferred to new vials containing either holidic food or lard food
(holidic food with the addition of lard at 22.2 g/L). Holidic food is defined by Piper et al.
as “a synthetic medium for Drosophila made entirely from purified ingredients (holidic)
that is adequate to support development, adult egg-laying and lifespan” (Piper et al.,
2014). The animals were monitored and the number of larvae remaining alive was
recorded each day. On either food, both crosses showed an initial loss in number,
attributed to handling during the transfer process. However, after two days, both crosses
on holidic food remained stable, with few changes in survival rate thereafter (Figure
3.3F). w8 x UAS-Pex14 dsRNA larvae on lard food showed reduced survival on lard
food, with approximately 70% alive after seven days (Figure 3.3F). In contrast, larvae
from the R4-GAL4 x UAS-Pex4 dsRNA cross on lard food showed a steady decline in
survival. Less than 40% of the initial sample remained alive after seven days (Figure
3.3F). This suggests that knockdown of Pex/4 in the fat body affects the ability of the

larvae to metabolize excess dietary fat.
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3.3.4. Pex3, Pex13, and Pex14 localize to the surface of lipid droplets when S2 cells are
supplemented with oleate

Because the knockdown of Pex/4 had a significant effect on LD structure and
metabolism, the subcellular localization of Pex14 relative to LDs was analyzed under
different metabolic conditions. A 6xMyc-tagged Pex14 construct was utilized because at
the time there were no antibodies available for endogenous Drosophila Pex14. Under
standard conditions (Schneider’s medium + 10% FBS), 6xMyc-Pex14 strongly localized
to peroxisomes (Figure 3.4A). As previously observed (Chapter 2), epitope-tagged Pex14
strongly overlaps with the —SKL peroxisome marker. The degree of colocalization
between 6xMyc-Pex14 and anti-SKL was measured using Pearson’s coefficient. In
addition, the degree of colocalization between the LDs and both epitope-tagged Pex14
and anti-SKL was likewise measured. When S2 cells were supplemented with 1 mM
oleate for 48 hours, a portion of the 6xMyc-Pex14 signal was distinct from the
peroxisome marker. Anti-SKL remained punctate, while the anti-Myc signal formed ring
structures that decorated the periphery of LDs (Figure 3.4A). Some punctate structures
comprised of 6xMyc-Pex14 remained overlapped with anti-SKL; however, a
considerable portion of the anti-Myc signal appeared localized to the periphery of LDs.
6xMyc-Pex14 was no longer solely localized to peroxisomes, but rather displayed a dual-
localization to both peroxisomes and LDs. The degree of colocalization between 6xMyc-
Pex14 and anti-SKL was reduced from 80.8% in standard conditions to 37.9% in cells
supplemented with oleate for 48 hours (Figure 3.4B). In addition, a concomitant increase
in colocalization between 6xMyc-Pex14 and the LD marker from 17.5% in standard

conditions to 47.1% in oleate-supplemented conditions was observed (Figure 3.4B). No
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Figure 3.4. Epitope-tagged Pex3, Pex13, and Pex14 localize to LDs during periods of
elevated LD metabolism. A. S2 cells transfected with 6xMyc-Pex14 in a standard or a
48-hour oleate-supplemented state. Anti-SKL marks peroxisomes in green, anti-Myc
marks 6xMyc-Pex14 in red, LipidTOX Deep Red marks LDs in blue, and the merged
images are in the far right panel. Each image is a maximum projection of a three-
dimensional volume encompassing the entire cell. Images are representative cells from
four biological replicates. The scale bar is 2 um. B. The degree of colocalization between
6xMyc-Pex14 and anti-SKL (left graph), 6xMyc-Pex14 and LDs (middle graph), and
anti-SKL and LDs (right graph) was calculated using Pearson’s coefficient and expressed
as a percentage. The values shown are an average of five individual measurements from
four biological replicates, for a total of 20 cells measured. **, p <0.01. *** p <0.001. C.
A western blot probed with anti-Myc and anti-Lsd2 showing protein precipitated from
LD fractions isolated from S2 cells transfected with 6xMyc-Pex14 in an oleate-
supplemented state for 24 and 48 hours. D. S2 cells transfected with various 6xMyc
tagged peroxin constructs in a 48-hour oleate-supplemented state. Anti-SKL marks
peroxisomes in green, anti-Myc marks 6xMyc-tagged peroxins in red, LipidTOX Deep
Red marks LDs in blue, and the merge is in the far right panel. Each image is a maximum
projection of a three-dimensional volume encompassing the entire cell. Images are
representative cells from three biological replicates. The scale bar is 2 um. E. The degree
of colocalization between the various 6xMyc-tagged peroxins and LDs was calculated
using Pearson’s coefficient and expressed as a percentage. The values shown are an
average of five individual measurements from three biological replicates. All statistical

analysis was performed using an unpaired Student’s #-test.
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significant change in the degree of colocalization between anti-SKL and the LD marker
was observed between the two conditions (Figure 3.4B).

Subcellular fractionation was performed on S2 cells transfected with 6xMyc-
Pex14 under the same conditions described above. As a control, the same procedure was
performed on S2 cells that were mock transfected without plasmid. The western blot was
probed with anti-Myc, which showed 6xMyc-Pex14 present in the LD fraction of oleate-
supplemented samples after 24 and 48 hours (Figure 3.4C). No Myc was present in the
mock-transfected sample. Lsd2 is a resident LD protein (Bi et al., 2012) that was used as
a LD marker and loading control. These data further validate the presence of epitope-
tagged Pex14 at the LD.

In order to determine whether this phenotype was specific to Pex14 or if other
peroxins showed a similar localization, all 13 other peroxins in Drosophila were analyzed
under the same conditions. Most peroxins in Drosophila localized solely to peroxisomes
in S2 cells under standard conditions, as demonstrated in Chapter 2. The majority of the
6xMyc-tagged peroxins remained localized to peroxisomes in oleate-supplemented
conditions except for two, Pex3 and Pex13. Figure 3.4D shows 6xMyc-Pex6 and 6xMyc-
Pex10 as representative examples, both of which remain strongly localized to
peroxisomes after 48 hours of oleate supplementation. In contrast, 6xMyc-Pex3 and
6xMyc-Pex13 showed a similar localization pattern to epitope-tagged Pex14. Both
epitope-tagged Pex3 and Pex13 formed ring structures that coalesced around the
periphery of LDs (Figure 3.4D). Of all the peroxins analyzed in Drosophila, only Pex3,
Pex13, and Pex14 partially localized to LDs in S2 cells supplemented with oleate. Similar
to Pex14, epitope-tagged Pex3 and Pex13 exhibited 41.6% and 41.0% colocalization with

LDs, respectively, measured by Pearson’s coefficient (Figure 3.4E). In contrast, epitope-
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tagged Pex6 and Pex10 exhibited around 10% colocalization with LDs (Figure 3.4E).
These data are consistent with previous literature that describes Pex13 and Pex14
functioning together to make up the peroxisome import complex and residing in one
distinct subclass of PPV originating at the ER (Albertini et al., 1997; van der Zand et al.,

2012).

3.3.5. Endogenous PEX14 localizes to the lipid droplet surface when NRK cells are
supplemented with oleate

The plasmid used to drive the expression of 6xMyc-Pex14 in S2 cells contains an
actin promoter. This drives the expression of the epitope-tagged Pex14 at higher than
endogenous levels, which could lead to artifacts. In order to examine the conservation of
the LD association of Pex14 and resolve potential artifacts of overexpression, the
localization of endogenous PEX 14 was analyzed in NRK cells using commercial
antibodies (Invitrogen). The subcellular localization of PEX14 was analyzed in NRK
cells under conditions previously described. In standard conditions (DMEM + 10% FBS),
PEX14 strongly localized to peroxisomes, marked with anti-PMP70 (Figure 3.5A). In
contrast, when NRK cells were cultured in oleate-supplemented conditions (DMEM +
10% FBS + 1 mM oleate) for 48 hours, PEX14 formed punctate structures that both
overlapped with and were distinct from the peroxisome marker, anti-PMP70. The puncta
that were distinct from anti-PMP70 localized to LDs (Figure 3.4A). The degree of
colocalization between PEX 14, PMP70, and LDs was calculated using Pearson’s
coefficient. The degree of colocalization between PEX 14 and the LDs significantly

increased (p < 0.01) from 3.5% in standard conditions to 42.8% in oleate-supplemented
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conditions (Figure 3.5B). In contrast, the degree of colocalization between PMP70 and
LDs did not appear to change from standard to oleate-supplemented conditions (Figure
3.5B). These results are consistent with the phenotype observed for epitope-tagged
Drosophila Pex14 in S2 cells under the same conditions. Peroxisome volume and number
was calculated in NRK cells under standard and oleate-supplemented conditions. No
change in peroxisome volume was observed in NRK cells supplemented with oleate for
48 hours (Figure 3.5D); however, peroxisome number significantly increased (p < 0.01)
from 110 per cell in standard conditions to 165 per cell in oleate-supplemented conditions
(Figure 3.5E).

In order to analyze the expression levels of PEX14 in NRK cells, the protein
levels were probed by western blot. Lysates were made from NRK cells under the same
conditions described above (standard and oleate-supplemented for 24 and 48 hours) and
probed with anti-PEX14. Similar to the expression pattern observed in S2 cells by qRT-
PCR (Figure 3.1E), PEX14 expression was elevated in cells cultured with oleate after 24
and 48 hours. PEX14 protein levels were quantified, relative to the B-tubulin loading
control, shown in the graph in Figure 3.5F.

Due to the limited resolution of immunofluorescence, it is not possible from the
data to conclude whether PEX14 was physically at the LD surface or merely in close
proximity. For increased resolution, immuno-TEM (iTEM) was performed on oleate-
supplemented NRK cells. NRK cells were supplemented with oleate for 48 hours, fixed
with glutaraldehyde (GA), probed with anti-PEX14, and embedded for sectioning. Figure
3.5G.1 shows PEX14 localized to the LD surface. LDs appeared as large ovals that are
lightly shaded due to their low electron density. This localization was not exclusive as

PEX14 appeared to be also localized elsewhere (presumably to peroxisomes). Figure
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Figure 3.5. Endogenous PEX14 localizes to the LD surface in NRK cells cultured in
oleate. A. Immunofluorescence images of NRK cells in a standard or a 48-hour oleate-
supplemented state. Anti-PMP70 marks peroxisomes in green, anti-PEX14 is shown in
red, LipidTOX Deep Red marks LDs in blue, and the merge is in the far right panel. Each
image is a maximum projection of a three-dimensional volume encompassing the entire
cell. Images are representative cells from three biological replicates. Scale bar is 2 pm.
B,C. The degree of colocalization between LDs and PEX14 (B) and PMP70 (C) was
measured under standard and oleate-supplemented conditions using Pearson’s coefficient
and displayed as a percentage. The values shown are an average of five individual
measurements from three biological replicates, for a total of 15 cells measured. **, p <
0.01. D,E. The average peroxisome volume (D) and number per cell (E) was measured in
standard and oleate-supplemented conditions using Imaris software. The y-axis shows
peroxisome volume in um? (D) and peroxisome number per cell (E). The values shown
are an average of five individual measurements from three biological replicates, for a
total of 15 cells measured. **, p <0.01. F. A western blot probed with anti-PEX14
showing relative levels of PEX14 in NRK cell lysates in a standard and oleate-
supplemented state for 24 and 48 hours. B-tubulin was used as a loading control. The
graph on the right is a quantification of the intensities of the PEX14 protein bands
relative to the B-tubulin loading control. The values shown in the graph are averages from
three biological replicates. Western blots were processed using Odyssey Imaging
software. G.i. Representative iTEM images of NRK cells probed with anti-PEX14 and
visualized with NanoGold anti-rabbit secondary antibodies. Black electron-dense spots
represent PEX14. ii. Representative iTEM image of NRK cells probed with NanoGold
anti-rabbit secondary antibody only (Negative control). H. The distance of PEX14 from
the LD surface was measured and grouped into six ranges. The values shown are the
proportion of the total PEX14 signal that was found in each range. The values shown are
the averages from 10 individual iTEM images. I. Representative TEM images of NRK
cells supplemented with 1 mM oleate for 24 hours. The scale bar is 0.5 um. All statistical

analysis was performed using an unpaired Student’s #-test.
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3.5G.ii shows the negative control whereby cells were incubated with secondary antibody
only (no anti-PEX14). The distance between PEX14-positive spots and LDs was
measured and reported based on the proportion of the total PEX14 signal within a given
image (Figure 3.5H). These distances were grouped into six ranges: 0 — 40 nm, 41 — 80
nm, 81 — 120 nm, 121 — 160 nm, 161 — 200 nm, and 200+ nm. The majority of PEX14
localized within 40 nm of the LD surface (Figre 3.5H).

Preparing samples for iTEM required a gentler fixation than regular TEM, 0.05%
GA versus 2% GA, respectively in order to retain the protein antigenicity. As a result,
morphology and membrane structures detail was lost. Thus, regular TEM was also
performed on oleate-supplemented NRK cells. After culturing NRK cells in oleate-
supplemented conditions for 48 hours, the cells were fixed in 2% GA and membranes
were stained with uranyl acetate (UA). Figure 3.5D shows a representative image from
this sample. The ER was clearly visible as tubular structures decorated with electron-
dense ribosomes. Clusters of electron-dense vesicles were often observed adjacent to the
ER and LDs. A portion of these vesicles appeared in close proximity to the LD surface

(Figure 3.51).

3.3.6. The perilipins affect the lipid droplet localization of Pex14 in S2 cells

In order to determine what functional role peroxins may be playing at the LD
surface, the localization of 6xMyc-Pex14 was analyzed when various LD proteins were
concomitantly overexpressed. Lipid mobilization at the LD is controlled by the family of

PLIN proteins (reviewed in Ducharme and Bickel, 2008; reviewed in Itabe et al., 2017).
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Figure 3.6. Overexpression of Lsdl affects the localization of Pex14 at the LD. A.
Immunofluorescence images of S2 cells overexpressing 6xMyc-Pex14 concomitantly
with either 3xFLAG-Lsd1 or 3xFLAG-Lsd2. Transfected cells supplemented with oleate
for 48 hours, fixed, and probed with anti-FLAG, shown in green, and anti-Myc, shown in
red. LipidTOX Deep Red marks the LDs in blue. The merged images are on the far right.
Each image is a maximum projection of a three-dimensional volume encompassing the
entire cell. Images are representative cells from three biological replicates. The scale bar
is 2 um. B. The degree of colocalization between LDs and FLAG-tagged Lsd1 and Lsd2
was measured in oleate-supplemented conditions using Pearson’s coefficient and
displayed as a percentage. The values shown are an average of five independent
measurements from three biological replicates, for a total of 15 cells measured. C. The
degree of colocalization between LDs and 6xMyc-Pex14 was measured in oleate-
supplemented conditions with simultaneous overexpression of FLAG-tagged Lsd1 or
Lsd2. Measurements were made using Pearson’s coefficient and displayed as a
percentage. The values shown are an average of five independent measurements from
three biological replicates, for a total of 15 cells measured. **, p < 0.01. Statistical
analysis was performed using an unpaired Student’s #-test to compare the mean values

between each condition, indicated in C.
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PLINs are LD-associated proteins that function to regulate the access of TG stores in the
LD to the various lipase enzymes found in the cytosol. PLINs are regulated by
phosphorylation, which, during the stimulation of lipolysis, allows for the recruitment of
cytoplasmic lipases to the LD surface (reviewed in Ducharme and Bickel, 2008; reviewed
in Itabe et al., 2017). There are two perilipins in Drosophila, Lsd1 and Lsd2, which play
important roles in regulating lipolysis (Bi et al., 2012). Lsd2 prevents lipolysis and
resides on the LD surface to block the lipases from accessing TG stores within the LD
core. In contrast, phosphorylated Lsd1 recruits Hsl to the LD surface in order to mobilize
FFA (Bi et al., 2012). Both Lsd1 and Lsd2 were tagged at their N-terminus with a
3xFLAG epitope and co-transfected into S2 cells along with 6xMyc-Pex14. Transfected
cells were treated with oleate as previously described. After 48 hours, the cells were
fixed, probed with anti-FLAG and anti-Myc antibodies, and imaged by confocal
microscopy. 3XFLAG-Lsd2 and 6xMyc-Pex14 strongly colocalized at the LD surface
(Figure 3.6A). 6xMyc-Pex14 showed few punctate structures, with the majority of its
signal localized to LDs. In contrast, in cells simultaneously overexpressing epitope-
tagged Pex14 and Lsd1, 6xMyc-Pex14 primarily formed punctate structures that did not
localize to LDs (Figure 3.6A). In these cells, 3xFLAG-Lsd1 appeared to localize
completely to the LD surface. The degree of colocalization between both PLINs and LDs
was calculated using Pearson’s coefficient. Both epitope-tagged Lsd1 and Lsd2 exhibited
nearly 70% colocalization with LDs (Figure 3.6B). The degree of colocalization between
6xMyc-Pex14 and LDs was measured in the presence of Lsd1 and Lsd2 overexpression.
When 6xMyc-Pex14 was overexpressed alone, it showed approximately 47.1%
colocalization with LDs. This measurement was not significantly affected when epitope-

tagged Pex14 was simultaneously overexpressed with 3xFLAG-Lsd2 (Figure 3.6C). In
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contrast, the degree of colocalization between 6xMyc-Pex14 was significantly reduced (p

<0.01) to 26.5% when overexpressed with 3xFLAG-Lsd1 (Figure 3.5C).

3.3.7. Overexpression of Pex14 blocks the recruitment of Hsl to the lipid droplet surface
in S2 cells

During lipolysis, each fatty acyl chain is cleaved from TG molecules, a reaction
that is catalyzed by various cytoplasmic lipases (reviewed in Ducharme and Bickel, 2008;
reviewed in Lass et al., 2011). The first step is catalyzed by ATGL, or Bmm in
Drosophila (Gronke et al., 2005), which cleaves the first fatty acyl chain to produce DG.
Hsl then catalyzes the cleavage of the next fatty acyl chain from DG, to produce MG
(reviewed in Lass et al., 2011). Bmm was tagged with a 3XFLAG epitope at its N-
terminus and transfected into S2 cells. Transfected cells were supplemented with oleate
for 24 hours, at which point the cells were washed and incubated for an additional 24
hours in the absence of oleate and FBS in order to induce lipolysis, as previously
described (Guo et al., 2008). Transfected cells were fixed, and immunofluorescence was
performed using an anti-FLAG antibody. LipidTOX Deep Red was used to mark the
LDs. Fixed cells were imaged by confocal microscopy. Under lipolytic conditions,
3xFLAG-Bmm formed small ring-shaped structures that completely surrounded the
periphery of LDs (Figure 3.7A). Similarly, when cells were co-transfected with 3xFLAG-
Bmm and 6xMyc-Pex14 under these same conditions, the localization of 3XxFLAG-Bmm
was not perturbed and remained at the surface of LDs. In addition, 6xMyc-Pex14 also

localized to the periphery of LDs when 3XxFLAG-Bmm was simultaneously
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Figure 3.7
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Figure 3.7 Overexpression of PexI4 affects the localization of Hsl at the LD. A.
Immunofluorescence images of lipolytic S2 cells overexpressing 6xMyc-Pex14
simultaneously with either 3XxFLAG-Bmm or 3xFLAG-Hsl. FLAG-tagged Bmm and Hsl
were also transfected and examined alone. Transfected cells were fixed, and probed with
anti-FLAG, shown in green, and anti-Myc, shown in red. LipidTOX Deep Red marks the
LDs in blue. Merge is on the far right. Images were taken in lipolytic conditions. Each
image is a maximum projection of a three-dimensional volume encompassing the entire
cell. Images are representative cells from three biological replicates. The scale bar is 2
um. B. The degree of colocalization between LDs and 6xMyc-Pex14 was measured in
cells simultaneously overexpressing either 3xFLAG-Bmm or 3xFLAG-Hsl. The values
shown are the average of five individual measurements from three biological replicates,
for a total of 15 cells measured. C. The degree of colocalization between LDs and
3xFLAG-Bmm or 3xFLAG-Hsl was measured in cells overexpressing the construct alone
or with 6xMyc-Pex14. The values shown are the average of five individual measurements
from three biological replicates, for a total of 15 cells measured. **, p <0.01. D,E.
Graphs showing the average volume (D) and number (E) of LDs per cell in a lipolytic
state overexpressing FLAG-tagged Bmm or Hsl with or without 6xMyc-Pex14. The y-
axis shows the average volume of LDs in pm? (D) or the average number of LDs per cell
(E). The values shown in D and E are an average of five individual measurements from
three biological replicates, for a total of 15 cells measured. *, p <0.05. **, p <0.01.
Statistical analysis was performed using an unpaired Student’s ¢-test to compare the mean

values between each condition, indicated in C, D, and E.
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overexpressed (Figure 3.7A). The degree of colocalization between LDs and both
epitope-tagged Pex14 and Bmm was calculated using Pearson’s coefficient. Both Pex14
and Bmm localization to LDs was unaffected when overexpressed together (Figures 3.7B
and 3.7C, respectively).

The localization of Hsl was similarly investigated. Hsl was tagged with a
3xFLAG epitope at its N-terminus and imaged under the same conditions. 3xFLAG-Hsl
strongly localized to LDs under lipolytic conditions (Figure 3.7A). When 3xFLAG-Hsl
was co-transfected with 6xMyc-Pex14, the localization of 3XxFLAG-Hsl was disrupted.
When 6xMyc-Pex14 was simultaneously overexpressed, 3xFLAG-Hsl appeared mainly
cytosolic with small puncta formations that were not localized to the LDs (Figure 3.7A).
In addition, 6xMyc-Pex 14 appeared to be almost entirely localized to the surface of LDs.
The degree of colocalization between LDs and both epitope-tagged Pex14 and Hsl was
calculated using Pearson’s coefficient. The degree of colocalization between 3xFLAG-
Hsl and LDs was significantly reduced (p < 0.01) from 62.2% when overexpressed alone
to 35.9% in the presence of Pex14 overexpression (Figure 3.7C). The localization of
6xMyc-Pex14 was unaffected by 3xFLAG-Hsl overexpression (Figure 3.7B). Both LD
volume and LD number per cell were relatively unaffected when Bmm overexpressing
cells simultaneously overexpressed 6xMyc-Pex14 (Figures 3.7D and 3.7E). In contrast,
Hsl overexpressing cells showed a significant increase (p < 0.01) in LD volume when
simultaneously overexpressing 6xMyc-Pex14 (Figure 3.7D). Average LD volume
increased from 1.70 um? in Hsl overexpressing cells to 3.15 um? when Pex14 was
simultaneously overexpressed. In addition, a concomitant significant decrease (p < 0.05)
in LD number per cell was observed in Hsl overexpressing cells simultaneously

overexpressing 6xMyc-Pex14 (Figure 3.7E). The number of LDs decreased from 37 per
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cell to 18 per cell when 3xFLAG-Hsl was simultaneously overexpressed with 6xMyc-

Pex14.

3.3.8. Pex14 affects the expression of CGI-58

CGI-58 is a major regulator of lipolysis and activates the rate-limiting lipase,
Bmm, in Drosophila (Gruber et al., 2010; Yamaguchi et al., 2007). In basal conditions,
CGI-58 is bound to Lsdl at the LD surface. When lipolysis is stimulated, a signaling
cascade causes the phosphorylation of Lsd1, which releases CGI-58 allowing interaction
with Bmm and activating it (Gruber et al., 2010; Yamaguchi et al., 2007; reviewed in
Lass et al., 2006). The localization of CGI-58 was analyzed in the presence of Pex/4
overexpression. CGI-58 was tagged with a 3XFLAG epitope at its N-terminus and
transfected into S2 cells. Transfected cells were supplemented with oleate for 24 hours,
followed by lipolytic induction by removal of FBS and oleate, as previously described
(see 3.3.7). Under conditions that promote lipolysis, 3XxFLAG-CGI-58 was localized to
the LD surface. 3XxFLAG-CGI-58 formed ring structures that surrounded the periphery of
LDs (Figure 3.8A). S2 cells were also concomitantly transfected with 3xFLAG-CGI-58
and 6xMyc-Pex14 expressing plasmids. Transfected cells were analyzed under lipolytic
conditions, as previously described. When 6xMyc-Pex14 was simultaneously
overexpressed, the localization of CGI-58 appeared unaffected. 3xFLAG-CGI-58 formed
large ring structures that surrounded the LDs (Figure 3.8A). In addition, 6xMyc-Pex14
was found primarily at the LD surface, with some small punctate formations that were
distinct from the LD (Figure 3.8A). The colocalization between each epitope-tagged

protein and the LD was measured using Pearson’s coefficient (Figure 3.8E and 3.8F). No
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Figure 3.8
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Figure 3.8. Pex14 affects the expression levels of CGI-58. A. Immunofluorescence
images of lipolytic S2 cells overexpressing 3xFLAG-CGI-58 alone (top panels) or
simultaneously with 6xMyc-Pex14 (middle panels). FLAG-tagged CGI-58 was also
examined in lipolytic cells treated with Pex/4 dsRNA for three days (bottom panels).
Transfected cells were fixed, and probed with anti-FLAG, shown in green, and anti-Myc,
shown in red. LipidTOX Deep Red marks the LDs in blue. Merge is on the far right. In
Pex14 dsRNA treated cells, anti-SKL marks the peroxisomes in red. Images were taken
in lipolytic conditions. Each image is a maximum projection of a three-dimensional
volume encompassing the entire cell. Images are representative cells from three
biological replicates. The scale bar is 2 pum. B. The number of peroxisomes per cell was
measured using the Surfaces function of Imaris software from images taken of S2 cells
treated with scrambled dsRNA (control) or Pex/4 dsRNA. The values shown are an
average of five individual measurements from three biological replicates, for a total of 15
cells measured. **, p <0.01. C, D. Graphs showing the average volume (C) and number
(D) of LDs per cell in a lipolytic state overexpressing FLAG-tagged CGI-58 alone or
with 6xMyc-Pex14 or Pex/4 dsRNA treatment. Measurements were taken using the
Surfaces function of Imaris software. The values shown in C and D are an average of five
individual measurements from three biological replicates, for a total of 15 cells measured.
** p<0.01. E,F. The degree of colocalization between LDs and 6xMyc-Pex14 (E) or
3xFLAG-CGI-58 (F) was measured in cells overexpressing both constructs alone or
together. Measurements were made using Pearson’s coefficient and displayed as a
percentage. The values shown are the average of five individual measurements from three
biological replicates, for a total of 15 cells measured. G. The relative expression levels of
CGI-58 were measured in oleate-supplemented or lipolytic conditions in S2 cells treated
with Pex/4 dsSRNA. Measurements were taken by qPCR and displayed relative to control
conditions (scrambled dsSRNA). The values shown are an average of three biological
replicates. **, p < 0.01. Statistical analysis was performed using an unpaired Student’s #-

test to compare the mean values between each condition, indicated in C.
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effect on localization was observed when the epitope-tagged proteins were overexpressed
simultaneously. Both epitope-tagged CGI-58 and Pex14 exhibited between 50 and 60%
colocalization with LDs when overexpressed alone. These measurements were unaffected
when the proteins were overexpressed simultaneously (Figures 3.8E and 3.8F).

LDs found in cells overexpressing both fusion proteins were significantly larger
(p <0.01) than those found in cells overexpressing 3xFLAG-CGI-58 alone (Figure 3.8C);
however, no effect on LD number per cell was observed (Figure 3.8D). The average LD
volume in cells overexpressing 3xFLAG-CGI58 alone was 1.26 um?, whereas the
average LD volume in cells overexpressing both 3XFLAG-CGI-58 and 6xMyc-Pex14
was 5.40 um? (Figure 3.8C).

S2 cells were also pretreated with dsSRNA targeting the Pex /4 transcript prior to
transfection with 3XFLAG-CGI-58 plasmid. Transfected cells were analyzed under
lipolytic conditions, as previously described. Knockdown of Pex/4 was confirmed by
gPCR. On average, knockdown was achieved at roughly 80-90% (see Figure 3.2A). In
addition, the number of peroxisomes was significantly reduced (p < 0.01) from 52 to 12
per cell when 3xFLAG-CGI-58 overexpressing cells were pretreated with Pex/4 dsRNA
(Figure 3.8B). In transfected cells pretreated with Pex/4 dsRNA, 3xFLAG-CGI-58
remained at the LD surface, although few LDs were found (Figure 3.8A). The average
LD volume in Pex14 knockdown cells was reduced to 0.63 um? (Figure 3.8C), which is
likely caused by a depletion of TG stores in these cells.

The relative expression levels of CGI-58 were also analyzed when Pex4 levels
were reduced under different conditions. S2 cells were treated with dsSRNA targeting
Pex14 or a scrambled dsSRNA amplicon. The knockdown of Pex/4 expression was

verified by qRT-PCR. In cells treated with Pex/4 dsRNA and oleate supplemented for 24
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hours, CGI-58 expression appeared relatively unchanged, compared to the oleate-
supplemented control samples. In contrast, in lipolytic cells treated Pex/4 dsRNA CGI-
58 expression levels were significantly reduced (p < 0.01) to roughly 50% of the lipolytic
control sample (Figure 3.8G). Overall, this suggests that a reduction of Pex/4 expression
causes differential expression of CGI-58 under lipolytic conditions. CGI-58 expression

levels are downregulated in lipolytic conditions when Pex/4 levels are reduced.

3.4. Summary and conclusions

In this chapter, I sought more details regarding the interactions between
peroxisomes and LDs using Drosophila melanogaster. Expression data showed that
Pex14 was upregulated during periods of elevated lipid metabolism in S2 cells. In
addition, the knockdown of Pex14 increased lipolysis in both S2 cells and Drosophila 3™
instar larvae. This suggested that Pex14 might play a role in regulating lipolysis.
Furthermore, when the localization of epitope-tagged Pex14 was analyzed under different
metabolic conditions, it was found at the LD surface in oleate-supplemented cells. When
all Drosophila peroxins were analyzed, only Pex3, Pex13, and Pex14 localized to the LD
under these conditions, which suggested that this localization is specific to a subset of
peroxins. The LD localization of endogenous Pex14 was also conserved in NRK cells.
The localization of Pex14 to the LD surface was affected by the perilipins.
Overexpression of Lsdl appeared to block Pex14 from the LD surface. Conversely,
overexpression of Lsd2 did not affect the localization of Pex14 to the LD surface. In

addition, the expression levels of Pex14 seemed to have an effect on different proteins
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that regulate lipolysis. While the overexpression of Pex14 seemed to block Hsl from the
LD surface, the localization of Bmm was unaffected. Lastly, lipolytic cells treated with
Pex14 dsRNA show significantly decreased expression levels of CGI-58.

Collectively, these data suggest that Pex13 and Pex14 are diverted to the LD
surface during periods of elevated LD metabolism, which serve to regulate lipolysis
along with the perilipins, Lsd1 and Lsd2 and the lipase activator, CGI-58. In addition,
Pex13 and Pex14 seem to regulate the access of certain lipases, specifically Hsl, to the
LD surface.

Further investigation into the mechanism and function of Pex13 and Pex14 at the
LD surface is needed. Moving forward, specific questions to be asked are: 1) How are
Pex13 and Pex 14 targeted to the LD surface? 2) How are they being held at the LD
surface, i.e. with what are they interacting? 3) What is the specific function of these
proteins at the LD surface? While the data generated so far address some of these
questions, the answers remain partial and further work is required to provide a more
comprehensive description of the relationship between these peroxins and LDs. Specific

details regarding how these questions may be addressed will be discussed in Chapter 4.
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Chapter 4: Discussion and conclusions

151



4.1. Drosophila melanogaster as a model to study peroxisome-lipid droplet

interactions

Drosophila melanogaster is one of the oldest model systems used in biological
research. Its utility stems from a combination of simple genetics and fully formed tissues
that are orthologous to those found in higher eukaryotes. The field of LD research is
fairly extensive in Drosophila. In contrast, until recently, there has been a dearth of
research on peroxisome biology in Drosophila. Therefore, it was necessary to first
establish conservation of peroxisome protein trafficking in Drosophila in to facilitate my

investigation of peroxisome-LD interactions.

4.1.1. The predicted peroxins localize to peroxisomes Drosophila S2 cells

Based on an in silico analysis performed by Faust et al., 14 potential peroxins were
identified in Drosophila (Faust et al., 2012). It was found that the majority of these
peroxins, when fused to a 3xFLAG-epitope, localized to peroxisomes in S2 cells. This
included the RING complex composed of Pex2, Pex10, and Pex12 (Platta et al., 2009;
Reguenga et al., 2001), the fission machinery composed of two isoforms of Pex11
(Marshall et al., 1995), the exportomer complex composed of Pex1 and Pex6 (Miyata and
Fujiki, 2005), the import complex composed of Pex13 and Pex14 (Albertini et al., 1997;
Elgersma et al., 1996b), and Pex16, which facilitates the docking of membrane proteins
destined for the peroxisome (Honsho et al., 1998; Matsuzaki and Fujiki, 2008) (Figure
2.2A). Of note, the degree of colocalization between Pex6 and the peroxisome marker

was below 60%, measured using Pearson’s coefficient (Figure 2.2A). Pex®6 is tethered to
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the peroxisomal membrane via protein-protein interactions with Pex15p in yeast
(Birschmann et al., 2003) or PEX26 in mammals (Matsumoto et al., 2003). A homologue
to Pex15p or PEX26 in Drosophila was not identified in the original in silico screen
(Faust et al., 2012), nor in the bioinformatic analysis performed by Chris Klinger (Table
2.3). It is possible that the overexpression of Pex6 resulted in some mistargeting due to a
stoichiometric imbalance between Pex6 and its membrane anchor. If the membrane
anchor becomes saturated, the excess Pex6 may be consequently mislocalized to the
cytosol. Identification of the Drosophila homologue to Pex15p/PEX26 would be needed
to confirm this experimentally.

In addition, it is important to consider the conditions in which these peroxins were
analyzed. In the analysis in Chapter 2, S2 cells were cultured in Schneider’s medium
supplemented with 10% FBS. In regard to the metabolic state of the cells, this represents
standard conditions. My work has shown alternative trafficking of some Pex proteins
depending on the culture conditions. In Chapter 3, it was observed that Pex13 and Pex14
partially localize to the surface of LDs when cells are supplemented with oleate, which
will be discussed later.

Pex5, the soluble cargo receptor for the PTS1 pathway (Van der Leij et al., 1993),
formed punctate structures that strongly colocalized with the peroxisome marker, but also
showed an appreciable cytosolic signal (Figure 2.3). Previous reports had shown Pex5 in
the cytosol, which is consistent with its proposed function. In fact, it has been suggested
that membrane-associated Pex5 is actually artifactual (Brocard and Hartig, 2006). In S.
cerevisiae and H. sapiens, it has been shown that the majority of Pex5p/PEXS is found in
the cytosolic fraction (Dodt and Gould, 1996; Elgersma et al., 1996a), although, in H.

polymorpha and Y. lipolytica, Pex5p was found within the peroxisome matrix (Klei et al.,
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1995; Szilard et al., 1995). Despite the high conservation of the PTS1 pathway across
species, it is possible that some small variations exist in the transport processes of Pex5,
which result in the slight discrepancies observed in Pex5 localization. In addition, the
slight differences observed in Pex5 localization could be a result of the recycling kinetics
into and out of the peroxisome. In any case, it appears that the localization of Drosophila
Pex5 in S2 cells is consistent with previous reports in other species.

Pex19, the receptor for the membrane protein import pathway (Sacksteder et al.,
2000), showed a similar localization pattern to Pex5, although the degree of
colocalization with the peroxisome marker was markedly less (Figure 2.2A). Pex19
formed punctate structures that overlapped to a degree with the peroxisome marker,
although the majority of the signal was found in the cytosol. These results are consistent
with previous reports, in which PEX19 was found to be primarily cytosolic in human
fibroblasts (Jones et al., 2004), although, Pex19 has shown differences in its localization,
depending on the tissue or cell being analyzed. In cells within tissues such as the heart or
skeletal muscle, PEX19 was found primarily localized to the peroxisomal membrane,
with varying amounts in the cytosolic fraction in mouse cells (Colasante et al., 2017).
The distribution of Pex19 observed in S2 cells may reflect a cell-specific phenotype, in
which Pex19 localizes to both the cytosol and the peroxisome membrane. In addition, an
increase in the cytosolic portion may be a result of Pex/9 overexpression.

Pex7, the cargo receptor for the PTS2 pathway (Marzioch et al., 1994; Zhang and
Lazarow, 1995), formed punctate structures that overlapped with the peroxisome marker,
albeit to small degree (Figures 2.2A and 2.5A). The majority of the Pex7 signal was
found in the cytosol, which is consistent with its proposed function as a soluble cargo

receptor. A putative PTS2 signal has not yet been identified in Drosophila, nor did the
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results from Chapter 2 suggest otherwise. Despite the lack of an apparent PTS2 pathway,
it is likely that the homologue of Pex7 performs a function at the peroxisome. This is
evidenced by its partial peroxisomal localization (Figure 2.2A) and its effect on the
peroxisome population when overexpressed (Figure 2.6). It is possible that, similar to
what is found in C. elegans, PTS2-containing proteins in Drosophila have evolved to
utilize the PTS1 pathway and the putative Pex7 is involved in other aspects of
peroxisome biogenesis and function. This is supported by a recently discovered role for
peroxisomes in immune function in Drosophila. This immune function was perturbed
when Pex7 expression was knocked down by dsRNA (Di Cara et al., 2017). This
suggests that Pex7 serves a function in mediating the role of peroxisomes in Drosophila
immunity. Moreover, it has been shown that Drosophila Pex7 can rescue the targeting of
human thiolase to peroxisomes in PEX7 mutant human fibroblasts (Di Cara et al., 2018).

Of all the peroxins analyzed, Pex3 showed the lowest degree of colocalization
with peroxisomes (Figure 2.2A). 3XxFLAG-Pex3 appeared to form reticular-like structures
(Figure 2.4), which suggested that it might be retained in the ER as a consequence of
overexpression. Pex3p is known to localize to the ER as it functions in PPV formation in
yeast (Ghaedi et al., 2000). However, PEX3 has also been shown to assist in the docking
of PEX19 at the peroxisomal membrane in human fibroblasts (Fang et al., 2004), which
suggests that complete ER-localization in S2 cells is likely an aberrant phenotype. It is
possible that overexpression of Pex3 in S2 cells causes the protein to be retained in the
ER and therefore, does not localize to peroxisomes. In addition, it has been shown that
mammalian PEX3 is targeted to mitochondria in peroxisome-deficient cells (Aranovich et
al., 2014; Fang et al., 2004; Kim et al., 2006). Moreover, Sugiura et al. showed that

mitochondrially-derived PPVs contain PEX3 in human fibroblasts lacking functional
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peroxisomes (Sugiura et al., 2017) This poses the possibility that the observations made
in Chapter 2 show mitochondria-targeted Pex3. It is possible that Pex3 overexpression in
S2 cells causes mitochondrial targeting. Pex3 may have to be analyzed at endogenous

levels in Drosophila in order to determine its subcellular localization.

4.1.2. The majority of non-peroxin proteins analyzed localized to peroxisomes in S2 cells

Of the 68 non-peroxin proteins analyzed, 34 localized exclusively to peroxisomes
and eight at least partially localized to peroxisomes (Figure 2.2B). The majority of these
proteins possessed a canonical PTS1 signal, or some variation. In addition, when Pex5
was knocked down by dsRNA treatment, targeting of RFP-DBP (a PTS1-containing
protein) to the peroxisome was disrupted (Figure 2.7). Moreover, a reanalysis of the
original in silico data by Faust et al., performed by Chris Klinger, found that 10 of the
proteins did not retrieve peroxisomal proteins in a reciprocal BLASTp. This suggests that
they may not be homologues of peroxisomal proteins. Of those 10, seven were found to
localize to structures other than the peroxisome. Altogether, this suggests that the PTS1
pathway is well conserved in Drosophila. In addition, several predicted peroxisomal
membrane proteins localized to peroxisomes, and knockdown of Pex/9 resulted in their
mistargeting to the cytosol. This suggests that the membrane protein import pathway is
likewise conserved. Altogether with the localization of the peroxins analyzed, the data
support a strong conservation of the peroxisome pathway in Drosophila melanogaster,
with the exception of the PTS2 import pathway.

One aspect to consider is the use of GFP-SKL and/or anti-SKL as a peroxisome

marker. One caveat of this method is that a portion of the cellular pool of SKL-containing
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peptides would be found in the cytosol at any given time. It should be noted that because
of the nature of the PTS1 import pathway, PTS1-containing peptides would exist, at least
transiently, in the cytosol, as peroxisome proteins are post-translationally targeted in the
cytosol to peroxisomes. One method to analyze the proportion of total SKL found in the
cytosol would be to fractionate the cells into cytosolic and membrane fractions and
analyze the amount of protein in each fraction by western blot marked with an anti-SKL
antibody. The membrane fraction would contain all the peroxisomes and by extension, all
the SKL-containing proteins that have been imported into peroxisomes. By comparing
the amount of protein marked with anti-SKL in the cytosolic fraction versus the
membrane fraction, the relative proportion of SKL-containing peptides residing in the
cytosol under basal conditions could be extrapolated. While this caveat is important to
consider, the fluorescent signal detected in the cytosol is minimal in GFP-SKL
expressing cells or cells marked with anti-SKL and should not have a significant effect on

colocalization calculations.

4.2. Pex14 is upregulated in response to oleate supplementation

When S2 cells were cultured in 1 mM oleate for 24 hours, the expression of
Pex14 was significantly upregulated (Figure 3.1E). This was also observed with
endogenous PEX14 in NRK cells (Figure 3.5B) Together, these data suggested Pex14
plays a role in lipid metabolism. To date, there are no post-translational modifications
known to regulate Pex14 activity (reviewed in Azevedo and Schliebs, 2006). It is likely

that Pex14 is regulated at the level of transcription, and its activity is intrinsically linked
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to its expression level. The expression levels of Pex/4 have been previously linked to
lipid metabolism. Yin et al. performed a microarray analysis in the human liposarcoma
SW782 cell line to determine genes that are upregulated during the late stages of
adipogenesis (Yin et al., 2014). From this analysis, 11 genes showed a greater than 10-
fold increase in expression. One of those genes was PEX14, which showed a 12.65-fold
increase in expression (Yin et al., 2014). Another group performed an analysis of SW872
apidopcytes and similarly found that PEX74 was significantly upregulated during
adipocyte differentiation (Zhu et al., 2014). Adipogenesis is the process by which pre-
adipocytes differentiate into mature adipocytes (Cornelius et al., 1994). These results are
consistent with the observations made in Figure 3.1 whereby Pex/4 expression is
elevated in response to increased lipid metabolism.

One caveat to consider is the effect of the various lipid species found in serum on
the cellular lipid metabolism. Because the S2 cells were being cultured in Schneider’s
media with 10% FBS, the lipids found in the serum may have affected the cell’s
metabolism. Many of the protein components of FBS have been extensively studied
(Gstraunthaler, 2003); however, the lipid component remains less defined. Therefore, it is
possible that serum contains trace amounts of lipid species, such as oleate. In some cases,
it may be important to delipidate serum, which has been shown to have an effect on cell
metabolism (Giles et al., 1981) However, few LDs are observed in S2 cells cultured in
standard conditions, and in contrast, the LD population is greatly increased when cells
are supplemented with oleate. Therefore it is unlikely that FBS contains sufficient
amounts of lipid to have a significant effect. In addition, all localization studies in

Chapter 3 were repeated in serum free HyClone SFX-Insect cell culture media (VWR)
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and found to replicate the observations made in Schneider’s media, which suggests that

the presence of serum did not influence the results.

4.3. Knockdown of Pex14 induces lipolysis in S2 cells

When Pex14 was knocked down by dsRNA in S2 cells, a significant reduction in
LD volume was observed (Figure 3.2F). There was also a concomitant increase in LD
number (Figure 3.2G). In S2 cells, the change in LD volume and number was not
observed in 24-hour oleate-supplemented conditions, but only in lipolytic conditions
(Figure 3.2). During lipolysis, MG and DG molecules that are produced by TG hydrolysis
can be reesterified by the MGATs and DGAT] to form TG at the ER producing new
iLDs (Coleman and Haynes, 1985). It is possible that the small LDs observed when
Pex14 was knocked down represent iLDs that are formed from the reesterification of MG
and DG molecules produced by elevated lipolysis. In addition, Guo et al. found that
mutations in genes that resulted in smaller dispersed LDs also showed increased lipolytic
activity in S2 cells (Guo et al., 2008). The LD phenotype observed in these cells, in
combination with increased glycerol production (Figure 3.2B), a hallmark of lipolysis,
support the conclusion that knockdown of Pex/4 expression leads to increased lipolysis

in Drosophila.

159



4.4. Knockdown of Pex14 in the fat body affects the lipid content

When Pex 14 was knocked down in the fat body of 3™ instar larvae, a significant
reduction in LD volume was observed (Figure 3.3E). Besides a reduction in LD size
observed in the fat body, an overall reduction in TG content was observed in 3" instar
larvae when Pex /4 expression was knocked down using the GAL4-UAS system (Figure
3.3C). This was measured by the enzymatic cleavage of TG molecules in each sample,
followed by fluorescence detection of the resulting glycerol molecule. There is a direct
correlation between the amount of glycerol and the amount of TG in a given sample. It is
assumed that the R4-GAL4 x UAS-Pex4 dsRNA 3™ instar larvae consume the same
amount of food, and therefore the reduction in overall fat content is a result of increased
lipid mobilization.

R4-GAL4 x UAS-Pex14 dsRNA 3™ instar larvae also showed decreased survival
when placed on lard food, relative to the control (w///® x UAS-Pex14 dsRNA) (Figure
3.3F). On average, less than 50% of the population remained alive after one week on lard
food. This suggested that the animals died as a result of lipotoxicity. The animals would
continually absorb excess lipid from consuming the lard food. In addition, FFAs are
constantly being released as a consequence of increased lipolytic activity in the fat body.
In combination this would lead to elevated circulating FFA, which causes lipotoxicity.
Increased lipolysis in Pex/4 knockdown larvae is consistent with the results of another
study by Biilow et al. Pex19 Drosophila mutants showed elevated levels of lipolysis,
which lead to mitochondrial defects as a result of the increased metabolic load on the
mitochondria (Biilow et al., 2018). A significant upregulation in /ipase3 was observed in

Pex19 mutants, which could be responsible for the increased lipolytic activity (Biilow et
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al., 2018). The expression levels of Hs! and Bmm were examined in Pex/4 dsRNA
treated S2 cells and were found unperturbed. Given the findings of Biilow et al., lipase3

expression should also be examined in Pex/4 knockdown cells.

4.6. The localization of specific peroxins to the lipid droplet

Under specific metabolic conditions, Pex3, Pex13, and Pex14 were observed at
the surface of the LD (Figure 3.4). This was evident from an observed increase in the
measured degree of colocalization between epitope-tagged Pex3, Pex13, and Pex14 with
the LDs. In addition, a concomitant decrease in the degree of colocalization between
6xMyc-Pex14 and anti-SKL was observed (Figure 3.2B). In addition, the degree of
colocalization between anti-SKL and LDs did not increase (Figure 3.2B), which suggests
that the localization of these peroxins to LDs is independent of mature peroxisomes.

The oleate-supplemented conditions used were specifically chosen to increase LD
metabolism in the cell. Previous studies have used 1 mM oleate supplementation in S2
cells in order to induce LD biogenesis and formation (Guo et al., 2008; Krahmer et al.,
2011). The localization of these peroxins to the LD surface seems to occur sometime
between 24 and 48 hours after the addition of oleate. Peroxins visualized 24 hours after
oleate supplementation were found primarily localized to peroxisomes. In addition, these
peroxins localized to the LD surface in lipolytic conditions. In lipolytic conditions, S2
cells were supplemented with oleate for 24 hours, followed by removal of oleate and FBS
for 24 hours, as described in Chapter 3. In lipolytic conditions, the localization of the

peroxins appeared identical to their localization after 48 hours of oleate supplementation.
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This suggests that the trafficking of peroxins to the LD occurs in a time-dependent
manner following the induction of LD metabolism.

The localization of endogenous PEX14 was analyzed in NRK cells and found to
similarly localize to LDs under the same conditions (Figure 3.5). NRK cells have been
previously used to study LD biology (Bartz et al., 2007; Tan et al., 2013; Wilfling et al.,
2014). Similar to S2 cells, NRK cells cultured in the presence of oleate rapidly form large
LDs. In addition, peroxisomes have a significant role in kidney function, which is
highlighted by the disease phenotype of kidneys in PBD patients (Braverman and Moser,
2012; Steinberg et al., 2006). Moreover, this disease phenotype of PBDs has been
recapitulated in the Malpighian tubules of Pex/ mutant Drosophila, which is the
functional equivalent of the mammalian kidney (Mast et al., 2011). Altogether, this
supports the use of NRK cells for this study.

Similar to the observations made in S2 cells, the degree of colocalization between
Pex14 and LDs increased in 48-hour oleate-supplemented conditions (Figure 3.5B). In
addition, the degree of colocalization between PMP70 and LDs did not increase (Figure
3.5C), which again suggests that PEX 14 targets to the LD independently of mature
peroxisomes. PEX14 expression levels in NRK cells (Figure 3.5F) also recapitulated the
observed increase in Pex/4 expression in S2 cells (Figure 3.1). Peroxisome volume did
not change in NRK cells when supplemented with oleate (Figure 3.5D), whereas
peroxisome volume significantly increased in oleate-supplemented S2 cells (Figure
3.1C). In addition, peroxisome number increased in oleate-supplemented NRK cells
(Figure 3.5D), whereas peroxisome number decreased in oleate-supplemented S2 cells
(Figure 3.1B). The observed differences could be a species-specific response to oleate or

a result of the peroxisome marker used (SKL versus PMP70).
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4.7. PEX14 is found on the lipid droplet surface in NRK cells

Using iTEM, endogenous PEX 14 was found at the LD surface in NRK cells
(Figure 3.5G). iTEM allows for higher resolution imaging than immunofluorescence.
This provided greater detail at the cellular level, which allowed for the determination of
the precise subcellular localization of PEX14. The majority of PEX14 was found within
40 nm of the LD surface (Figure 3.5H) and in many cases, in direct contact with the LD
surface (Figure 3.5G).

It is unclear whether this localization is due to interactions directly with the LD
surface or if it is facilitated via interactions with resident LD proteins. The LD surface
consists of a phospholipid monolayer (reviewed in Fujimoto and Parton, 2011). Because
Pex14 is a known bilayer transmembrane protein, it is unlikely that it could be inserted
into the LD membrane, as the hydrophobic forces on the interior surface would be too
great to overcome. Soluble proteins have been found within the interior of the LD core
(Bozza et al., 1997; Dvorak et al., 1992). It is likely that these soluble proteins would be
complexed with phospholipids in order to reduce hydrophobic forces. The most likely
situation is one in which Pex14 remains embedded in the vesicle that facilitates its
delivery to the LD surface and is tethered to the LD via interactions with a LD-resident
protein. This is supported by TEM images in Figure 3.51 which show an abundance of
vesicles between the ER and the LD population. It is possible that these vesicles represent
Pex13/Pex14 containing vesicles that are targeted to the LD surface under these

conditions. In addition, the vesicles observed in Figure 3.51 are approximately 40 — 50
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nm in diameter, which is consistent with the observation that the majority of Pex14 is
found within 40 nm of the LD surface.

Potential interaction partners have been identified. I have also performed a co-
immunoprecipitation assay using anti-Myc cross-linked beads on S2 cell lysates
transfected with 6xMyc-Pex14 under oleate-supplemented conditions. The proteins found
within the samples immunoprecipitated from the lysates were identified by mass
spectroscopy. In 48-hour oleate supplemented conditions, 6xMyc-Pex14 was found to
interact with Reticulon-like 1 (Rtnll). Rtnll is a member of the Reticulon family of
proteins and functions in ER network organization (O’Sullivan et al., 2012; Yang and
Strittmatter, 2007). Given that LD biogenesis occurs at the ER and reticulons control ER
organization, it is possible that they are localized to the LD surface. In fact, Rtnll has
been detected in LD fractions prepared from Drosophila fat body of various genotypes
(Beller et al., 2006). Furthermore, in mice, Reticulon-3 plays a critical role in regulating
LD expansion (Xiang et al., 2018). This poses the possibility that Rtnl1 is localized to the
LD surface and plays a role in facilitating Pex14 localization at the LD surface; however,

further studies are required to confirm this.

4.8. Overexpression of the Lsdl affects Pex14 localization to the lipid droplet

surface

Overexpression of the gene encoding Drosophila PLIN1, Lsdl, blocked the
localization of 6xMyc-Pex14 to the LD surface in S2 cells (Figure 3.6A). This is evident

from the observed decrease in the degree of colocalization observed between 6xMyc-
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Pex14 and LDs when S2 cells are simultaneously transfected with 3xFLAG-Lsd1 (Figure
3.6C). Under these conditions, 6xMyc-Pex14 formed punctate structures that are
presumably localized to peroxisomes, as is observed by its localization under standard
conditions (Schneider’s medium + 10% FBS). 3xFLAG-Lsd1 appears to exclusively
localize to the LD surface (Figure 3.6A). In addition, the localization of both 3XxFLAG-
Lsdl and 3xFLAG-Lsd2 to the LD was not affected by Pex14 overexpression (Figure
3.6B).

It has been shown that proteins on the LD surface are subject to molecular
crowding and compete for limited space. In particular, during lipolysis, as the LD surface
area shrinks, certain proteins are preferentially removed from the LD surface in order to
create space for others (Kory et al., 2016). This poses a possible mechanism for the
removal of 6xMyc-Pex14 from the LD surface when 3xFLAG-Lsd1 is overexpressed.
Excess Lsd1 may block Pex14 from accessing the LD surface or preferentially forces its
removal from the LD surface. Although, the data suggests that this is not the case, as
overexpression of 3XFLAG-Lsd2 does not affect 6xMyc-Pex14 localization to the LD
(Figure 3.6A and 3.6C). This suggests that the effect observed of Lsd ! overexpression on
Pex14-LD localization is specific. Phosphorylated Lsd1 functions to recruit Hsl to the LD
surface during lipolysis in Drosophila (Bi et al., 2012). In contrast, Pex14 appears to
block the recruitment of Hsl to the LD surface during lipolysis (Figure 3.7). Therefore, it
is possible that Lsd1 modulates the LD-localization of Pex14, whereby Lsd1 functions
antagonistically to Pex14 and, by extension, specifically prevents Pex14 from localizing

to the LD surface.
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4.9. Overexpression of Pex14 affects Hsl localization, but not Bmm

The overexpression of 6xMyc-Pex14 did not affect the localization of 3XFLAG-
Bmm in lipolytic S2 cells. Similarly, the overexpression of 3xFLAG-Bmm did not affect
the localization of 6xMyc-Pex14 to the LD surface (Figure 3.7A). The degree of
colocalization between both 3XxFLAG-Bmm and 6xMyc-Pex14 with the LD was not
affected when the fusion proteins were simultaneously overexpressed (Figures 3.7B and
3.7C). In addition, LD volume and number per cell in Bmm overexpressing cells were
not affected by the simultaneous overexpression of 6xMyc-Pex14 (Figures 3.7D and
3.7E).

In contrast, the simultaneous overexpression of 6xMyc-Pex14 and 3xFLAG-Hsl
resulted in the mislocalization of 3xFLAG-Hsl to the cytosol (Figure 3.7A). In these
cells, 3xFLAG-Hsl was primarily diffuse throughout the cytosol, with small punctate
structures that likely represent protein aggregates. A small amount of protein appeared to
be localized to the LD; however, the majority appears to be cytosolic. The degree of
colocalization between 3xFLAG-Hsl and LDs was significantly reduced from
approximately 65% to less than 40% when lipolytic S2 cells simultaneously
overexpressed 6xMyc-Pex14 (Figure 3.7C). It is unclear how 6xMyc-Pex14
overexpression causes 3XxFLAG-Hsl to mislocalize to the cytosol. As previously
mentioned, it is possible that this is caused by molecular crowding, whereby excess
6xMyc-Pex14 at the LD surface blocks 3xFLAG-Hsl from the LD due to lack of physical
space. However, this is unlikely given that the effect is specific to Hsl, whereas Bmm is
unaffected. It is possible that this is a result of the anti-lipolytic effects of Pex14
functioning antagonistically to Hsl. It is possible that Pex14 functions at the LD surface

to perturb the interaction between Hsl and Lsd1 during lipolysis. This is consistent with
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the antagonistic effects of 3XFLAG-Lsd1 on 6xMyc-Pex14 localization. Further studies
will be required to elucidate the mechanism by which Pex14 perturbs Hsl localization.
The LDs found in cells overexpressing both 6xMyc-Pex14 and 3xFLAG-Hsl were
significantly larger than those found in cells overexpressing 3XxFLAG-Hsl alone (Figure
3.6D). In addition, fewer LDs were found in cells overexpressing both fusion proteins,
relative to cells overexpressing 3xFLAG-Hsl alone (Figure 3.6E). It has been shown in
mammalian cells that HSL may have some affinity for TG molecules in catalyzing
hydrolysis; however, they have a much higher affinity for DG (Haemmerle et al., 2002;
reviewed in Lass et al., 2011). In lipolytic S2 cells overexpressing both 6xMyc-Pex 14
and 3xFLAG-Hsl, levels of DG should be elevated as endogenous Bmm continues to
hydrolyze TG. It is possible that DG is reesterified to TG at the LD surface by the LD-
localized isoform, DGAT2 (Stone et al., 2009). If conserved in S2 cells, this would cause

TG stores to be maintained, which would explain the increase in LD volume.

4.10. Overexpression of Pex14 affects CGI-58 expression

The simultaneous overexpression of 6xMyc-Pex14 and 3xFLAG-CGI-58 did not
affect the localization of either protein, as both appeared to localize to the LD surface
under lipolytic conditions. (Figure 3.8A, E, F). CGI-58 functions at the LD surface during
lipolysis to activate ATGL in the lipolytic pathway (Yamaguchi et al., 2004, 2007).
When Pex14 expression is attenuated by the dsSRNA treatment, the proportion of
3xFLAG-CGI-58 found in the cytosol was increased (Figure 3.8A). This is likely caused

by the observed depletion of LDs under these conditions. Very few LDs are visible in
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lipolytic cells overexpressing 3XFLAG-CGI-58 treated with Pex/4 dsRNA. Therefore, if
the LD surface is unavailable, excess CGI-58 will be mislocalized in the cytosol.

CGI-58 has been shown to interact with the peroxisomal ABC-transporter PXA1
in co-regulating lipid homeostasis and signalling in Arapadopsis (Park et al., 2013).
PXAT is the homologue of ABCDI1 in Drosophila and functions to take up FFA into the
peroxisome (Morita and Imanaka, 2012). Moreover, CGI-58 was shown to regulate the
function of PXAT1 in lipid signalling (Park et al., 2013). This further supports the
relationship between CGI-58 and components of the peroxisome, particularly in
regulating lipid metabolism.

Cells overexpressing 3xFLAG-CGI-58 alone possessed smaller dispersed LDs.
This is likely a result of CGI-58 overexpression, which would increase the activation of
Bmm. Moreover, TG stores were further depleted in cells treated with Pex/4 dsRNA and
overexpressing 3xFLAG-CGI-58. This is likely a synergistic effect of CGI-58
overexpression and the loss of the proposed anti-lipolytic effects of Pex14. In contrast, in
cells simultaneously overexpressing 6xMyc-Pex14 and 3xFLAG-CGI-58, LD volume
significantly increased (Figure 3.8C). This suggests that the effects of Pex14 at the LD
may suppress the lipolytic activation function of CGI-58, thereby maintaining TG stores
within the LD.

When S2 cells were treated with Pex/4 dsRNA, a significant decrease in CGI-58
expression was observed in lipolytic conditions (Figure 3.8G). Given that CGI-58
activates Bmm, this result was counterintuitive to the increased lipolysis observed in S2
cells treated with Pex/4 dsRNA (Figure 3.2). CGI-58 expression levels would be
expected to increase during active lipolysis. However, it is possible that the function of

Pex14 in lipolytic regulation is within a network of CGI-58 transcriptional regulation. In
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cells with attenuated Pex4 expression, lipolysis would be aberrantly active due to the
loss of Pex14 anti-lipolytic function. This signals a transcriptional response to down-
regulate CGI-58 expression. This would serve as a functional feedback loop to regulate

lipolysis in the cell.

4.11. Model and mechanism

Based on my observations, I have proposed a model to guide future experiments
that will help elucidate more details of this mechanism. In this model, I propose that a
subclass of PPVs containing Pex13 and Pex14 are diverted from the de novo biogenesis
pathway to the LD surface during periods of elevated lipid metabolism. Because of the
topology of Pex13 and Pex14, it would be energetically unfavourable for these proteins to
insert into the LD monolayer. Therefore, it is most likely that Pex13 and Pex14 reside
within the membrane of small vesicles that are directed to the LD surface. These vesicles
interact with components on the LD surface, which serve to regulate lipolysis.
Pex13/Pex14-containing vesicles act as physical barriers that specifically block the
recruitment of Hsl to the LD surface during lipolysis. This speculative model is outlined

in Figure 4.1.
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4.12. Future directions

The model described above provides the foundation for future experiments to
further investigate the role of Pex13 and Pex14 at the LD. It is likely that Pex13 and
Pex14 are trafficked to the LD surface on vesicles originating at the ER. It is possible that
these vesicles are PPVs; however, based on the data, it is not clear that these are in fact
PPVs. In addition, it is not clear whether peroxins found at the LD surface are newly
synthesized via the ER, or if it is an existing pool of protein that is delivered to LDs via
mature peroxisomes. Future work will be required to determine the nature of the peroxins
found at the LD. However, some of the data acquired so far support the model that LD-
localized peroxins are delivered via newly synthesized PPVs. First, TEM images in
Figure 3.51 show an abundance of electron-dense vesicles found between the ER and the
LD pool. A number of these vesicles are found in close proximity to the LD surface. It is
possible that these vesicles are PPVs containing Pex13 and Pex14. In addition,
immunofluorescence images of 6xMyc-Pex14-transfected S2 cells show a clear
distinction between the epitope-tagged Pex14 signal and the anti-SKL signal. If Pex14
were trafficked to the LD via mature peroxisomes, SKL and Pex14 would remain
colocalized. This is also evident in the discrepancy between the degree of colocalization
between anti-SKL and 6xMyc-Pex14 with LDs (Figure 3.4). Lastly, this is consistent
with the upregulation of Pex/4 expression in oleate-supplemented conditions (Figure
3.1E). Upregulation of Pex/4 expression may represent the newly synthesized Pex14 that
is destined for the LD surface.

Assuming that LD-localized peroxins are newly synthesized proteins, another
avenue of investigation will be determining the sorting mechanism by which

Pex13/Pex14-containing vesicles become destined for the LD. During periods of
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Figure 4.1. Model. PPVs containing Pex13 and Pex14 are sorted into two separate
pathways at the ER during periods of elevated LD metabolism, the de novo biogenesis
pathway and the LD pathway. Pex13/Pex14-containing vesicles are diverted to the LD
surface where they are anchored through protein-protein interactions with resident LD
proteins. Lsd1 blocks Pex13/Pex14-containing vesicles from the LD surface.
Pex13/Pex14-containing vesicles function at the LD surface by preventing Hsl from
accessing the LD surface. This serves to gate lipolytic activity and maintain TG stores

within the LD.
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increased lipid metabolism, what signalling mechanism causes Pex13 and Pex14 to be
sorted at the ER into vesicles that become targeted to the LD surface? This process likely
occurs via intra-ER chaperone proteins that sort newly synthesized Pex13 and Pex14. In
addition, given the role of Pex3 in peroxisome biogenesis at the ER (Ghaedi et al., 2000),
Pex3 may be involved in this sorting process. This may also explain why epitope-tagged
Pex3 also seems to localize to the LD in S2 cells during the same conditions (Figure
3.4D).

Once Pex13/Pex14-containing vesicles have budded from the ER, how are they
trafficked to the LD surface? What mechanism diverts them directly to LDs and prevents
them from following the de novo biogenesis pathway to form mature peroxisomes? It is
likely that these vesicles are trafficked via actin to the LD surface. PEX14 is known to
interact with microtubules and PEX14 is required for peroxisome motility in human cells
(Bharti et al., 2011). In fact, “TubStain” is a peptide-tool to label microtubules and is
composed of the N-terminus of human PEX14 labeled with GFP (Theiss et al., 2012). It
is possible that Pex14 serves as the vesicle anchor to microtubules, allowing their
transport from the ER to the LD surface. This could be analyzed by using a microtubule
stain (available from Thermo Fisher) and monitoring the colocalization of Pex14 relative
to microtubules. Although, it is likely that super-resolution microscopy would be required
to perform this analysis. For example, Galiani et al. used stimulated emission depletion
(STED) microscopy to visualize the compartmentalization of various peroxisome
proteins in human fibroblasts (Galiani et al., 2016). Using STED microscopy, Pex14
could be visualized relative to the microtubule network and its role in trafficking Pex14

to LDs could be monitored.
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After Pex13/Pex14-containing vesicles have been delivered to the LD surface, by
what mechanism is their localization maintained? It is likely that these vesicles are
maintained at the LD via interactions between Pex14 and resident LD proteins. Rtnl1 is a
LD-localized protein that was found to interact with 6xMyc-Pex14 under oleate
supplemented conditions. Because of the reported function of the family of reticulon
proteins, it is also possible that Rtnll may be involved in retaining Pex13/Pex14-
containing vesicles at the LD surface, although, no evidence exists to confidently
conclude that either of these proteins facilitates this localization.

What happens to Pex13/Pex14-containing vesicles after they have localized to the
LD surface and performed their function? It is possible that after these vesicles have
received lipids from the LD core, they dissociate from the LD surface and fuse with the
corresponding partner PPV to form mature peroxisomes. It is likely that the dissociation
of these vesicles from the LD surface correlates with lipolytic activity. As LDs shrink and
TG stores are depleted, it is possible that Pex13/Pex14-containing vesicles dissociate
from the LD as surface area is reduced. In order to monitor the activity of these vesicles,
a visual marker is needed to discern LD-localized Pex13 and Pex14 from the cellular pool
of peroxins existing at peroxisomes. This could be accomplished by appending a photo-
convertible GFP epitope to Pex14. This may even be possible for existing GFP fusion
proteins. It has been demonstrated that GFP can be photoconverted from a 505-525 nm
emission to a 580-670 nm emission by bleaching with the 405 nm laser (Sattarzadeh et
al., 2015). This shifts the fluorescence from green to red. In fact, the photoconverted GFP
is no longer excitable by 488 nm light, as conventional GFP is. This technique has been
demonstrated in Drosophila cells (Sattarzadeh et al., 2015). Alternatively, specially

evolved photoconvertible fluorescent proteins, such as DENDRA (Guruharsha et al.,
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2011) could be used. LD-localized GFP-tagged Pex14 could be photoconverted, which
would make it discernable from the rest of the cellular pool. This population of Pex14
could then be followed over time to monitor Pex14-LD dynamics. This could also be
performed in live cells, as LipidTOX Red will mark LDs in live cells as well. One
concern with this method is that it was found from the experiments outlined in Chapter 2,
larger epitope tags, such as RFP, disrupted the localization of Pex14. In this case, it is
possible an internal GFP tag may have to be used in order to retain the functional

localization of Pex14.

4.13. Conclusions

The results of the experiments outlined in this thesis have demonstrated that
Pex13 and Pex14 are localized to the LD surface during periods of increased cellular lipid
metabolism. Decreased levels of Pex14 resulted in depletion of TG stores and the
formation of smaller LDs in S2 cells and Drosophila fat body, suggesting that Pex14 may
function to regulate lipolysis. In addition, Pex14 appears to block the recruitment of Hsl
to the LD surface during lipolysis. Further investigation is required to thoroughly

characterize this relationship.
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Chapter 5: Materials and methods

Portions of this chapter are published in: Baron, M.N., Klinger, C.M, Rachubinski,
R.A., and Simmonds, A.J. (2016). A Systematic Cell-Based Analysis of Localization of

Predicted Drosophila Peroxisomal Proteins. Traffic /7: 536 — 553.
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5.1. Cell culture

S2 cells were grown in Schneider’s medium (Sigma Aldrich) containing 10%
FBS (Thermo Fisher) at 25°C. NRK cells were grown in DMEM (Sigma Aldrich)
containing 10% FBS at 37 °C and 5% CO». Both were supplemented with 100 U
penicillin per mL and 100 pg streptomycin per mL streptomycin (Thermo Fisher). Both
S2 cells and NRK cells were passaged in a log phase before they reached confluency.
Cultures were not used for experiments beyond passage 25.

S2 cells and NRK were supplemented with 1 mM oleate to induce LD biogenesis.
Cells were cultured in 1 mM oleate-supplemented conditions for 24 or 48 hours, where
specified. For lipolytic conditions, following 24 hours oleate supplementation, S2 cells
and NRK cells were washed in fresh medium and incubated in Schneider’s medium or
DMEM, respectively, for 24 hours to induce lipolysis. This protocol was adapted from

Guo, et al. in order to induce LD biogenesis and subsequent lipolysis (Guo et al., 2008)

5.2. Drosophila strains

The w!!!8 strain was obtained from the Bloomington Drosophila Stock Center.
The R4-GAL4 strain was a gift from the Foley Lab, University of Alberta. The UAS-
Pex14 dsRNA strain was obtained from the Vienna Drosophila Research Center. All
crosses were performed at 25°C. Flies were kept on Bloomington Drosophila Stock
Center standard cornmeal food agar, unless specified. Fly strains were passaged once per

week to prevent overcrowding in vials.
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5.3. Cloning

cDNA libraries were made from mRNA harvested from Drosophila embryos at 2
—4,4 -6, and 10 — 14 hours after egg laying and reverse transcribed using oligo-dT
primers with a One-Step RT kit (Bio-Rad). The coding sequence for each gene encoding
a gene of interest was amplified from a cDNA template using Phusion High Fidelity
DNA polymerase (Thermo Fisher). Full-length coding sequences were amplified with or
without a stop codon for N-terminal and C-terminal tagging of proteins, respectively.
Blunt-end purified PCR products with a CACC motif at the 5’ end were directionally
cloned into the pENTR/D entry vector by TOPO cloning for the Gateway System
(Thermo Fisher). Plasmids were verified by sequencing. Gene inserts were then
recombined into pARW/pAWR, pAFW/pAWF, or pAMW/pAWM destination vectors
(Drosophila Gateway Vector Collection, originally developed by Terence Murphy,
Cornell University) for fusion with sequence encoding RFP, FLAG, or Myc, respectively,

using LR Clonase II (Thermo Fisher).

5.4. Transfections

Plasmids containing a tagged gene of interest were transfected into Drosophila S2

cells using Effectene transfection reagent (Qiagen). Manufacturer’s protocol was
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followed. S2 cells were passaged 24 hours prior to transfection. Approximately 5.0 x 10°
cells were transfected with 150 ng of plasmid DNA. Transfected S2 cells were incubated

at 25°C for 3 days before imaging or further processing.

5.5. Microscopy

Live S2 cells were observed by live-cell imaging using a Zeiss 63 water
immersion objective (NA = 1.4) on a Zeiss AxioObserver M1 microscope coupled to an
ERS spinning disk confocal imager using Volocity imaging software (PerkinElmer).
Images were captured using a C9100 EMCCD camera (Hamamatsu) at 130 um vertical
(z) spacing. S2 cells were fixed in 4% paraformaldehyde in PBS and blocked with 3%
bovine serum albumin (BSA). Cells were incubated for one hour with anti-FLAG M2
monoclonal mouse primary antibody (Sigma-Aldrich) or anti-Myc rabbit primary
antibody (Sigma Aldrich). Both primary antibodies were used at a 1:200 dilution. Anti-
SKL rabbit primary antibody was used at 1:250 dilution to mark peroxisomes. In cases
where 6xMyc-tagged proteins were analyzed relative to peroxisomes, 9E10 anti-Myc
mouse primary antibody (produced from an ATCC hybridoma, obtained from Dr. Paul
Lapointe, University of Alberta) was used at a 1:250 dilution. Primary antibody
incubation was followed by incubation with Alexa Fluor 568 anti-mouse goat secondary
antibody and Alexa Fluor 488 anti-rabbit secondary antibody (Abcam), both at 1:2000
dilution. Cells were imaged as above, except that for fixed cells, a Zeiss 63% oil
immersion objective (NA = 1.4) was used. For mitochondrial colocalization, S2 cells

were stained with MitoTracker Green FM (Thermo Fisher) three days post-transfection.
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To detect LDs, cells were stained with HCS LipidTOX Deep Red (Thermo Fisher) at
1:500 dilution for one hour after secondary antibody incubation. For larval fat body
staining, the fat body from 3™ instar larvae were dissected and fixed in 4%
paraformaldehyde for 15 minutes. The tissue was rinsed three times in PBS. The tissue
was then stained with Nile Red (Thermo Fisher) and 4,6’ -diamidino-2-phenylindole
(DAPI) at a 1:1000 and 1:500 dilutions, respectively. Tissues were mounted on slides
with Prolong Gold (Thermo Fisher) mounting medium and imaged. NRK cells were fixed
in 4% paraformaldehyde and blocked in 3% BSA for one hour. Cells were incubated in
rabbit anti-PEX14 primary antibody (Thermo Fisher) and mouse anti-PMP70 primary
antibody (produced by the Rachubinski lab, University of Alberta) at 1:200 dilutions, for
one hour. Primary antibody incubation was followed by incubation with Alexa Fluor 568
anti-mouse goat secondary antibody and Alexa Fluor 488 anti-rabbit secondary antibody
(Abcam), both at 1:2000 dilutions. LipidTOX Deep Red (Thermo Fisher) was used at
1:500 dilution to mark the LDs. Cells were imaged with a 63x objective lens, as above.
The images shown best represented the quantitative data that accompanies them.
In Chapter 2, images are representative of three biological replicates. In Figure 3.2,
images are representative of six biological replicates. In Figure 3.4A, images are
representative of four biological replicates. In Figures 3.1, 3.3, 3.4D, 3.5, 3.6, 3.7, and

3.8, images are representative of three biological replicates.

5.6. Bioinformatics

Assistance in bioinformatic analysis was provided by Chris Klinger, University of

Alberta. Putative Drosophila melanogaster peroxisomal proteins identified in the original
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screen (Faust et al., 2012) were subjected to reciprocal BLASTp analysis (Altschul et al.,
1997) against the ‘refseq” Homo sapiens proteome at NCBI (taxid:9606). BLAST settings
were left at their default values. In cases where no H. sapiens protein could be identified,
additional queries of the entirety of the NR database were made. This analysis allowed
for reciprocal confirmation of the putative gene identities that were made in the original

screen.

5.7. Image processing

Confocal image stacks were processed to remove noise and reassign blur using a
classical maximum likelihood estimation confocal algorithm provided by Huygens
Professional Software (Scientific Volume Imaging) and an experimentally determined
point spread function constructed from multiple images of 0.1 um Tetraspeck beads
(Thermo Fisher). Three-dimensional-based colocalization analysis using Pearson’s
coefficient was performed with Huygens Professional Software. Individual peroxisome or
LD volume and average number of peroxisomes or LDs per cell were calculated using
IMARIS 8 software (Bitplane). Organelle volume and number were measured using the
Surfaces function as follows: the specific channel for the appropriate organelle marker
was selected. A Gaussian filter was applied by selecting “Smooth” and the surfaces detail
was set to 0.1 um. Thresholding was set to “Background Subtraction (Local Contrast)”.
The diameter of the smallest organelle signal to be included in the measurement was
measured in the “Slice” mode and the value was inputted into the Surfaces creator below

“Background Subtraction”. A surface is now created and background signal was removed
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by adjusting the slider in the Surfaces creator. Finally, the surfaces were created by
selecting the green arrow to perform the appropriate calculations. Values were found
under the “Statistics” tab, which gives the total number of surfaces (organelle number).
Organelle volume was given by selecting “Average values”.

For chapter 2 colocalization, peroxisome volume and number measurements, each
value shown represents a mean of a minimum of three independent cells from each
biological sample. Each calculation represents three biological replicates.

In Figures 3.1B and 3.1C, peroxisome volume and number values represent
averages based on 10 cells measured from three biological replicates, for a total of 30
cells measured. In Figures 3.2D-G, peroxisome and LD volume and number values
represent averages based on five cells measured from six biological replicates, for a total
of 30 cells measured. In Figure 3.3E, LD volume values represent averages based on six
images measured from three biological replicates, for a total of 18 cells measured. In
Figures 3.4B, colocalization values represent averages based on five cells measured from
four biological replicates, for a total of 20 cells measured. In Figure 3.4E, colocalization
values represent averages based on five cells measured from three biological replicates,
for a total of 15 cells measured. In Figures 3.5 — 3.8, all colocalization, peroxisome
volume and number, and LD volume and number values represent averages based on five
cells measured from three biological replicates for a total of 15 cells measured. For
statistical analysis of all colocalization and organelle volume/number data, an unpaired
Student’s z-test was performed. Statistical analysis was performed using Prism 7 software

(Graphpad).
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5.8. dsRNA treatments

dsRNA amplicons were made from a template library courtesy of the Foley Lab,
University of Alberta (Foley and O’Farrell, 2004). RNA was amplified using a T7 RNA
Polymerase Kit (Thermo Fisher). S2 cells were passaged 24 hours prior to dSRNA
treatments. Cells were treated with dSRNA using Effectene Transfection Reagent
(Qiagen) to enhance uptake. S2 cells were incubated for 72 hours at 25°C before further

processing. A scrambled dsRNA amplicon was used as a control.

5.9. ¢PCR Analysis

RNA was isolated from S2 cells using the RNeasy Plus Mini Kit (Qiagen). RNA
was reverse transcribed using the iScript Select cDNA synthesis kit with oligo(dT)
primers (BioRad). Quantification of each transcript was performed using iQ SYBR Green
(BioRad) and an Eppendorf MasterCycler RealPlex2. All samples were measured in
triplicate and calculations were made relative to Ribosomal Protein L30 (RpL30)
expression. Primers for target genes were experimentally validated primer pairs from the
FlyPrimerBank (Hu et al., 2013). For all gPCR experiments, values reported are averages
based on three biological replicates. Statistical significance was determined by unpaired

Student’s ¢-test using Prism 7 software (Graphpad).
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5.10. RNA-Seq

RNA was isolated from S2 cells using an RNeasy Plus Mini Kit (Qiagen) and
RNA integrity was analyzed using an Agilent RNA Nano assay (Agilent Genomics).
Ribosomal RNA was removed from samples using a Ribo-Zero Gold rRNA Removal Kit
(Illumina). Libraries were prepared using a NEBNext Ultra RNA Library Prep Kit and
NEBNext Multiplex Oligos (New England BioLabs). The library quality and size
distribution were assessed by running an Agilent High Sensitivity DNA assay (Agilent
Genomics), and the average size of library inserts was found to be 290 - 300 base pairs. 2
nM of pooled multiplexed libraries were submitted to the TAGC core facility, and 10 pM
pooled libraries was loaded onto an Illumina MiSeq v2 300 cycle kit (2 x 150 cycles,
paired-end reads).

Each condition was analyzed in triplicate. Paired-end reads were aligned to the
Drosophila menalagaster genome (6.79 genome release) using both the Tuxedo suite
(Kim et al., 2013; Langmead and Salzberg, 2012) and HiSat2 (Kim et al., 2015). Read
counts were performed by HTSeq (Anders et al., 2015) and weakly expressed reads were
filtered out as noise. Reads with less than one count per million in at least three samples
were filtered out (Pertea et al., 2016). Analysis of differential expression was performed
using both EdgeR (Robinson et al., 2010) and DESeq?2 (Love et al., 2014). Both models
assume a negative binomial distribution of the data. In both models, normalization relies
on the hypothesis that most reads are not differential expressed across conditions. In each
case, individual reads were normalized to genes with high expression and little variation
amongst the conditions and a normalization factor was applied to each gene. Both EdgeR
and DESeq?2 were used to calculate the differential expression between the samples and

generate a p-value, g-value, and a False Discovery Rate (FDR) for each gene. Genes that
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were found to be differentially expressed by both models were used for subsequent

analysis.

5.11. Glycerol quantification

The glycerol content of cell culture media was quantified using a Glycerol Assay
Kit (Sigma Aldrich) according to the manufacturer’s protocol. S2 cells were pelleted by
centrifugation and the resulting Schneider’s medium was removed. Each sample was
diluted 1:1000 in water. The assay was performed per the manufacturer’s instructions,
and end-point fluorescence was measured at 587 nm in a BioTek Synergy 4 plate-reader
with Gen 5 software. Glycerol measurements were made relative to the protein content in
each sample, measured using a Pierce BCA Protein Assay Kit (Thermo Fisher). For
protein measurements, cells were lysed in Mild Lysis Buffer, and protein measurements
were taken, as per manufacturer’s instructions. Colorimetric absorption was measured at
562 nm using a BioTek Synergy 4 plate-reader with Gen 5 software. The values reported
are based on averages from six biological replicates. Statistical significance was

measured by unpaired Student’s #-test using Prism 7 software (Graphpad).

5.12. Larval flotation assay

Four days after egg-laying, 3™ instar larvae were removed from their vials, rinsed
in sterile PBS and suspended in a 12% sucrose solution, as per Reis et al. (Reis et al.,

2010). Larvae were scored by their propensity to float in the sucrose solution. In each
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trial, 10 larvae were analyzed. Three biological replicates were performed for each
sample, for a total of 30 larvae analyzed. Statistical significance was measured by

unpaired Student’s #-test using Prism 7 software (Graphpad).

5.13. Triglyceride quantification

Approximately 4 days after egg-laying, 3™ instar larvae were removed from their
vials and rinsed in sterile PBS. Lysates were made by homogenizing tissue in 5% NP-40
in distilled, deionized water. Samples were heated at 80°C for 5 minutes, cooled to room
temperature, and centrifuged to remove any insoluble material. TG measurements from
each sample were made using a Triglyceride Assay Kit (Abcam), as per the
manufacturer’s instructions. Fluorometric detection was made at 587 nm using a BioTek
Synergy 4 plate-reader with Gen 5 software. TG measurements were made relative to the
protein concentration of each sample, measured using the Pierce BCA Protein Assay Kit.
Lysates were made from 10 larvae for each trial. The values reported are averages from
three biological replicates. Statistical significance was measured by unpaired Student’s ¢-

test using Prism 7 software (Graphpad).

5.14. Larval survival analysis

For the lipotoxicity experiments shown in Figure 3.3F, 3/ instar larvae were
transferred to holidic food or lard food. Holidic food was prepared according to Piper et

al. (Piper et al., 2014). Lard food was prepared as holidic food with the addition of lard at
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22.2 g/L. For each trial, 10 3" instar larvae from each genetic cross were transferred to
holidic food or lard food. The values shown are averages from five individual genetic

crosses, for a total of 50 larvae examined from each genetic cross.

5.15. Subcellular fractionation

LDs were isolated from transfected S2 cells, as described (Krahmer et al., 2011).
In brief, cells from a T25 flask were pelleted, washed in cold PBS, and resuspended in 2
mL of buffer (200 mM Tris/HCI pH 7.5, 2 mM magnesium acetate) with protease
inhibitors (Roche). The cells were lysed using a cell homogenizer and a 10-pum ball
bearing (Isobiotec). The lysates were then cleared by centrifugation at 1,000x g for 10
minutes. The cleared lysates were adjusted to 1.08 M sucrose, and a step-wise gradient of
sucrose was layered on top with 2 mL of 0.27 M sucrose, followed by 2 mL of 0.135 M
sucrose. Finally, one mL of 0 M buffer was layered at the top. Samples were spun at
100,000x g for 90 minutes at 4°C in an ultracentrifuge. The floating LD fraction was
isolated, and the proteins within the fraction were precipitated by methanol: chloroform
extraction, as per Wessel and Fliigge (Wessel and Fliigge, 1984). In brief, 2 mL of
methanol and 500 pul of chloroform was added to 500 pl of LD fraction isolate. The
mixture was vortexed, and centrifuged at 9,000 g for 10 seconds. 1.5 mL of ddH>O was
added and the mixture was again vortexed and centrifuged at 14,000 g for one minute.
The top aqueous layer was removed and an additional 2 mL of methanol was added and
vortexed. The sample was centrifuged at 20,000 g for 5 minutes to pellet the protein. The
methanol was carefully removed and the protein pellet was dried. The dried protein pellet

was resuspended in 30 pl of gel sample buffer, boiled, and size separated by SDS-PAGE.
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5.16. Western blot

Samples were boiled in gel sample buffer for 5 minutes, size separated by SDS-
PAGE, and transferred to a nitrocellulose membrane (Bio-Rad). Membranes were
blocked in Odyssey Blocking Buffer (LI-COR). For subcellular fractionation
experiments, membranes were incubated with rabbit anti-L.sd2 primary antibody
(obtained from Dr. Michael Welte, University of Rochester) and mouse 9E10 anti-MYC
primary antibody (ATCC). For NRK cell lysates, membranes were probed with rabbit
anti-PEX14 primary antibody (Thermo Fisher) and mouse anti-B-tubulin primary
antibody [Devlopmental Studies Hybridoma Bank (DHSB)]. Membranes were then
probed with Alexa Fluor anti-rabbit A680 secondary antibody and Alexa Fluor anti-
mouse A790 secondary antibody (Abcam). Membranes were visualized using an Odyssey
Infrared Imaging System (LI-COR) and band were quantified using Odyssey software
(LI-COR). The western blots shown are representative of three independent biological

replicates.

5.17. Transmission electron microscopy

NRK cells were grown in 6-well dishes to 80% confluency prior to processing.
Cells were rinsed in PBS and fixed in Karnovsky's fixative (2% paraformaldehyde/2%

glutaraldehyde (GA) in 0.1M sodium cacodylate buffer). The cells were then rinsed three
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times in buffer and a cell scraper was used to remove the cells from the surface of the
dish. Cells were pelleted at increasing speeds of 1,000, 3,000, 6,000, and 12,000x g for
five minutes each. Cell pellets were then incubated for one hour in 1% osmium tetroxide,
protected from light. Pellets were rinsed several times in water and 1% uranyl acetate was
added overnight at room temperature, protected from light. The next day, the pellets were
dehydrated in a series of steps: 70% ethanol (two times, five minutes each), 90% ethanol
(two times, five minutes each), and 100% ethanol (three times, five minutes each). Pellets
were left in acetonitrile overnight at room temperature under vacuum. The next day, resin
was added to the pellets and left at 60°C for 48 hours. Finally, the pellets were sectioned
and imaged. TEM imaging was performed by Nasser Tahbaz, Department of Cell

Biology, University of Alberta.

5.18. Immuno-transmission electron microscopy

NRK cells were grown in 6-well dishes to 80% confluency prior to processing.
Cells were rinsed in PBS and fixed in 3% paraformaldehyde/2% sucrose + 0.05% GA in
PBS. Cells were rinsed three times in PBS followed by two rinses in 50 mM ammonium
chloride. Cells were permeabilized in 0.1% saponin for 10 minutes, followed by two
rinses in PBS. Cells were blocked in blocking buffer (PBS + 1 % BSA + 0.05% Fish Skin
Gelatin (FSG) + Saponin 0.05%) for one hour. Cells were incubated with anti-PEX14
primary antibody (Thermo Fisher) at 1:100 dilution in blocking buffer for two hours at
room temperature. Cells were washed three times in wash buffer (0.2% BSA + 0.05%

FSG + 0.05% saponin) and incubated in anti-rabbit Nanogold antibody (Nanoprobes) at a
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1:1000 dilution in blocking buffer overnight at room temperature. The next day, cells
were washed three times in PBS and fixed again in 2% GA in PBS + 2% Sucrose for one
hour. Cells were rinsed three times in water, and GoldEnhance EM (Nanoprobes) was
used as per the manufacturer’s instructions. Cells were washed several times in water
followed by two rinses in 0.1 M sodium cacodylate buffer. Cells were scraped off the
dish with a cell scraper and pelleted in a microfuge tube at increasing speeds: 1,000,
3,000, 6,000, and 12,000x g, for 10 minutes each at 4°C. The resulting pellets were
incubated with 1% osmium tetroxide on ice for one hour. The pellets were rinsed several
times in water. The pellets were then incubated in uranyl acetate overnight at 4°C,
protected from light. The next day, pellets were rinsed several times in 30% ethanol,
followed by progressive dehydration steps at 50%, 60%, 70%, 80%, and 90% ethanol for
10 minutes each. Lastly, three 10-minute washes with 100% ethanol were performed to
remove any residual water. Pellets were left in acetonitrile overnight at room temperature
under vacuum. The next day, resin was added to the pellets and left at 60°C for 48 hours.
Finally, the pellets were sectioned and imaged. iTEM imaging was performed by Nasser
Tahbaz, Department of Cell Biology, University of Alberta.

In Figure 3.51, the distance of PEX14 spots from the LD surface was measured by
hand, and grouped into six ranges: 0 — 40 nm, 41 — 80 nm, 81 — 120 nm, 121 — 160 nm,
161 — 200 nm, and 200+ nm. The values shown are the proportion of PEX14 in each
range for a given image. A total of 10 images were quantified from three biological

replicates.
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Table 5.1. Kits and reagents
Item
Agilent High Sensitivity DNA Kit
Agilent RNA 6000 Nano Kit
Complete, mini Protease Inhibitors
4,6’-diamidino-2-phenylindole (DAPI)
Dulbecco's modified eagle's medium
Effectene Transfection Reagent
Fetal Bovine Serum
Gateway LR Clonase II Enzyme Mix
Glucose (GO) Assay Kit
Glycerol Assay Kit
GoldEnhance EM
HCS LipidTOX Deep Red Lipid Stain
1Q SYBR Green Supermix
iScript Select cDNA Synthesis Kit
Mitotracker Green FM
NEBNext Multiplex Oligos
NEBNext Ultra RNA Library Prep Kit
Nile Red
Odyssey Blocking Buffer
Paraformaldehyde
pENTR/D-TOPO Cloning Kit

Phusion High Fidelity DNA polymerase
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Catalogue #
5067-4626
5067-1511
11836153001
D9542
11965092
301425
10438026
11791100
GAGO20
MAKI117
2113
H34477
170-8880
170-8897
M7514
E7335
E7530
N3013
927-4000
158127
K240020

F530L

Source

Agilent Genomics
Agilent Genomics
Roche

Sigma Aldrich
Thermo Fisher
Qiagen

Thermo Fisher
Thermo Fisher
Sigma Aldrich
Sigma Aldrich
Nanoprobes
Thermo Fisher
Bio-Rad

Bio-Rad

Thermo Fisher
New England BioLabs
New England BioLabs
Sigma Aldrich
LI-COR

Sigma Aldrich
Thermo Fisher

Thermo Fisher



Pierce BCA Protein Assay Kit
Prolong Gold Antifade Mountant
Ribo-Zero Gold rRNA Removal Kit
RNeasy Plus Mini Kit

Schneider's media

T7 RNA Polymerase

TetraSpeck Microspheres, 0.1 um
Trehalase from porcine kidney

Triglyceride Assay Kit - Quantitation

Table 5.2. Primary antibodies

Antibody Species
anti-FLAG M2 Mouse
anti-Lsd2 Rabbit
anti-Myc Rabbit
anti-Myc 9E10 Mouse
anti-PEX14 Rabbit
anti-PMP70 Mouse
anti-SKL Rabbit
anti-B-tubulin E57 Mouse

23225 Thermo Fisher
P36930 Thermo Fisher
MRZG12324  Illumina
74136 Qiagen
S0146 Sigma Aldrich
18033-019 Thermo Fisher
T7279 Thermo Fisher
T8778 Sigma Aldrich
ab65336 Abcam
Catalogue # Source
F3165 Sigma-Aldrich
N/A Michael Welte
SAB4503660 Sigma-Aldrich
CRL-1729 ATCC hybridoma
PAS5-61151 Thermo Fisher
N/A Richard Rachubinski
N/A Richard Rachubinski
AB 2315513 DHSB

192



Table 5.3. Secondary antibodies
Antibody
Alexa Fluor 488 anti-rabbit
Alexa Fluor 568 anti-mouse
Alexa Fluor A680 anti-rabbit
Alexa Fluor A790 anti-mouse

Nanogold anti-rabbit

Species
Donkey
Donkey
Donkey
Donkey

Goat
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Catalogue #
ab150077
ab175473
ab186696
ab175783

2004

Source
Abcam
Abcam
Abcam
Abcam

Nanoprobes
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