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Abstract

The modern eukaryotic cell is a meshwork of encapsulating membranes that compartmentalize
many distinct biochemical processes. It is complex. This complexity facilitates the many unique and
diverse processes that aid the eukaryote in its growth, division and adaptation to its environment.
A comprehensive understanding of this complexity is benefited by the integration of knowledge
from cell biological and molecular mechanisms, from the evolution of the factors involved in these
processes and from studying how these mechanisms in cells are integrated into tissues and
organisms. This thesis attempts to achieve this for a particular organelle, the peroxisome.

We studied the mechanisms of peroxisome biogenesis and proliferation in the yeast
Saccharomyces cerevisiae. We found that peroxisome proliferation takes cues from the growth
cycle of the cell and that the endoplasmic reticulum is involved in regulating this process. Searching
deeper, we discovered the presence of a reticulon-peroxin complex composed of Pex30p, Pex29p,
Rtnlp and Yoplp that regulates peroxisome proliferation from the endoplasmic reticulum. We
identified homologs of one of the complex members, Pex30p, in metazoans and implicate the
involvement of the Drosophila homolog of Pex30p, DmelPex23, in regulating peroxisome
proliferation. We next addressed the evolutionary question of how adaptability is generated in a
system composed of interacting cellular machineries, each with a separate and functionally critical
job to perform. Using the machinery for organelle inheritance mechanisms present in budding
yeasts as a model system we propose an evolutionary model whereby the emergence of myosin
V—based organelle inheritance results from mechanisms of paralogy, mutation, and the appearance
of pliable evolutionarily novel adaptor proteins. We also demonstrate the relevance of Drosophila
as a genetic model for early developmental defects associated with human peroxisome biogenesis
disorders. Mutation of the PEX/ gene is the most common cause of peroxisome biogenesis

disorders and is one of the causes of the most severe form of the disorders, Zellweger syndrome.



Inherited mutations in Drosophila Pex| correlate with reproducible defects during early
development. A microarray analysis defined several clusters of genes whose expression varied
significantly between wild-type and mutant larvae, implicating peroxisomal function in neuronal

development, innate immunity, lipid and protein metabolism, gamete formation, and meiosis.
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I.I  Overview
The cell is the basic building block of life. Albert Claude, a Nobel laureate and pioneer of the
discipline of Cell Biology, defined the cell as an “autonomous and all-contained unit of living matter,
which has acquired the [ability and the means] to reproduce; the capacity to store, transform and
utilize energy, and the capacity to accomplish physical works and to manufacture practically
unlimited kinds of products.” This description is apt, if a bit teleological, for conveying the
excitement and challenge of discovering the mechanisms underlying cellular processes. It is amazing
that despite the pace of scientific understanding, we still know so little about the basic mechanisms
that enable cells to grow, survive and interact with their environment. This knowledge is
imperative for understanding human health and physiology and plays a strong role in the diagnosis
and treatment of human disease. It is also necessary for placing our evolutionary trajectory within
the context of the rest of eukaryotes.

One set of membrane-bound, usually spherical compartments are commonly grouped
together under the term, “peroxisomes”. Peroxisomes function in regulating the synthesis and
availability of many diverse lipids by harnessing the power of oxidative reactions and contribute to
a number of metabolic processes essential for cellular differentiation and organismal development.
Although peroxisomes are a ubiquitous constituent of eukaryotic cells, they also display cell-
type/organismal specific characteristics that can aid in producing this diversity. Peroxisomes are
remarkably plastic in both their metabolic functions and their response to environmental stimuli,
and they display properties that position them as key regulators of many biochemical pathways.

This thesis presents the results of studies on three different facets of peroxisome biology. The
first is a molecular analysis of the regulation of peroxisome proliferation in the budding yeast
Saccharomyces cerevisiae. This is followed by an assessment of the evolution of one of the protein
families implicated in regulating peroxisome proliferation. Next, an exploration of the evolution of

organelle inheritance in yeast helps to answer the question of how adaptability is generated in a
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system composed of essential cellular machineries, each with a separate and functionally critical job
to perform. Finally, an assessment is made of the utility of Drosophila as a model system for

studying the most prominent peroxisome biogenesis disorder, Zellweger syndrome.

1.2 The peroxisome concept

Christian de Duve coined the term “peroxisome” to help explain the observed
cosedimentation of a group of hydrogen peroxide-producing oxidases and catalase in equilibrium
density gradient centrifugation (Baudhuin et al., 1965; de Duve and Baudhuin, 1966; de Duve et al.,
1960). The functional coupling of these two enzymes creates an environment in which the oxidase-
mediated production of hydrogen peroxide is harnessed by catalase to oxidize a second substrate
through mediated peroxidation, resulting in the controlled decomposition of hydrogen peroxide
into water and molecular oxygen (Figure |-1). The substrate specificity of the peroxisomal
oxidases is narrow (van Veldhoven et al., 1992; Wanders et al., 1993), and in humans, depending
on the cell type, peroxisomes contain oxidases specific for, among others, fatty acyl-CoAs, D- and
L-amino acids, spermidine and L-pipecolic acid (Wanders and Waterham, 2006). Substrates for
catalase exhibit a much broader range and include alcohols like ethanol and methanol, certain
phenols, formaldehyde, formic acid and the nitrite ion. In the absence of a suitable substrate,
catalase can mediate the direct peroxidation of hydrogen peroxide using another hydrogen
peroxide molecule. In this way, multiple oxidases are coupled to a single catalase. Irrespective of
the substrates involved, the net oxygen consumption of oxidase/catalase-coupled reactions can be
positive, negative or neutral depending on the availability of substrate for catalase and the specific
oxidases coupled to it, which may be cell type-specific. Oxygen consumption by peroxisomes is
high, reaching levels of 20% of the total oxygen consumed by the liver of rat (Boveris et al., 1972).

Several groups have proposed that this high level of oxygen consumption by peroxisomes



Figure I-1. The peroxisome concept. Adapted from de Duve and Baudhuin (1966).
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positions them to serve as both a generator and buffer of reactive oxygen species (ROS)
(Angermiiller et al., 2009; Schrader and Fahimi, 2006).

Curiously, oxidases and catalase do not need to colocalize for a coupled reaction to occur.
For example, catalase in peroxisomes may assist in degrading hydrogen peroxide produced by
NADPH oxidase, which is found at the plasma membrane and has been implicated in the
generation of ROS for the respiratory burst of neutrophils (Maitra et al., 2009; Zmijewski et al.,
2009). Therefore, it is the combination of an oxidase and catalase enclosed by the distinct lipid
bilayer of peroxisomes that forms the basis of what de Duve labeled the “peroxisome concept”
(de Duve and Baudhuin, 1966) (Figure |-1). The peroxisomal membrane represents an essential
part of this concept, forming a selectivity barrier that provides an important level of regulation for
the transport of substrates and metabolites as well as the peroxisomal enzymes themselves. In
addition to catalase and the oxidases, peroxisomes also contain over 50 other enzymes that
enable them to metabolize both very-long chain fatty acids and branched-chain fatty acids, which in
their turn makes peroxisomes an important site for the synthesis of bile acids and plasmalogens
(Wiese et al., 2007) (see (Wanders and Waterham, 2006) for a thorough discussion of
peroxisome biochemistry). Peroxisomes also act as cellular detoxifiers. In the liver, peroxisomes
can couple the B-oxidation of fatty acids and bile acid precursors with the oxidation of ingested
ethanol to acetaldehyde to account for as much as 50% of the total metabolism of ethanol when
substrates for the H,O,-producing oxidases are present in excess (Bradford et al., 1993; Orellana
et al.,, 1998; Thurman and McKenna, 1975). In the kidney, peroxisomes couple the oxidation of L-
and D-amino acids to the oxidation of harmful molecules filtered from the blood, such as lipid-
based xenobiotics. And in glial cells, peroxisomes are thought to regulate ROS availability together

with plasmalogen synthesis (Kassmann et al., 2007).



1.3 PEX genes are required for peroxisome biogenesis
Peroxisomes are formed and maintained through the concerted efforts of a group of proteins
called peroxins that are encoded by PEX genes and have roles in the formation and maintenance of
peroxisomes (Distel et al., 1996). The finding that the products of a distinct collection of genes
function in the biogenesis of peroxisomes refines de Duve’s classical definition of a peroxisome to
include the essential contribution of these PEX genes. Our understanding of the specific roles of
individual peroxins in both peroxisome biogenesis and in other aspects of cell biology is still at a
rather rudimentary level, and the proposed roles of many peroxins still rely heavily on the
pleiotropic phenotypes of peroxisomes and cells that result from their mutation. Peroxisome
biogenesis is also stimulated by the expression of genes that encode peroxisomal enzymes and
whose transcription is regulated by changes in the metabolic requirements of cells (Gurvitz and

Rottensteiner, 2006; Smith et al., 2002).

1.4 Peroxisomal matrix protein import
Two types of sequences that target proteins to the peroxisomal matrix have been described: a C-
terminal serine-lysine-leucine variant known as peroxisomal targeting signal (PTS) | (Gould et al,,
1987; 1989) and a N-terminal nonapeptide known as PTS2 (Swinkels et al., 1991). Each sequence
is recognized in the cytosol by its own cognate receptor, Pex5p for PTS| and Pex7p for PTS2
(Marzioch et al., 1994; Platta and Erdmann, 2007; Rehling et al., 1996; Terlecky et al., 1995; Zhang
and Lazarow, 1996). Receptor-cargo complexes then dock at the peroxisomal membrane and
cross the lipid bilayer. This process has been termed an “extended shuttle” because the receptor
translocates together with its cargo into the peroxisomal matrix (Rachubinski and Subramani,
1995). The receptors are then monoubiquitinated or polyubiquitinated and exit the peroxisome to
be recycled for another round of cargo import or to be degraded by the proteasomal system,

respectively (Léon et al., 2006; Ma and Subramani, 2009; Platta et al., 2005; 2007). The PTSI and
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PTS2 import pathways converge at the peroxisomal membrane through docking to Pex|3p and
Pex|4p. In yeast, PTS2 import has been shown to favor docking to PexI|3p, while PTSI cargo-
laden Pex5p can bind directly to Pexl4p (Grunau et al., 2009; Meinecke et al, 2010). It has been
observed that peroxisomes can differ in their concentrations of Pex|3p and Pex|4p within an
individual cell and between cell types (Karnati and Baumgart-Vogt, 2009; Nenicu et al., 2007), and
therefore peroxisomes may specialize for particular metabolic functions by their different
capacities for PTS| and PTS2 import. However, the ability of peroxisomes to specialize based on
differential PTS| and PTS2 import is probably limited, as most peroxisomal matrix proteins contain
PTSIs (Subramani, 1993).

The ability of a soluble protein to gain access to the peroxisomal matrix is not dependent
on its having a PTS, and proteins have been shown to interact with the peroxisomal matrix protein
receptors in a non-PTS-dependent fashion (van der Klei and Veenhuis, 2006). Even more striking is
the ability of peroxisomes to import proteins that lack a PTS but which can piggyback on a protein
containing a PTS via protein-protein interaction (Glover et al., 1994; Thoms et al., 2008; Yang et
al., 2001). Indeed, peroxisomes are unique in their ability to import fully folded and even very large
oligomeric protein complexes into their matrix. The capacity of the peroxisome to accommodate
large oligomeric protein structures and translocate them into the matrix is due to the proposed
ability of Pex|4p to associate with cargo-laden Pex5p to form a highly dynamic and expandable
pore called the peroxisomal importomer (Meinecke et al, 2010) (Figure 1-2). In theory, the unique
properties of the peroxisomal importomer position the peroxisome as a central regulator of a
cell’s metabolic potential through its ability to modulate the distribution of key metabolic enzymes
between the cytosol and the peroxisome. For example, in S. cerevisiage, GpdIp and Pnclp, two
proteins that modulate chromatin remodeling and NADH levels in the cell, are differentially
regulated in their subcellular location among the nucleus, cytosol and peroxisomes (Anderson et

al., 2003; Jung et al., 2010). In mammalian cells, malonyl-CoA decarboxylase localizes to both the



Figure 1-2. Schematic of the planar lipid bilayer assay used to demonstrate the induction of an
expandable and transient peroxisomal translocon channel by cargo-laden Pex5p. The
peroxisomal matrix protein importomer can be reconstituted when membrane anchored
Pex14p/Pex5p complex encounters soluble Pex5p bound to cargo (Meinecke et al. 2010). To
account for the variety that exists in the types of cargoes destined for the peroxisome matrix, the
importomer can expand up to 9 nm in diameter. These findings explain how the peroxisome can

import the fully folded and even oligomeric protein complexes en route to its lumen.



Salt solution

T

C

ST

Salt solution

>

Planar lipid bilayer
(black membrane)

Pex14p/Pex5p
complex

Induction of an expandable,
transient pore




cytosol and peroxisomes depending on metabolic need (Sacksteder et al., 1999). A key challenge
in interpreting the proteomes of mammalian peroxisomes has been the apparent contamination of
enriched peroxisomal fractions with proteins that have other well characterized subcellular
localizations (Saleem et al., 2006). However, are these proteins actually contaminants of
peroxisomes or are they true peroxisomal residents? An answer to this question is important for
understanding how peroxisomes can influence cellular metabolism by regulating their protein

complement through regulated protein import.

1.5 Peroxisomal membrane protein trafficking
To understand how proteins are inserted into the peroxisomal membrane, it is important to
consider that all peroxisomal proteins are acquired posttranslationally by the peroxisome (Fujiki et
al., 1984; 1985; 2006; Fujiki and Lazarow, 1985; Goldman and Blobel, 1978; Imanaka et al., 1996;
Rachubinski et al., 1984; Sacksteder et al,, 2000; van der Zand et al, 2010). However, a
conundrum remains as to how peroxisomal membrane proteins (PMPs) are inserted into and
anchored within the peroxisomal membrane. Membrane proteins of the secretory pathway rely on
the Sec61p translocon to passage certain portions of their sequence through the endoplasmic
reticulum (ER) membrane and also to imbed their hydrophobic transmembrane domains within
the membrane (Rapoport, 2007). Similarly, mitochondria have translocons in their inner and outer
membranes to aid in the insertion of the hydrophobic segments of proteins into these membranes
(Chacinska et al., 2009). As for peroxisomes, Pex3p and Pex|9p have been shown to be essential
for targeting membrane proteins to peroxisomes (Hettema et al., 2000). siRNA-mediated
knockdown of Pex|9p impairs the import of membrane proteins into peroxisomes and decreases
their half-lives (Jones et al., 2004a; Sacksteder et al., 2000). PMPs contain a poorly defined
divergent hydrophobic sequence known as the membrane peroxisomal targeting sequence (mPTS)

that is bound by Pex|9p in the cytosol (Halbach et al., 2005; Rottensteiner et al., 2004). Pex|9p
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bound to a cargo PMP docks to Pex3p on the peroxisomal membrane (Fang et al., 2004) and, in a
poorly understood process, facilitates the insertion and orientation of the PMP into the
peroxisomal membrane (Heiland and Erdmann, 2005). Pexl6 in mammalian cells has been
proposed to substitute for Pex3 as the Pex|9 docking site of a second class of PMPs that do not
rely on Pex3 for their targeting (Matsuzaki and Fujiki, 2008). Surprisingly, the entire process of
protein integration into the peroxisomal membrane does not require ATP or GTP hydrolysis
(Pinto et al., 2006).

Is it possible Pex3p, Pex|6ép and Pex|9p associate to form a translocon that would help in
overcoming the energy barrier to insertion expected both for a protein that spans a membrane
once and especially for a protein that spans the membrane multiple times and requires the passage
of alternating hydrophobic and hydrophilic regions across a lipid bilayer? Pex|9p is farnesylated at
its C-terminus, which could aid in disrupting the membrane lipid bilayer and/or stabilizing the
hydrophobic transmembrane domain of a nascent PMP (Gotte et al., 1998). But farnesylation is
dispensable for Pex|9p function (Vastiau et al., 2006). Pex|9p is also dispensable for peroxisomal
protein import in the yeast Yarrowia lipolytica (Lambkin and Rachubinski, 2001). Moreover, there is
no evidence that Pex3p or Pexl6p can form channels in membranes either alone or in
combination with each other. Alternative strategies for the incorporation of PMPs into membranes
include use of the ER translocation apparatus and/or the mitochondrial outer membrane
translocase, followed by a trafficking event from these membranes to the membranes of
peroxisomes. There is an ever lengthening list of PMPs that have been shown to traffic through the
ER ( Agrawal et al., 201 |; Baerends et al., 1996; Geuze et al., 2003; Halbach et al., 2009; Hoepfner
et al., 2005; Kim et al., 2006; Kragt et al., 2005; Lam et al., 2010; Tam et al., 2005; Titorenko and
Rachubinski, 1998; van der Zand et al., 2010; 2012; Yan et al.,, 2008). As previously mentioned,
Pexl6p is a glycosylated protein in Y. lipolytica (Titorenko and Rachubinski, 1998) that is

cotranslationally inserted into the ER (Kim et al., 2006). The N-termini of several PMPs, including
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notably Pex3p, have been demonstrated to be sufficient both for their targeting to and insertion
into the ER and for their subsequent travel from the ER to peroxisomes (Thoms et al., 2012).
Interestingly, the demonstration of a distinct insertion pathway for proteins with a transmembrane
domain at their extreme C-termini revealed that the tail-anchored PMP, Pex|5p, also relies on this
system for its insertion into membranes (Schuldiner et al., 2008). What is currently unknown is
whether the guided entry of tail-anchored protein (GET) system is an exclusive resident of the ER
or if it is also present on the peroxisomal membrane. Using mitochondria for PMP biogenesis is a
particularly attractive alternative with regards to the mitochondrial metabolite transporters that
have been localized to the peroxisome membrane (Antonenkov and Hiltunen, 2006). One
transporter, carnitine palmitoyltransferase (CPTI), has been shown to localize to the ER,
mitochondria and peroxisomes (Fraser et al., 1999). The CPTI in mitochondrial and peroxisomal
membranes but not the CPTI in ER membranes appears to have undergone an N-terminal
cleavage, suggesting that mitochondria may be able to modify peroxisome function in cells by
equipping peroxisomes with key metabolite transporters. The recent discovery of a vesicular
mode of communication from mitochondria to peroxisomes provides a mechanism for the routing
of these transporters between the two organelles (Neuspiel et al., 2008; Andrade-Navarro et al.,
2009). Thus, a complex model of PMP biogenesis has emerged (Figure 1-3) that will require
extensive and careful analysis to define the actual sequence of events involved in the targeting and

insertion of the different and varied PMPs.

1.6 Peroxisome growth and division
Cells expand their peroxisomal population by growth and division of peroxisomes (Lazarow,
2003; Motley and Hettema, 2007). This observation played a crucial role in rejecting a contribution
of other organelles to peroxisome biogenesis in early models of peroxisome biogenesis (Fujiki et

al., 1985; Lazarow and Fuijiki, 1985). Peroxisomes are homeostatic organelles that monitor the



Figure 1-3. Five hypothetical ways to achieve peroxisomal membrane protein insertion. The
translation of all PMPs begins in the cytosol where the pathway diverges into those proteins
destined for cotranslational insertion into the ER, which is mediated by the signal recognition
particle (SRP) pathway, and those relying on the following posttranslational insertion pathways:
HSP70/HSP40 chaperones can maintain membrane proteins in an insertion competent state and
can direct proteins to either the ER translocon or the translocase of the outer mitochondrial
membrane (TOM) complex, C-terminal anchored proteins rely on the guided entry of tail-
anchored proteins (GET) pathway for entry into the ER. Import into both the ER and
mitochondria necessitates the existence of a trafficking mechanism to bring these PMPs to
peroxisomes, which is not depicted here. PMPs can also use the PMP targeting system that
consists of the cytosolic chaperone Pex19 and its two docking partners Pex3 and Pex|6. PMPs

range in size from ~20 kDa to ~100 kDa.
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levels of their matrix proteins and divide only after a particular threshold has been reached (Guo et
al., 2003). In Y. lipolytica, sequestration of the PMP Pex|6p by the matrix enzyme fatty acyl-CoA
oxidase results in a cascade of events that leads to the production of diacylglycerol, which
promotes positive membrane curvature and the recruitment of peroxisome division factors (Guo
et al., 2003; 2007). Threshold appears to be relative, because the diameter of individual
peroxisomes ranges from 0.1 to | ym. Several factors involved in peroxisome division are shared
with other organelles. These factors, which include dynamin-like proteins and their associated
recruitment factors, may function to coordinate the division of peroxisomes with other cellular
processes (Schrader, 2006). In S. cerevisiae, the dynamin-related proteins Dnm|p and Vps|p were
shown to differentially regulate peroxisome division because their recruitment to peroxisomes is
mediated by nonoverlapping factors (Guo et al., 2007; Motley and Hettema, 2007; Motley et al.,
2008; Vizeacoumar et al., 2006). In the case of Dnmlp, its recruitment factors, i.e. Fislp, Mdvlp
and Caf4p, are shared between peroxisomes and mitochondria (Motley et al., 2008). Cells of a
patient deficient in the dynamin-like protein, DIpl, the human homolog of Dnm|p, also exhibited
defects in both mitochondrial and peroxisomal division (Waterham et al., 2007). Fis| appears to
recruit DIp| to both compartments (Koch et al., 2005). Together these findings suggest that more
than one mechanism can signal and execute organelle division. Studies in S. cerevisiage showed that
abrogation of peroxisome division occurred only in cells lacking the two dynamin-related proteins,
Dnmlp and Vpslp, together with Inp2p, which is the peroxisome-specific receptor for the
molecular motor, Myo2p, and a key regulator of peroxisome inheritance in this yeast (Motley and
Hettema, 2007). These findings support a contribution of mechanical forces to the final scission of
peroxisomes and implicate cell cycle cues in linking the growth of peroxisomes to overall cell
growth and division. Currently, two modes of peroxisome division are envisioned, one guided by
the need to proliferate peroxisomes in response to environmental stimuli, i.e. a diet rich in

substances requiring metabolism by peroxisomes, and one guided by a cell’'s need to replicate its
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organelle population in response to cell division (Fagarasanu et al., 2007; Hettema and Motley,
2009). Peroxisome division appears also to be required for proper metabolic function, although
this requirement is not absolute. Mice lacking PEX I B, which is involved in regulating peroxisome
division, exhibit the classic hallmarks of Zellweger syndrome but, surprisingly, are normal in their
ability to metabolize very-long chain fatty acids, suggesting that the lack of PEX/ [ results in a
defect in some yet uncharacterized metabolic function of peroxisomes (Li et al., 2002). In S.
cerevisiae, pex| A cells display defects in B-oxidation, particularly of medium-chain fatty acids
(Erdmann and Blobel, 1995; van Roermund et al.,, 2000); however, the mechanism underlying
these defects remains controversial (Li and Gould, 2002). Recently, a pex/ | A mutant of the yeast
Pichia pastoris was shown to have a defect in the unconventional secretion of acyl-CoA binding
protein (Manjithaya et al., 2010a), but this was shown to be due to a defect in peroxisomal
metabolism rather than a direct contribution of Pex| I p to the secretion of the protein.

One undetermined aspect of peroxisome division is whether it is symmetrical, asymmetrical,
or both (Figure 1-4). Evidence for asymmetrical division has come from electron micrographs
showing dimples or tubules emanating from the body of the peroxisome (Erdmann and Blobel,
1995; Fuijiki et al., 1982). Also, in the yeast Hansenuela polymorpha, peroxisomes were observed to
divide asymmetrically with the formation of a prominent tubule emanating from the body of the
peroxisome (Nagotu et al., 2008). Asymmetry is not restricted to the peroxisome body but is also
seen in constituents of the peroxisomal membrane. The membrane protein Inp2p is polarized
towards the leading edge of peroxisomes in yeast cells lacking the dynamin-related protein, Vps|p
(Fagarasanu et al., 2009). Matrix proteins can also show an asymmetrical distribution, as in the case
of rat acyl-CoA oxidase, which is often asymmetrically distributed between the two peroxisomes
arising from peroxisome division (Wilcke et al., 1995). The asymmetrical distribution of lipids

within the peroxisomal membrane is an important aspect of the current model of peroxisome



Figure 1-4. A model comparing asymmetrical versus symmetrical division of peroxisomes. This
flow diagram highlights the two potential mechanisms of peroxisome division. After receiving a
signal to divide, peroxisomes undergo physical changes that elongate and constrict the peroxisome
into divisible units, making them competent for the final scission event. Whether symmetric or
asymmetric division represents the primary mode of peroxisome division is still a matter awaiting
detailed analysis. Furthermore, it remains unresolved if peroxisome division could lead to

membrane or matrix protein asymmetry, regardless of the physical method of cleavage.
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division in Y. lipolytica (Boukh-Viner et al., 2005; Guo et al., 2003; 2007). Studies have shown that

Pex| Ip may oligomerize (Marshall et al., 1996; Rottensteiner et al., 2003; Tam et al., 2003) to
form a tubule by elongating a portion of the peroxisome in an asymmetrical manner (Kuravi et al.,
2006). However, contrarily, overexpressed Pex| | p/PEX| | constricts peroxisomes symmetrically,
giving rise to peroxisomes with a dumbbell or beads-on-a-string appearance (Erdmann and Blobel,
1995; Koch et al., 2003). Yeast cells lacking Vps|p also have peroxisomes with a beads-on-a-string
appearance, with constrictions regularly spaced along the elongated axis (Hoepfner et al., 2001).
The importance of peroxisome division is reflected in another prominent aspect of
peroxisomes, their heterogeneous nature. Liver peroxisomes isolated from rats treated with the
hypolipidemic drug clofibrate showed the presence of a distinct population of peroxisomes that
were less dense than mature peroxisomes but still import competent for the matrix enzyme, acyl-
CoA oxidase (Heinemann and Just, 1992). Similar observations were made in individual cells of a
human hepatoblastoma cell line (Schrader et al., 1994). Erdmann and Blobel provided a temporal
justification for the conversion of peroxisomes of light density to peroxisomes of heavy density as a
response of yeast to growth on oleate, which activates the transcription of oleate-responsive
genes and increases the import of matrix proteins so that peroxisomes “mature” (Erdmann and
Blobel, 1995). Remarkably, Titorenko and Rachubinski demonstrated six biochemically and
morphologically distinct peroxisomal populations in Y. lipolytica (Titorenko et al., 2000). Together,
these findings show that although peroxisomes behave essentially as individual entities that form
and function in relative seclusion to one another, they can be timed for synchronous development
depending on environmental factors, e.g. nutrient availability. These findings also support the
concept that mature peroxisomes do not fuse with each other, although the fusion of immature,
precursor peroxisomes may play a role in their development (Titorenko et al., 2000). Therefore,
organellar fusion apparently does not help maintain the metabolic functionality of peroxisomes as it

does for mitochondria (Hermann and Shaw, 1998). Also, in contrast to mitochondria (Hermann et
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al., 1998), mature peroxisomes were not observed to fuse in yeast mating assays (Hettema and

Motley, 2009; Motley and Hettema, 2007).

1.7 De novo peroxisome biogenesis

Peroxisomes rely on essential contributions from the ER to support their growth and
division. This reinterpretation of the growth and division model of peroxisomes is significant
because it now positions peroxisomes as a specialized branch or extension of the secretory system
(Schekman, 2005). The first mechanistic support for an ER contribution to peroxisome biogenesis
came from studies in Y. lipolytica showing that mutations in the signal recognition particle
constituent, Srp54p, or deletion of another gene required for secretion, SEC238, resulted in
defective peroxisome biogenesis and the accumulation of the PMPs, Pex2p and Pex|6p, in the ER
(Titorenko and Rachubinski, 1998; Titorenko et al., 1997). In addition, Pex2p and Pex|6p were
shown to normally contain N-linked core glycosylation, unequivocally demonstrating that the
branch point to peroxisomes in the secretory system was at the level of the ER. It has been
proposed that this contribution of the ER underlies the reemergence of peroxisomes in cells from
PBD patients upon complementation of the defective gene (Kim et al., 2006; Matsuzono et al,,
1999; South and Gould, 1999). The contribution of the ER to peroxisome biogenesis was also
demonstrated by studies of the peroxins Pex3p and Pex|9p. Absence of Pex3p or Pex|9p results
in a complete mislocalization of peroxisomal matrix and membrane proteins (Hettema et al.,
2000). Working in yeast, Hoepfner and colleagues asked the simple question, “What happens
when Pex3p and Pex|9p are added back?!” They showed that when Pex3p was reintroduced into
pex3A cells, it first sampled the ER and then sequestered into distinct subdomains that went on to
become functional peroxisomes (Hoepfner et al., 2005). This ability of Pex3p to sort through and
exit the ER was shown to depend on Pex19p, and an ER-localized pool of Pex3p that accumulated

in pex|9A cells could form peroxisomes upon reintroduction of Pex|9p (Hoepfner et al., 2005).
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These results were taken as evidence that peroxisomes form de novo from the ER. Further
support for the de novo synthesis of peroxisomes came from work in mammalian cells. Kim and
colleagues observed that cells lacking peroxisomes because of mutation of the PEX/6 gene could
form peroxisomes upon reintroduction of the gene (Kim et al., 2006). In an elegant experiment
employing photoactivatable GFP, they showed that peroxisomes appeared to form de novo rather
than by division (Kim et al., 2006).

It must be said that all the aforementioned findings cannot unequivocally exclude division
as the sole or principal mechanism underlying the maintenance or growth of the peroxisome
population in wild-type cells. Indeed, the contribution of central players in the secretory pathway,
such as COPI and CORPII (Lay et al., 2005; Passreiter et al., 1998; Perry et al., 2009; South et al.,
2000; Voorn-Brouwer et al.,, 2001) and the ER translocon channel protein, Secélp (Perry et al.,
2009; South et al., 2001), to peroxisome biogenesis remains uncertain, although components of
the DSLI complex involved in retrograde transport between the Golgi complex and the ER have
been shown to be involved in peroxisome biogenesis in yeast (Perry et al., 2009). In effect, it has
been uncharitably argued that de novo peroxisome biogenesis is an anomalous yet fortunate
response to a complete and catastrophic loss of peroxisomes from cells and not a normally
occurring event in nature (Lazarow, 2003). It remains for investigators to provide an unequivocal
demonstration of the role of de novo peroxisome biogenesis in “normal” cells under “normal”

conditions.

1.8 Model of peroxisome biogenesis in yeast
Peroxisomes are unique intracellular entities in yeast cells because a population of peroxisomes is
formed and organized by a common complement of proteins, the products of PEX genes, but yet
each peroxisome retains an individual characteristic. The steady state number of peroxisomes in a

cell is controlled by the emergence of new peroxisomes from preexisting ones and also the
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selective turnover, or degradation, of certain peroxisomes by a specialized form of autophagy,
termed pexophagy (Manijithaya et al., 2010b). The existence of a de novo pathway for peroxisome
formation has been demonstrated to exist (Hoepfner et al., 2005; Tam et al., 2005; van der Zand
et al,, 2012) but its contribution to maintaining peroxisome populations in yeast appears to be
minor (Hettema and Motley, 2009; Motley and Hettema, 2007). Many PMPs sample the ER
membrane en route to mature peroxisomes (van der Zand et al., 2010). The transfer of proteins
and lipids from the ER to peroxisomes is envisioned to occur both by vesicles that bud from
specialized regions of the ER ( Agrawal et al, 201I; Lam et al., 2010) and by a nonvesicular
pathway acting principally in the transfer of lipids (Raychaudhuri and Prinz, 2008). However, all
matrix proteins, together with some PMPs, are imported into peroxisomes directly after being
synthesized in the cytosol (Figure [-5).

With each round of cell division, peroxisomes follow an orchestrated sequence of events that
result in their equitable distribution between mother and daughter cells at cytokinesis (Fagarasanu
et al., 2005; 2006b; Hoepfner et al., 2001): In unbudded cells, peroxisomes are scattered over the
entire cell cortex, where they assume static positions. The anchoring and retention of
peroxisomes in the mother cell is mediated by Inplp, a peripheral membrane protein of
peroxisomes with an essential role in immobilizing peroxisomes at the cell cortex (Fagarasanu et
al., 2005). Concomitant with the emergence of a bud from the mother cell, peroxisomes detach
one-by-one from their anchored cortical positions to travel toward and populate the nascent bud.
This recruitment of peroxisomes, from mother cell to bud, continues until an equivalent density of
peroxisomes between both mother cell and bud has been achieved (Fagarasanu et al., 2006b).
Small peroxisomes are often observed to detach from larger, cortically anchored peroxisomes in
the mother cell and then migrate to the bud. Division of peroxisomes is not confined to the

mother cell cortex, since travelling peroxisomes are also observed to divide both en route to the
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Figure 1-5. The growth and division cycle of peroxisomes. Peroxisome membrane expansion is
achieved mainly by material coming from the ER, presumably via both vesicular and nonvesicular
pathways. A retrograde pathway, yet to be demonstrated, could retrieve escaped ER proteins and
recycle factors involved in the assembly of vesicles destined for the peroxisome (dashed arrow). In
contrast, all matrix proteins and some PMPs are acquired by the peroxisome by posttranslational
import from the cytosol after synthesis on free polysomes. The division of mature peroxisomes is
needed to maintain peroxisome numbers during cell proliferation. In contrast to the prevailing
view of peroxisome division as being the simultaneous severing of peroxisomal tubules at multiple
regular intervals, it is more likely that peroxisomes divide asymmetrically, with small daughter

peroxisomes pinching off from larger parental ones.
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bud and even inside it (Chang et al,, 2009; Fagarasanu et al., 2006b). This implies a loose

connection between peroxisome division and peroxisome inheritance into buds. Loose in the
sense that while peroxisome division is needed to maintain peroxisome numbers in a growing cell
population, the two processes are neither sequentially coupled nor inextricably linked. A class V
myosin, Myo2p, is the actin-based motor responsible for moving most organelles, including
peroxisomes, to the bud (Hoepfner et al., 2001; Weisman, 2006). Inp2p is a PMP required for the
localization of peroxisomes to buds and is the adaptor molecule that connects Myo2p to the

peroxisomal membrane (Fagarasanu et al., 2006b).

1.9 Peroxisomes are all not equal
Although all peroxisomes share common mechanisms guiding their biogenesis, division and protein
import, peroxisomes in different cell types and in different organisms host different metabolic
pathways and perform different functions. As mentioned earlier, mammalian peroxisomes have
been shown to vary in their enzymatic compositions in the different organs, which helps them to
perform their specific metabolic roles. Peroxisomes have also specialized to help organisms adapt
to their specific environmental niches. One example is found in the Trypanosomatidae, which
contain specialized peroxisomes called glycosomes that house enzymes of the glycolytic cycle for
energy production in the oxygen-poor environment of the bloodstream (Michels et al., 2006). In
plants, three specialized peroxisomes have been described that have distinct roles in fatty acid -
oxidation, the formation of succinate by the glyoxylate cycle, or photorespiratory glycolate
metabolism (Hayashi and Nishimura, 2006) Peroxisomes can also specialize to perform
nonmetabolic functions. In some filamentous fungi, a specialized peroxisome plugs the septal pore
between cells when the cell wall has been damaged and cytoplasm begins to bleed through it.

Called Woronin bodies, these specialized peroxisomes form by the asymmetric division of a small
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number of peroxisomes that have imported the protein Hexlp, which is essential for the

formation of Woronin bodies (Liu et al., 2008).

1.10 Origins and diversity of eukaryotes
There is general agreement from both molecular phylogenetic analyses (Gribaldo and Cammarano,
1998; Iwabe et al., 1989) and evidence from the fossil record (Javaux et al., 2001; Schopf, 1999)
that prokaryotes predate eukaryotes. Consequently, eukaryotes must have arisen from a
prokaryotic-like ancestor. This does not imply that there has not been evolution in modern
prokaryotic lineages (Penny and Poole, 1999) or that we can treat extant prokaryotes as primitive
states. However, it does mean that the acquisition of organelles and complex cellular machines in
eukaryotes must be explained from a cellular state lacking these features.

The transition from prokaryote to eukaryote can be divided into, at least, three successive
evolutionary stages (Figure [-6). These include: |) transition from a prokaryotic-like starting point
to an organism that would possess some arguable set of cellular features that would define it as
eukaryotic, i.e. a first eukaryotic common ancestor (FECA), 2) transition from FECA to a last
eukaryotic common ancestor (LECA), and 3) radiation after LECA, of which six extant lineages of
eukaryotes are known today ( Adl et al,, 2012; Walker et al., 201 I). The prokaryote to eukaryote
transition has generally focused on the transition through the first two stages to the LECA. Based
on comparative genomics, the LECA was complex with a well established actin/tubulin
cytoskeleton, a sophisticated endomembrane system, nucleus, mitochondria, and machinery for
intron splicing, meiosis and more (Cavalier-Smith, 2010; Dacks and Doolittle, 2001; Field and
Dacks, 2009; Koonin, 2010; Roger, 1999). There has been at least one additional major cellular

innovation impacting post-LECA increases in complexity: the acquisition of plastids.
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Figure 1-6. Retracing the evolutionary emergence of modern eukaryotes. (a) The emergence of
eukaryotes can be divided into at least three successive evolutionary stages. These include: |)
transition from a prokaryotic-like starting point to a first eukaryotic common ancestor (FECA), i.e.
an organism that would possess some arguable set of cellular features that would define it as
eukaryotic (a nucleus, membrane-bound organelles, a cytoskeleton); 2) transition from FECA to a
last eukaryotic common ancestor (LECA). Based on comparative genomics, the LECA was
complex with a well established actin/tubulin cytoskeleton, a sophisticated endomembrane system,
nucleus, mitochondria, and machinery for intron splicing, meiosis and more. The acquisition of
plastids, again transformative in certain lineages, occurred post-LECA; and 3) evolution and

divergence after LECA to form the major lineages of eukaryotes as we know them today.
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I.1l1 Mechanisms for the evolution of organelles
Before 1974, the null hypothesis for the evolution of internal membrane-bound compartments
(organelles) within the eukaryotic cell had been via autogenous processes, i.e. eukaryotic cells are
built up in a stepwise manner from individual building blocks present in the pre-eukaryotic
ancestor (Cavalier-Smith, 1975). For example, de Duve and Wattiaux (de Duve and Wattiaux,
1966) proposed an autogenous origin for lysosomes based on their work identifying and
characterizing this organelle. However, the dominance of the autogenous theory shifted when
Lynn Margulis revived and championed the idea of endosymbiosis (Sagan, 1967), which had been
first proposed as early as 1882 (reviewed in (Hagemann, 2007)). When Bonen, Gray and Doolittle
(Gray and Doolittle, 1982) presented the first strong molecular evidence for bacterial origins for
both mitochondria and chloroplasts, the theoretical basis of the eukaryotic evolutionary field was
shifted such that both endosymbiotic and autogenous origins were now equally viable alternatives
to entertain when beginning to address the origins of a given eukaryotic organelle. Importantly,
both models were shown to be consistent with the mechanisms of protein targeting, sorting and
topogenesis (Blobel, 1980). Giinter Blobel elegantly summarized in his Nobel address this
continuity of cellular membranes by reformulating Virchow’s dictum, ‘all cells come from cells,” to
‘all membranes come from membranes’. Our scientific understanding of endosymbiosis and

autogeny is maturing, with endosymbiosis being the far better understood.

1.12 Endosymbiosis and horizontal gene transfer
Endosymbiosis is the incorporation and residence of one organism, the endosymbiont, inside
another, the host. The process progresses from an initial state of mutual coexistence to eventual
assimilation and reduction of the endosymbiont by the host (Sagan, 1967). Endosymbiosis can be
classified into various types depending on the nature of the host and of the endosymbiont. The

simplest form, or primary endosymbiosis, involves a eukaryotic host and a bacterial endosymbiont.
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Two such primary endosymbiotic events have been transformative in the history of eukaryotes
and involved the incorporation of an a-proteobacterium and a cyanobacterium to give rise to what
are today known as the mitochondrion- and plastid-derived organelles, respectively. Both events
are known to have occurred early in eukaryotic history, with the mitochondrial event now
convincingly shown to have pre-dated the LECA, as all currently known eukaryotes have
possessed a mitochondrion at some point in their evolutionary histories (Miller et al., 2012).
Exactly how early in eukaryogenesis mitochondria were acquired is still unknown and remains
hotly debated. A primary plastid endosymbiosis very likely occurred at the base of the
Archaeplastidae lineage, conferring photosynthetic capacity and giving rise to all red algae, green
algae and land plants (Gould et al., 2008). The ability to photosynthesize was clearly advantageous,
enough so that it spawned the subsequent evolution of complex plastids (Palmer, 2003) through
secondary and tertiary endosymbioses (Figure |-7A).

As a mechanism, the process of endosymbiosis can be divided into initiation and integration.
Theoretically, either party can initiate endosymbiosis but with different implications for the nature
of the host-endosymbiont interaction, i.e. either the endosymbiont is an undigested meal or the
host has been subverted, at least initially, for the benefit of the endosymbiont. Plastids likely arose
from an undigested meal, whereas the driver for the establishment of mitochondria is less clear
( Gould et al., 2008; Miller et al., 2012). Regardless, after initiation, the success of the resulting
chimera depends on the ability to synchronize successfully the cell growth and division cycles of
the host and endosymbiont. In all cases, this synchronization has been achieved by gradual transfer
of genetic material from the endosymbiont genome to the host genome (Figure [-7B). This
ratchet-like mechanism is referred to as endosymbiotic gene transfer (EGT) and drives the
enslavement of the endosymbiont by its host (Doolittle, 1998). A protein essential for organelle
function must subsequently be retargeted to that organelle before loss of the gene encoding it in

the endosymbiont genome can occur. This is not a trivial event, as it requires the emergence of
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Figure 1-7. Mechanisms of organellar evolution. (a) Complex plastids arise from iterative
acquisition of photosynthetic endosymbionts. (i) Primary endosymbiosis is established following
engulfment of a cyanobacterium (green) by a eukaryotic host cell. A similar primary endosymbiotic
process would also have produced the mitochondrion from a proteobacterium (not depicted
here). (ii) In secondary endosymbiosis, a green or red algal cell is engulfed by a new host cell. (iii)
This process is repeated in tertiary endosymbiosis. (b) Endosymbiotic gene transfer (EGT) is a
mechanism of endosymbiont enslavement by the host. (i) | After acquiring an endosymbiont, the
organism has two genomes, one in the nucleus and one in the endosymbiont. (ii) Whether by lysis
or improper fission and fusion events of the endosymbiont during replication, endosymbiont DNA
released into the cytoplasm can be integrated into the host genome. (i) With an endosymbiont
gene now encoded and expressed by the host, it must successfully retarget back to the
endosymbiont. (iv) When successful retargeting occurs, the endosymbiont copy is redundant and
sustains mutational decay, and the endosymbiont genome is reduced. (v) The directionality
imposed by this transfer results in a ratchet-like mechanism that is repeated. (vi) The window of
opportunity permitting EGT remains open until only a single endosymbiont genome remains. (c)
Organelle paralogy hypothesis (OPH). (i) Different protein families interact cooperatively to
specify organelle-defining properties, such as tethering, docking, fission or fusion. (ii) Specificity-
encoding protein families evolve by gene duplication and divergence as represented by this
hypothetical phylogeny. (iii) Increases in the complexity of specificity encoding protein families is
mirrored by increases in the complexity of the membrane trafficking system. Paralogs of the

specificity-encoding protein family reside and have their effect on distinct compartments.
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recognition sequences added to the amino acid coding region of the protein being retargeted and
of a set of recognition, chaperone and transport machineries in the organelle itself (Gould et al.,
2008; Miiller et al., 2012).

Although endosymbiosis as an evolutionary mechanism results in overall increased complexity
for the eukaryotic cell, as a process it is principally about decreasing complexity! The system is at
its most complex immediately after the initiation stage, with integration progressing principally via
EGT or gene loss. We know this to be the case because our exploration of eukaryotic diversity
has revealed examples of ongoing endosymbioses at various stages (Keeling, 2010; Keeling and
Archibald, 2008). There are examples of recent and independent instances of both primary, e.g.
Paulinella (Marin et al., 2005), and secondary endosymbioses (Okamoto and Inouye, 2005). Even
more useful for studying the process of endosymbiosis are the organisms possessing nucleomorphs,
which are secondary plastids that have retained not only their plastid genomes but remnant
nuclear genomes as well (Moore and Archibald, 2009). Examples of organelles at the other
extreme include the non-photosynthetic apicoplasts of the parasitic apicomplexans, which have
been retained for their roles in biosynthesizing metabolites (Gould et al., 2008; Mdiller et al., 2012),
and hydrogenosomes and mitosomes, which derive from mitochondria. These organelles in many
cases no longer possess organellar genomes (Miiller et al., 2012).

The range of degeneracy found for endosymbiotically derived organelles clearly raises the
question of what mechanism determines and limits the extent of this reductive trend in any given
lineage. It is more than the simple passage of time, since we see a range of reduction in organelles
clearly derived from the same founding event, e.g. mitochondria. The best supported idea is the
‘transfer window hypothesis’ (Barbrook et al., 2006). This proposes that because the main
mechanism of DNA transfer to the host nucleus comes from lysed organelles, the rate of transfer
is proportional to the copy number of the endosymbiont in the cell (Figure 1-7B). Importantly, the

hypothesis implies that transfer cannot continue once the number of organelles has stabilized at a
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single copy. This idea has now been supported by experimental (Lister et al, 2003) and
comparative (Smith et al., 201 1) genomic analyses showing far fewer transfers from plastids to
nuclear genomes in organisms possessing low plastid copy number. The nuclear genomes of two
organisms possessing a single nucleomorph have also recently been sequenced (Curtis et al., 2012).
This analysis revealed a lack of recent DNA transfer from either the plastid or nucleomorph
genomes despite evidence of transfer from mitochondria, consistent with the idea that it is
reduction to a single organelle that freezes EGT and hence organelle reduction.

Interestingly, EGT appears to have played a role in shaping other organelles in addition to
those originating endosymbiotically and has thus provided capabilities to the eukaryotic cell
beyond the capacity for energy generation. One landmark study demonstrated that as much as
18% of the proteins encoded in the genome of the model plant, Arabidopsis, are of cyanobacterial
origin and involved in diverse cellular processes beyond photosynthesis (Martin et al.,, 2002). As
more organellar and nuclear genomes of diverse eukaryotes are sequenced, the chimeric, i.e. both
host-derived and endosymbiont-derived, nature of metabolic pathways (e.g. heme biosynthesis,
fatty acid biosynthesis, aromatic amino acid metabolism) is also being revealed. These findings
explain in part why plastids and mitochondria are retained in some lineages that have lost the
original energy-generating function of the organelle (Gould et al., 2008; Miiller et al., 2012).

EGT can be viewed as a special case of horizontal gene transfer (HGT), the transmission of
genetic material horizontally across phylogenetic lines rather than vertically to progeny. This
phenomenon is a powerful evolutionary driver in prokaryotes (Doolittle and Bapteste, 2007), and
there are well supported examples of HGT in eukaryotes that have shaped metabolism (Keeling
and Palmer, 2008) and enhanced pathogenesis (Richards et al., 2006; Slot and Rokas, 201 1).
However, the overall extent and impact of HGT on eukaryotic evolution, in particular cellular

evolution, are unclear and await systematic investigation.
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1.13 Non-endosymbiotic (autogenous) organelles
While endosymbiosis has undoubtedly been a powerful force in shaping eukaryotic cellular
complexity, there are many features of eukaryotic gene complexity that it does not explain. An
alternative and simpler explanation for the origin of organelles delimited by a single lipid bilayer and
devoid of genetic material is that they are autogenous, i.e. derived from component parts already
present in the lineage giving rise to eukaryotes. The organelles most commonly proposed to have
an autogenous origin are those of the membrane-trafficking system and include the endoplasmic
reticulum, Golgi apparatus, endosomes, and plasma membrane (de Duve, 2007). Although these
endomembrane organelles are dynamically connected to one another, they are maintained as
distinct compartments through the action of membrane trafficking machineries, which include Rabs,
SNAREs, coatomer, and adaptin (AP) complexes, among others (Bonifacino and Glick, 2004;
Robinson, 2004). These “specificity-encoding” protein families have different members that
perform the same essential function, e.g. inducing membrane curvature or facilitating membrane
fusion, at a unique location within the membrane trafficking system (Bonifacino and Glick, 2004).
Clearly, each specificity-encoding protein family could therefore play a role in encoding specificity
in membrane-trafficking, but part of that specificity-encoding information also appears to result
from combinatorial interactions between different protein families (Cai et al., 2007). Comparative
genomic and phylogenetic analyses of these various protein families revealed the families’ primary
diversification occurs via gene duplication (Dacks and Field, 2007; Elias et al., 2012). Surprisingly,
the timing of the duplications giving rise to major paralogs of the various specificity-encoding
proteins associated with each cellular location occurred prior to the LECA (Field and Dacks, 2009).
Moreover, when endocytic paralogs of the SNAREs, Rabs and AP families were examined, a
pattern emerged whereby some organelle-specific paralogs had duplicated prior to the LECA,
while others had not (Dacks and Field, 2007; Dacks et al., 2008). Subsequently, patterns of parallel

duplications in lineages after the LECA were also found. These patterns have not only provided a
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sense of the timing of events but also hinted at a process for the events, which has been formalized
in the organelle paralogy hypothesis (OPH) (Dacks and Field, 2007; Dacks et al., 2009).

In the OPH, a set of specificity-encoding proteins, with complementary functions that
together define the properties of a distinct organelle, undergoes duplications to produce sets of
interacting paralogs (Figure 1-7C). Through co-evolution, these sets of specificity-encoding
proteins accumulate mutations that fix their specific functional binding, thus defining separate
organelles (Dacks et al., 2009). Iterations of this process could therefore account for the array of
organelles in the endomembrane systems of extant eukaryotes that arose via differentiation from
an original prototypical internal compartment in the FECA (Figure 1-7C).

Although based on observed evolutionary patterns in gene families, the OPH has recently
been tested by computer simulation. Mathematical modeling of specificity-encoding genes in
populations of vesicles showed that gene duplication and differential interactions between paralogs
produced novel vesicular compartments (Ramadas and Thattai, 2013). Crucially, under the OPH,
it follows that the order of evolutionary emergence for each member of a specificity-encoding
protein family should correspond to the order of emergence of the different organelles they define
and on which they have effect. Although testing this aspect of the theory has not been
methodologically tractable until recently, two studies have now reported phylogenetic resolution
for important specificity-encoding protein families. Thus statements, or at least hypotheses,
regarding an order of evolutionary emergence beyond simply establishing extensive complexity in
membrane trafficking in the LECA can now be made. The first example involves the recent
discovery of the enigmatic fifth AP complex (Hirst et al., 201 1). AP complexes aid in sorting the
vesicular traffic between organelles found between and including the plasma membrane and the
trans-Golgi network (Robinson, 2004). Comparative genomic and phylogenetic analysis of the AP
complexes, including APS5, allowed for a resolution of the order in which the members of the AP

complex family emerged, with the sequence of AP3 splitting from the rest of the AP complexes
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first, followed by AP5, AP4 and AP1/2 (Hirst et al., 201 1). This order was interpreted to suggest

that the adaptins were first involved in creating an interface between the secretory system and the
phagocytic system and, subsequently, a full-fledged trans-Golgi network, based on the known
location of action for the AP complexes. The second example deals with the Rab family of
GTPases, which are molecular switches involved in specifying organelle identity in the membrane
trafficking system (Grosshans et al., 2006). It has been well established that Rab GTPases are
ancient and that the LECA possessed a large complement of such proteins (Pereira-Leal and
Seabra, 2001). The question was “How large?”. Recent efforts using rigorous methods based on
homology-searching expanded the Rab complement in LECA to as high as |5 (Diekmann et al.,
2011). However, the development of a new phylogenetic technique allowing for robust
phylogenetic resolution between the many paralogs of the Rab gene families further increased the
estimated number of Rab subfamilies in LECA to between |9 and 23 (Elias et al., 2012).
Surprisingly, this analysis showed one ancient set of Rabs involved in exocytosis and one involved
predominantly in endocytosis, potentially harkening back to the earliest establishment of these
pathways. As improved comparative and phylogenetic methods are applied to other trafficking
families, it will be important to compare the evolutionary patterns that emerge and to delve
further into the events pre-LECA.

The OPH is a mechanism for evolving increased organelle complexity but currently
encompasses only the organelles of the membrane trafficking system. However, an idea that
complements the OPH is the protocoatomer hypothesis, which makes a strong statement of
homology between the membrane deformation components of vesicular trafficking and the
nuclear pore based on protein structural evidence (Field et al, 2011). Specifically, proteins
integrated into the COP I, COP II, clathrin and nuclear pore complexes share the structure of a 3-

propeller followed by an a-solenoid. These proteins were deemed as being homologous and thus
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derived from a single ancestral proto-coatomer protein (Devos et al., 2004). Recent analyses also
firmly established proteins of the intra-flagellar complex as being related as well (van Dam et al,,
2013). The protocoatomer-derived proteins, which are dispersed throughout the cell and are
essential for organelle-specific functions, appear to have expanded along with their organelles via
the process described in the OPH, and so the overlap between the two hypotheses extends a
mechanism of autogenous organelle evolution to many, and potentially all, of the organelles for

which a non-endosymbiotic origin appears likely.

1.14 Evolution of peroxisomes
There are examples that blur the divisions of autogenous and endosymbiotic organellar evolution.
A case in point is the peroxisome, whose origin has been contentiously explained by both
mechanisms (de Duve, 2007). While the evidence, both functionally (Hoepfner et al., 2005; Tam
et al., 2005; Titorenko et al., 2000) and evolutionarily (Gabaldén and Capella-Gutiérrez, 2010;
Gabaldon et al., 2006; Schluter et al., 2006), strongly favors an autogenous origin for peroxisomes,
there has undoubtedly been some interaction and cross talk between peroxisomes and organelles
of endosymbiotic origin (Andrade-Navarro et al., 2009; Neuspiel et al., 2008). This is true
evolutionarily, with genes acting at peroxisomes being of bacterial origin (Gabaldén et al., 2006),
and functionally, with pathways shared between peroxisomes and mitochondria, e.g. fatty acid
oxidation (Wanders and Waterham, 2006). Indeed, the question of how endosymbiotic organelles
have become integrated within the cell and interact with non-endosymbiotically derived systems is
still a very open question both functionally and evolutionarily.

Peroxisomes are ancient and likely present in the LECA, as organisms possessing
peroxisomes have been found in all extant lineages of eukaryotes (Gabaldén, 2010). However,
there are notable exceptions including the parasitic apicomplexan Plasmodium falciparum and the

excavate Giardia lamblia (de Souza et al., 2004; Schluter et al., 2006), causative agents of malaria
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and giardiasis respectively. Furthermore, the colocalization of catalase and at least one oxidase in
organisms from across the diversity of eukaryotes also suggests that the biochemical function of
peroxisomes is ancient (de Duve, 2007). The metabolic diversity of peroxisomes has been a
confounding variable in considering its evolution. Recently, a potential mechanism driving
metabolic diversity in peroxisomes was discovered in fungi (Freitag et al., 2012). Cryptic PTSI
targeting sequences are encoded in the 3’ untranslated region of genes for many metabolic
enzymes and can be activated by alternative splicing or stop codon suppression. Therefore the
adaptability and ease of accommodation of peroxisomal matrix protein import may have a strong
influence on the evolutionary trajectory of these organelles in diverse eukaryotic lineages.

A comprehensive comparative genomic analysis of the peroxisome proteome demonstrated
that while most of the peroxisomal matrix proteins could be traced to prokaryotic ancestry, many
of constituents of the peroxisomal membrane, and the peroxins (Pex proteins) themselves, were
of eukaryotic origin (Schluter et al., 2006) (Table I-1). Notably absent from this list was Pex|4p,
Pex5p and Pex7p, which are essential for peroxisomal matrix protein import, and Pex|p and
Pex6p, which are essential for the recycling of the PTS receptors as well as peroxisome biogenesis
at the ER. Additionally, Schluter and colleagues. (2006) proposed four peroxins, Pex3p, Pex|9p,
Pex|0p and PexI|2p served as “peroxisomal markers” for in silico assessment of peroxisome
presence or absence. In contrast to this, a similar study by Galbadén and colleagues (2006)
proposed a minimal ancestral peroxisome peroxin complement consisting of Pex|p, Pex2p, Pex4p,
Pex5p, Pex10p and Pex|4p. Because of these discrepancies and the fact that several important
peroxins cannot be excluded to have prokaryotic origins, debate remains as to the evolutionary

origin of peroxisomes (de Duve, 2007).
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Table 1-1. Peroxisomal proteins lacking overall homology in prokaryotic genomes as identified

by Schluter and colleagues (2006).

Protein Domain Function Compartment Protein type
Pex2 Zn-RING protein import membrane peroxin
Pex3 - membrane assembly membrane peroxin
Pex4 ubiquitin ligase protein import cytosol and membrane peroxin
Pex8 - matrix protein import membrane peroxin
Pex9 - matrix protein import membrane peroxin
Pex10 - protein import membrane peroxin
Pex! 1, Pex| 1B, - division proliferation membrane peroxin
Pex| Iy
Pex12 Zn-RING protein import membrane peroxin
Pex13 SH3 docking of receptors membrane peroxin
Pex15 phosphorylation ~ membrane assembly, docking of membrane peroxin
Pex| and Pexé
Pex16 - membrane assembly membrane peroxin
Pex17 - docking of receptors membrane peroxin
Pex18 - PTS targeting cytosol and membrane peroxin
Pex19 farnesylation membrane assembly cytosol and membrane peroxin
Pex20 - PTS targeting cytosol and membrane peroxin
Pex21 - PTS targeting cytosol and membrane peroxin
Pex22 - protein import membrane peroxin
Pex23 dysferlin proliferation membrane peroxin
Pex24 - membrane assembly membrane peroxin
Pex25 - proliferation membrane peroxin
Pex26 - docking of Pex| and Pex6 membrane peroxin
Pex27 - proliferation membrane peroxin
Pex28 - proliferation membrane peroxin
Pex29 - proliferation membrane peroxin
Pex30 dysferlin proliferation membrane peroxin
Pex31 dysferlin proliferation membrane peroxin
Pex32 dysferlin proliferation membrane peroxin
Mpv!17, Pmp2 Mpvl7 unknown membrane PMP
Pxmp4 - unknown membrane PMP
Pmp34 - ATP transporter membrane PMP

1.15 The role of peroxisomes in lipid metabolism
Peroxisomes, together with the ER and mitochondria, function as important sites of lipid
metabolism in the cell (Figure 1-8). The interdependence of these organelles is illustrated by the
requirement for the transfer of the activated variants of branched and very-long chain fatty acids
from the mitochondria or ER to peroxisomes (Wanders et al. 2006). For example, phytanic acid, a
branched-chain fatty acid present in the human diet and requiring a round of a-oxidation before
subsequent rounds of B-oxidation, can be activated in the ER, mitochondria or peroxisomes by

fatty acyl-CoA synthetases found in all three compartments.
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Figure 1-8. Peroxisomes rely on the ER and mitochondria, and vice versa, to properly carry out
their role in the metabolism of lipids in cells. For example, peroxisomes import the activated
(acyl-CoA) variants of very-long chain fatty acids (VLCFA), and branched chain fatty acids (BCFA),
from the ER, cytosol and mitochondria. Intermediate metabolites from peroxisomal B oxidation
are subsequently transferred to the mitochondria for the remaining rounds of § oxidation. Bile acid
precursors are synthesized in the ER using cholesterol as a backbone before they are transferred
to peroxisomes for the final steps in forming mature bile acids. When peroxisomes are non-
functional, the buildup of VLCFAs results in the dysregulation of cholesterol metabolism in the ER,

and cells accumulate VLCFAs esterified to cholesterol.
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Activation of phytanic acid requires its transfer across the membranes of the ER or mitochondria
to peroxisomes where its catabolism occurs. Furthermore, disrupting peroxisome formation alters
the metabolism of cholesterol in the ER and results in the accumulation of cholesterol esterified to
very-long chain fatty acids, as observed in mutant mice that fail to assemble functional peroxisomes
(Kovacs et al., 2004; 2009). Conversely, peroxisomal B-oxidation of very-long chain fatty acids
does not proceed to completion in the peroxisome, and partially oxidized fatty acyl-CoA
intermediates are shuttled to the mitochondria to generate energy (reviewed in (Poirier et al.,
2006)).

The contribution of peroxisome function for normal human development and physiology is
underscored by the severity and lethality of the peroxisome biogenesis disorders (PBDs). The
PBDs are a heterogeneous group of fatal autosomal recessive diseases that includes Zellweger
syndrome (ZS), rhizomelic chondrodysplasia punctata (RCDP), neonatal adrenoleukodystrophy
(NALD), and infantile Refsum disease (IRD). These four disorders are classified based on the
severity of the clinical phenotypes. In addition to these broad biogenic disorders there are
additional single-enzyme peroxisome diseases that share many of the same traits as these more
serious disorders. In general, PBD patients suffer from profound neurological abnormalities,
muscular hypotonia, cataracts, cardiac defects, dysmorphic features, and growth and mental
retardation (for reviews, see (Shimozawa et al., 2005; Steinberg et al., 2006)). ZS is the most
severe, and patients typically present with severe hypotonia, such that children with ZS are
sometimes initially misdiagnosed with various forms of developmental, mental and physical
retardation including Down syndrome, Prader-Willi syndrome, or spinal muscular dystrophy.
Patients with ZS typically die in the first year of life (Wilson et al., 1986; Yik et al., 2009). The
overall incidences of the PBDs vary widely among different population groups but are invariably
infrequent enough to be classified as rare genetic diseases. ZS has an estimated incidence of | in

50,000 in North America but approximately | in 500,000 in Japan (Steinberg et al., 2004).
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Thirteen PEX genes functionally complement the defects in peroxisome assembly of all the
known complementation groups of the PBDs (Shimozawa et al., 2005; Steinberg et al., 2006).
These 13 PEX genes function in a variety of different steps in the peroxisome biogenic pathway,
including peroxisomal membrane assembly and peroxisomal protein targeting. An unexpected
complication in the assignment of PBD phenotypes to any particular complementation group is the
fact that different complementation groups share similar clinical phenotypes (Moser et al., 1995;
Steinberg et al., 2006). This is most likely due to the fact that a defect in any aspect of the
peroxisome biogenic program results in the same functional loss of the organelle. As a result,
clinical diagnosis of the cause of any one PBD has required an in-depth and tedious biochemical
characterization followed by sequencing efforts to pinpoint the source of the mutation (Shimozawa
201 1; Steinberg et al., 2004). Advances in sequencing technology have improved the speed of
diagnosis and there is currently an undertaking to fully annotate and catalogue the range of
mutations present along the PBD continuum (http://dbpex.org/home.php). In addition, model
systems have greatly aided in the identification and characterization of peroxisomal genes
(Titorenko and Rachubinski, 2001)

Table 1-2. Complementation groups and PEX gene defects in PBDs. Adapted from Steinberg et

al. (2006).

Gene CG-Dutch CG-Japan CG-KKI Clinical phenotype Proportion of ZSS
PEXI 2 E I ZS NALD IRD 70%

PEX2 5 F 10 ZS IRD 3%

PEX3 4 G 12 ZS <%

PEXS5 3 2 ZS NALD <2%

PEX6 I C 4and 6 ZS NALD IRD 10%

PEX7 R I RCDP -

PEX10 B 7 ZD NALD 3%
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PEX12 3 ZS NALD IRD 5%
PEX13 H 13 ZS IRD <1%
PEX14 K ZS <1%
PEX16 D 9 ZS <1%
PEX19 J 14 ZS <1%
PEX26 A 8 ZS NALD IRD 5%

CG: complementation group, Dutch:University of Amsterdam; KKl:Kennedy Krieger Institute; Japan: Gifu University
School of Medicine

?Estimate of CG frequency from KKI;

ZSS: Zellweger syndrome spectrum; NALD: neonatal adrenoleukodystrophy; IRD: infantile Refsum disease; RCDP:
rhizomelic chondrodysplasia punctata

Defects in peroxisome function usually result in the accumulation of unused peroxisomal
metabolites. In assaying the plasma of patients with a PBD for increased levels of the bile acid
precursors di- and trihydroxycholestanoic acid, Wanders and colleagues also identified a Cys-
dicarboxylic acid that is not present at significant levels in the serum of normal individuals
(Ferdinandusse et al,, 2009). They and others have postulated that the accumulation of this
compound results from an aberrant reaction involving Cy;, trihydroxycholestanoic acid
(Ferdinandusse et al., 2009; Janssen et al., 1982; Parmentier et al., 1979). The accumulation of
these and other lipid molecules typically metabolized by peroxisomes is thought to contribute to
the many and pleiotropic defects exhibited by individuals with peroxisome dysfunction (reviewed
in (Steinberg et al., 2006)). In an original description of ZS cells of patients were reported to have
reduced capacity for mitochondrial respiration (Goldfischer et al.,, 1973). This observation may
also explain the phenotypic diversity exhibited by patients within the same complementation group
of a PBD, as the ability of cells to withstand stress resulting from the accumulation of peroxisomal
metabolites depends to a greater or lesser extent on the different genetic makeups of individuals

and the environments in which they live (Moser et al., 1995; Roscher et al., 1989).
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1.16 Focus of this thesis

The goal and aim of this thesis is the significant advancement of our fundamental knowledge of

peroxisomes. Towards that end, | had three specific aims:

1.16.1 Specific Aim |I. A molecular characterization of peroxisome
proliferation

Two modes of peroxisome proliferation have been described: de novo biogenesis from the ER
and the growth and division of existing peroxisomes. In chapter 3 of this thesis | present initial
evidence showing that peroxisome proliferation is regulated by the growth cycle of the cell and
that the ER was implicated in this regulation. This led to the hypothesis that peroxins involved in
regulating peroxisome size and number localized to the ER. A fluorescence microscopy screen
identified Pex30p as being an ER protein that exists in a complex with Pex29 and the reticulon
proteins Rtnlp and Yoplp. This led to the hypothesis that this reticulon-peroxin complex was
regulating peroxisome proliferation by regulating the egress of preperoxisomal vesicles from the
ER and the sorting of peroxisomal membrane proteins within the ER. This hypothesis was tested
with an in vitro budding assay and microscopy experiments that demonstrated an involvement of
the reticulon-peroxin complex in negatively regulating peroxisome proliferation. In chapter 4 of
this thesis | present additional evidence to support the conclusion that this is a conserved
mechanism within the Opisthokont supergroup and suggest that it may be common mechanism in

across the broad diversity of eukaryotes.

1.16.2 Specific Aim 2. An evolutionary analysis of mechanisms that facilitate
emergent complexity in eukaryotes.

How is adaptability generated in a system composed of interacting cellular machineries, each with

a separate and functionally critical job to perform? In chapter 5 of this thesis | address this question

with a comparative genomic and phylogenetic analysis of organelle inheritance factors from S.



48

cerevisiae. | found that while some factors are retained widely across the animals and fungi, others
are limited primarily to the Saccharomycetaceae family of budding yeast, with the emergent
pattern of a conserved biogenic and inheritance factor often paired with an evolutionarily novel
inheritance adaptor. This led to the proposal of the widget hypothesis, which states that a
propensity exists for the utilization of evolutionarily novel adaptors to bridge and facilitate contact
between conserved cellular modules. | tested this hypothesis with a comparative genomic analysis
of an adaptor from metazoans, which confirmed the use of novel adaptors is a conserved

evolutionary mechanism in Opisthokonts.

1.16.3 Specific Aim 3. Develop a model system for studying peroxisome
biogenesis disorders

The underlying cause of pathophysiology of the PBDs remains poorly understood and would
benefit from a disease model that recapitulates aspects of the patient phenotype, enables
functional characterization of disease mechanisms and increases understanding of the contribution
of peroxisomes to normal physiology. In chapter 6, | present the results of an investigation into the
use of Drosophila melanogaster as a model in which to study the pathophysiology of PBDs. An in
silico interrogation of the Drosophila genome identified |5 putative homologs (Pex genes) of
known human and yeast PEX genes. RNAi-mediated knockdown confirms that |3 of these putative
Pex genes are required for peroxisome assembly in Drosophila S2 cells. For example, the Pex | gene
encodes an AAA- ATPase, which, when mutated in humans, causes the most severe PBD, ZS. |
show that knockdown of Pex/ in S2 cells results in mislocalization of a peroxisome-targeted
chimeric protein consisting of GFP and PTSI (GFP-SKL) to the cytosol. Furthermore, analysis of
flies carrying a mutant form of the Pex/ gene shows that Pex! is required for normal fly
development, as is its homolog required for normal human development. Furthermore, mutant

flies exhibit abnormalities characteristic of ZS patients, including developmental delay, poor feeding,
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severe structural abnormalities in the peripheral and central nervous systems, and early death.
Finally, microarray analysis defines several clusters of genes whose expression varies significantly
between wild-type and Pex/-mutant larvae, and that implicate peroxisomal function as a
requirement for normal neuronal development, innate immunity, lipid and protein metabolism,

gamete formation, and meiosis.
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Materials and methods
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2.1 Materials for molecular and cellular biology

Table 2-1. Chemicals and reagents
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Reagent Source
[-butanol Fisher
2-(N-Morpholino)ethanesulfonic acid (MES) Sigma-Aldrich
2-propanol Fisher

5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-gal)
5-(N-2,3-dihydroxypropylacetamido)-2,4,6-tri-iodo-N-N’-bis(2,3-
dihydroxypropyl)isophthalamide (Nycodenz)

acetone

acrylamide

adenosine 5'-triphosphate (ATP) disodium salt hydrate
agar

agarose, UltraPure

albumin, bovine serum (BSA)

ammonium bicarbonate (NHsHCOs)

ammonium chloride (NH4Cl)

ammonium persulfate

ammonium sulfate ((NH4),SO4)

ampicillin

anhydrous ethyl alcohol

boric acid

Brij 35

bromophenol blue

calcium pantothenate

chloroform

cOmplete, Mini, protease inhibitor cocktail tablets
cOmplete, Mini, EDTA-free protease inhibitor cocktail tablets
complete supplement mixture (CSM)

complete supplement mixture, leucine dropout (CSM-LEU)
complete supplement mixture, uracil dropout (CSM-URA)
Coomassie Brilliant Blue R-250

copper sulphate pentahydrate

D-(+)-glucose

D-(+)-galactose

D-(+)-raffinose

deoxycycline

deoxyribonucleotide triphosphate mixture (dNTPs)
diethylpolycarbonate (DEPC)

dithiothreitol (DTT)

estradiol

ethidium bromide

ethylenedinitrilo-tetraacetic acid (EDTA)

fetal bovine serum

Folin-Ciocalteu phenol reagent

Rose Scientific
BioLynx/ Axis-Shield POC

Fisher

Roche
Sigma-Aldrich
Difco
Invitrogen
Roche
Sigma-Aldrich
EM Science
BDH

BDH
Sigma-Aldrich
Commercial Alcohols
EM Science
EM Science
BDH
Sigma-Aldrich
Fisher

Roche

Roche

BIO 101

BIO 101

BIO 101

ICN
Invitrogen
EM Science
EM Science
Sigma-Aldrich
Sigma-Aldrich
Invitrogen
Sigma-Aldrich
Fisher
Sigma-Aldrich
Sigma-Aldrich
EM Science
Invitrogen
Sigma-Aldrich



galactose

Geneticin (G418)

glacial acetic acid, 17.4 M

glass beads, acid washed

glycerol

glycine

guanosine 5'-triphosphate sodium salt hydrate
isoamyl alcohol

isopropyl B-D-thiogalactopyranoside (IPTG)
hygromycin

lanolin

L-histidine

lithium acetate

L-leucine

L-lysine

magnesium sulfate (MgSO4)

methanol

methyl salicylate

maltose

neosourthricin (NAT)

N,N,N',N'-tetramethylethylenediamine (TEMED)

N,N'-dimethyl formamide (DMF)
N,N'-methylene bisacrylamide
N-propyl gallate

oleic acid

paraffin

paraformaldehyde

penicillin

phenol, buffer saturated
phosphocreatine disodium salt

poly L-lysine

polyethylene glycol, M.W. 3350 (PEG)
Ponceau S

potassium acetate

potassium chloride

potassium permanganate (KMnQOs)
potassium phosphate, dibasic (K;HPO4)
potassium phosphate, monobasic (KH,PO4)
potassium tartrate

raffinose

salmon sperm DNA, sonicated
Sephadex G25

skim milk

sodium acetate

sodium azide

sodium carbonate (Na,CO3)

EMD
Invitrogen
Fisher
Sigma-Aldrich
EM Science
Roche
Sigma-Aldrich
Fisher

Roche
Sigma-Aldrich
Alfa Aesar
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Fisher

Sigma
Sigma-Aldrich
HKI

EM Science
BDH
Sigma-Aldrich
Sigma-Aldrich
Fisher

Fisher
Sigma-Aldrich
Invitrogen
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
BDH

BDH

BDH

EM Science
EM Science
Sigma-Aldrich
EMD
Sigma-Aldrich
Amersham
Carnation
EM Science
Sigma-Aldrich
BDH
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sodium chloride EM Science
sodium deoxycholate Sigma-Aldrich
sodium dithionite (Na;S,04) BDH

sodium dodecyl sulfate (SDS) Bio-Rad
sodium fluoride (NaF) Sigma-Aldrich
sodium phosphate, dibasic (Na;HPO4) BDH

sodium sulphite (Na,SOs3) Sigma-Aldrich
sorbitol EM Science
streptomycin sulphate Invitrogen
sucrose EM Science
thiamine-HCI Sigma-Aldrich
trichloroacetic acid (TCA) EM Science
tris(hydroxymethyl)aminomethane (Tris) Roche

Triton X-100 VWR

Trizol Invitrogen
tryptone Difco

Tween 20 Sigma-Aldrich
Tween 40 Sigma-Aldrich
uracil Sigma-Aldrich
vaseline Vaseline
xylene cyanol FF Sigma-Aldrich
yeast extract Difco

yeast nitrogen base without amino acids (YNB) Difco
2-mercaptoethanol BioShop
Table 2-2. Enzymes

Enzyme Source

CIP (calf intestinal alkaline phosphatase) NEB

creatine phosphokinase Sigma-Aldrich
DNasel (“DNA free”) Ambion
Easy-A high-fidelity polymerase Stratagene
Platinum Pfx DNA polymerase Invitrogen
Quick T4 DNA ligase NEB
restriction endonucleases NEB

RNase A (ribonuclease A), bovine pancreas Sigma-Aldrich
T4 DNA ligase NEB
Zymolyase 20T ICN
Zymolyase 100T ICN

Table 2-3. Molecular size standards

Molecular Size Standard Source

| kb DNA ladder (500-10,000 bp) NEB

100 bp DNA ladder (100-1,517 bp) NEB
prestained protein marker, broad range (6-175 kDa) NEB




Table 2-4. Multicomponent systems for molecular biology
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Multicomponent System

Source

BigDye Terminator Cycle Sequencing Ready Reaction Kit
pGEM-T Easy Vector System

pMAL Protein Fusion and Purification System

QIAprep Spin Miniprep Kit

QIAquick Gel Extraction Kit

QIAquick PCR Purification Kit

T7 RiboMAX kit

Ready-To-Go PCR Beads

Applied Biosystems
Promega

NEB

Qiagen

Qiagen

Qiagen

Promega

Amersham Biosciences

Table 2-5. Plasmids

Plasmid

Description

Source

pBS34/hph

pCM159-tetor-tata

pFA6a-kanMX

pFA6a-natNT2

pGEM-T Easy

pGFP/HIS5

pMAL-c2

PMAL-c2-PEX3

PMAL-c2-PEX29

PMAL-c2-PEX30

source of hphNT| cassette for targeted gene
deletion in S. cerevisiae

source of Tet promoter for regulatable gene
expression in S. cerevisiae

source of KanMX4 cassette for targeted gene
deletion in S. cerevisiae

source of natNT2 cassette for targeted gene
deletion in S. cerevisiae

multipurpose cloning vector for amplifying
PCR generated DNA in E. coli

source of GFP-HIS5 cassette for genomic
integration of a C-terminal GFP tag for
targeted genes of interest

expression vector for purification of MBP
fusion proteins from E. coli

expression vector for protein purification of a
fusion protein consisting of MBP and the C-
terminal 301 amino acids of Pex3p from S.
cerevisiae

expression vector for protein purification of a
fusion protein consisting of MBP and the C-
terminal 246 amino acids of Pex29p from S.
cerevisiae

expression vector for protein purification of a
fusion protein consisting of MBP and the C-
terminal 24| amino acids of Pex30p from S.
cerevisiae

Shaner et al., 2004

Gari et al., 1997

Longtine et al., 1998

Longtine et al., 1998

Promega

Dilworth et al., 2001

NEB

Tam et al., 2005

this study

this study



pmRFP-SKL/URA3

pProtA/HIS5

pRS415

PRS426

pRS426-mRFP

pRS426-mRFP-HDEL

pRS426-mRFP-SKL

pTC3

mRFP-SKL expression vector for visualizing
peroxisomes in S. cerevisiae by fluorescent
microscopy

source of pA-HIS5 cassette for genomic
integration of a C-terminal GFP tag for
targeted genes of interest

source of LEU2 cassette for targeted gene
deletion in S. cerevisiae

source of URA3 cassette for targeted gene
deletion in S. cerevisiae and parental plasmid
for pRS426-mRFP, pRS426-mRFP-HDEL, and
pRS426-mRFP-SKL

source for mRFP (URA3) cassette for the in
frame genomic integration of mRFP into the
3'-end of a gene of interest

source for mRFP-HDEL (URA3) cassette for the
in frame genomic integration of mMRFP into the
3'-end of a gene of interest

source for mRFP-SKL (URA3) cassette for the in
frame genomic integration of mRFP into the
3'-end of a gene of interest

expression vector for Y. lipolytica with
exogenous gene expression regulated by the
promoter and terminator of the Y. lipolytica
POTI gene

Fagarasanu et al., 2005

Aitchison et al., 1995

ATCC

ATCC

this study

this study

this study

Chang et al., 2008
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pTC3-PEX23-mCherry PEX23-mCherry  expression  vector  for this study
visualizing a fusion of PEX23 and mRFP in Y.
lipolytica
Table 2-6. Primary antibodies
Specificity Type Name Dilution®> Reference
S. cerevisiae Kar2p rabbit P42 IB 1:5,000 Tam et al., 2005
IF 1:1,000
S. cerevisiae Pex3p, affinity rabbit P84 IB 1:1,000 Tam et al., 2005,
purified this study
S. cerevisiae Pex29p, affinity guinea pig W3 &W6 1B 1:10,000  this study
purified
S. cerevisiae Pex30p, affinity guinea pig V4 IB 1:10,000 this study
purified IF 1:1,000
S. cerevisiae G6PDH rabbit IB 1:10,000 Invitrogen
S. cerevisiae Sdh2p rabbit P87 IB 1:5,000 Perry et al., 2009
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S. cerevisiae Sec6 | p rabbit IB 1:5,000 gift from R. Schekman,
University of California,
Berkeley
Y. lipolytica thiolase guinea pig N-3° IB 1:10,000 Eitzen et al.,, 1996
D. melanogaster DmelPex | guinea pig IB 1:1,000 this study
D. melanogaster CNS axons mouse BP102 IF 1:100 Developmental Studies
Hybridoma Bank
D. melanogaster neuroglian mouse BP104 IF 1:100 Developmental Studies
Hybridoma Bank
D. melanogaster fasciclin 2 mouse D4 IF 1:100 Developmental Studies
Hybridoma Bank
D. melanogaster repo mouse 8DI12 IF 1:100 Developmental Studies
Hybridoma Bank
D. melanogaster wrapper mouse [0D3 IF 1:100 Developmental Studies
Hybridoma Bank
D. melanogaster futsch mouse 22CI10 IF 1:100 Developmental Studies
Hybridoma Bank
D. melanogaster even skipped ~ mouse 2B8 IF 1:100 Developmental Studies
Hybridoma Bank
D. melanogaster cut mouse 2BI0 IF 1:100 Developmental Studies
Hybridoma Bank
GFP rabbit IF 1:1000 Invitrogen
IB: immunoblot
IF: immunofluorescence
Table 2-7. Secondary antibodies
Specificity Type Dilution Source
horseradish peroxidase (HRP)- donkey [:20,000 GE Healthcare UK Limited
conjugated anti-rabbit IgG
HRP-conjugated anti-guinea pig IgG goat [:20,000 Sigma-Aldrich
AlexaFluor 488-conjugated IgG goat [:2,000 Invitrogen
AlexaFluor 568-conjugated IgG goat [:2,000 Invitrogen
Cy-2-conjugated IgG goat [:2,000 Jackson ImmunoResearch
Laboratories
Cy-5-conjugated IgG goat [:2,000 Jackson ImmunoResearch
Laboratories
Table 2-8. Oligonucleotides
Name Sequence Application
1316-DW- ggggttgttagtatgtgtatcggtactggtatgggtgecgecgecatctttattaaagaa  POT[-GFP+ construction,
YIL160c ggcggtggcggtgaagctcaaaaacttaat fwd
1317-DW- aaatattgaaaatggaaaattataaacaaattgataaactacgtaatagcttttacaaa  POT/-GFP+ construction,
YIL160c gacggtatcgataagctt rev
1664-FM| gaattcatggtgagcaagggcgag pRS426-mRFP, fwd

|665-FM2 ctcgagttacttgtacagctcgtecat

pRS426-mRFP, rev



1678-FM5
1679-FM6
1692-FM7
1693-FM8
2121-FM21
2122-FM22
2183-RY-WebA-
YOPI
2184-RY-WebB-
YOPI
2300-FM71
2301-FM72
2302-FM73
2303-FM74
2304-FM75
2305-FM76
2460-RY-rtn|
2461-RY-rtn2
2462-RY-yopl|
2578-FM122
2579-FM123
2580-FM124
2697-FM129
2749-FM143
2750-FM 144
2904-FM154
2905-FM155rev
2966-FM 158

2967-FM159

2968-FM 160

tccatagtgttagagtctctaat

tcacgcgcteccacttgaa
gatctgagcgccagegtatacagcaactttggegtctecagetegttttecttcaagec
tggtggaggrggteggeggaatggtgagcaagggcgag
tcaatatatcaacctatttcttccctttctettettttctccaagacgeccgttaaatcttg

tactgagagtgcaccata
tctaatgaattgaagaaaagtacaaaaaacttgcaaaatgaattggaaaaaaacaac

gctggtggaggcggtageggagigagcaagggegaggat
gcacttttaactgcaatggttaaactgtagcaatgttggtaaaaaagcagggaaagttc
agtactgagagtgcaccatac
aaggatgaaattagagcttccgtcaatgaggcettctaaggctacaggtgettctgttca
tggtgaagctcaaaaacttaat
gctatcttctgggacaccataaacgactccaaaatattttatatgttaagtagcgatata
gctgacggtatcgataagett

ctgacagctgtggtcacaat

ggagacgttggatctctctt

cgtcgctggtttgataagatt

acctgtcgaatatggagagat

agcttggtgatagcectatta

tgccgaagcatcaaacatcaa

gcttgtggtatcttctgtttcctat

gagcaaaataattacgaaaagtgga

gtaagtaggttatatggctgctgga

aagtagttaatccattgaggga

agtaacaacaacgtatgacgat

taaccatgaggagttgtttgc

atactagtcatcgtaaaagcag

aaatggaatatgttcatagggt

ttagtcatgaacgcttctct
gatactgaagagaaagagcaatcaaatccaaccattggtcgcgatagcaagaaggec
gtaggcggtggcggtgaagctcaaaaacttaat
atttttaaagtcataacgttgtatagttaataaaaaaaattggattactattcattgaagg
ctgacggtatcgataagctt

ctctttttctggttcttttcatcag

tcgtatcacttttgtagtattgcca

agcctacaacagaagagacaaaaga

checking oligo for PEX3
gene

checking oligo for mRFP
gene

PEX3-mRFP construction,
fwd

PEX3-mRFP construction,
rev

RTN I-mRFP construction,

fwd

RTN I-mRFP construction,

rev
YOP[-mRFP/YOPI-pA
construction, fwd
YOP[-mRFP/YOPI-pA
construction, rev
checking oligo for PEX|
gene

checking oligo for PEX5
gene

checking oligo for PEX6
gene

checking oligo for PEX7
gene

checking oligo for PEX|9
gene

checking oligo for PEX30
gene

checking oligo for RTN/
gene

checking oligo for RTN2
gene

checking oligo for YOP/
gene

checking oligo for PEX29
gene

checking oligo for PEX3 |
gene

checking oligo for PEX32
gene

checking oligo for PEX3
gene

checking oligo for LEU2
gene

checking oligo for LEU2
gene
PEX30-GFP+/PEX30-pA
construction, fwd
PEX30-GFP+/PEX30-pA
construction, rev
checking oligo for PEX30
gene

checking oligo for PEX30
gene

checking oligo for PEX30
gene
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2969-FM16|

3052-BK826

3053-BK827

3244-FM190
3245-FM 188

3246-ES-ScPEX30

0094-324-RN
3247-
Cherry200bp
3798-MDH2
3WebA
3799-MDH2
3WebB
3800-MDH2-
CheckingC
4017-FM252

4018-FM253
4019-FM254

4020-FM255

4216-RTN IwebA

4217-RTN IwebB

4313-FM281

4314-FM282

4400-FM287

4401-FM288

4971-FM418

4972-FM419

4973-FM420

5241-FM430

5242-FM43 |

5243-FM432

5244-FM433

5245-FM434

5246-FM435

0753-CT/KAR2-f

aaaactaagaatactttcccatccg

gatataaagtgaagaaagaattacaaattgtgggaaccgaagtattgacggaaagaa
gaacatcgatgaattcgagctcg
tctaggataatgaactactttteeeeetttttttttactgttatcataaatatatataccgct
gcaggtcgacggatc

aattctagaccgtccaatcgtgaatatttg
aataagcttttatatagttgaattgagagtgt
attctcgagtcatacggecttcttgetatcge
attcctgcagagtcatacggecttcttgctate

agccgtacatgaactgaggg

cagttaaagaaaaatatcgataagggcttggaattcgttgcatcgagatctgeatcatce
tggtgaagctcaaaaacttaat
gactggcttaacgggaatattatcaatttgctgcattcttatgettcggtccgatgetea
gctgacggtatcgataagett

gtccaatttgtttctttgttattgg

ctgtctagttgatcctccggagtgtaaaaactgattttcaagattgtactgagagtgeac
tagagattatattatgtaaaggtaaaaacgggagcgageactgtgcggtatttcacacc
g
acgtagcaaaatttcagtctcctactgtatatacgtctagagattgtactgagagtgea
c
actgaacctttgacaatcgtacaacaaaaggatcccaaaactgtgeggtatttcacac
cg
tctaatgaattgaagaaaagtacaaaaaacttgcaaaatgaattggaaaaaaacaac
gctggtgaagctcaaaaacttaat
gcacttttaactgcaatggttaaactgtagcaatgttggtaaaaaagcagggaaagttc
agctgacggtatcgataagctt

gagtgggtaatcgatatctcttgaa

aaaatagcctcttgatcttcctcat

agatagcttgtagggtttggcttat

tatccaggttaattgcttgaattgt

attgaattcatgtcggataaggagaagaaaa

tatatctccttctctcttagagtcctecteg

gactctaagagagaaggagatatacatggcgg

caagcgtatatatatataatatatattcacacacgcaaatagattgtactgagagtgca
c
aagttagctattcttgtttgaaatgaaaaaaaaaaagcacctgtgeggtatttcacacc
g
ttcaattgcttgtctcaacttgccacaaactatcatcaacagattgtactgagagtgca
c
Ctactagctagaaagaagagagaaaaaaaaaaaaactagactgtgcggtatttcaca
ccg
agtgaaaacaaataaacaaagacataaccgcactccaatcagattgtactgagagtg
cac
aaaacgagagtttgatttgaggatataggtgagttgcctectgtgeggtatttcacaccg

atgctgctaacgatgttttag

checking oligo for PEX30
gene
PEX19 deletion

PEX 19 deletion

pMAL-PEX29, fwd
pMAL-PEX29, rev
pMAL-PEX30, fwd
pMAL-PEX30, rev

checking oligo for mCherry
gene

MDH2-GFP+ or MDH2-
mRFP construction, fwd
MDH2-GFP+ or MDH2-
mRFP construction, fwd
checking oligo for MDH2
gene

PEX30 deletion

PEX30 deletion
PEX29 deletion

PEX29 deletion

RTNI-pA construction, fwd

RTNI-pA construction, rev

checking oligo for PEX3 |
gene

checking oligo for PEX3 |
gene

checking oligo for PEX29
gene

checking oligo for PEX29
gene

YIPEX23-mCherry
construction
YIPEX23-mCherry
construction
YIPEX23-mCherry
construction

RTN! deletion

RTN! deletion
RTN2 deletion
RTN2 deletion
YOP! deletion

YOP| deletion

checking oligo for KAR2
gene
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0754-CT/KAR2-r
1008-BK-BK 184

0775-RP-
GFP+200bp5'out
0776-RP-
GFP+520bp3'out
AA1295-479GFP-
F
AA1296-479GFP-
R

AA1339-
YGRO04w-CFP-F
AA1340-
YGRO04w-CFP-R
AAI1341-
YBRI168w-CFP-R
AA1342-
YBR168w-CFP-F
AA1398-YDR-
479-F

AA1399-
YHRI50W-R
AA1400-
YHRI50wF
AAI1401-
YDR479C-R
AA1405-
YBRI68W-R
AA1406-
YBRI68W-F
AAI144]-
YGROO4W-A
AA1442-
YBRI68W-A
AA1443-
YLR324W-A
AA1444-
YDR479C-A
AA1445-
YHRI50W-A
AA1446-KANB

AA1447-KANC
0522-Thiol-C
0523-Thiol-D
0524-Thiol-A
0625-URA3Rev

0921-CT-
PEXI9PrA
0922-CT-
PEXI19PrB
0923-CT-URA3r

1796-FM16

cgcaaaattagcatattgatga

ggsttgttagtatgtgtatcg

cgggaaaagcattgaacacca

aattcgccacaacattgaagat

gacgcggatgcatcttatccgtcaatcgaagagctaacagacactctcaattcaacta

taggtgaagctcaaaaacttaat

ctcacttacaaaccttttatcgaaaagaaatcaagagaaaaaaatggaaaagaagaa

aaggctgacggtatcgataagctt

ccttcctcggacagtagcaaattaatacaaatatctgatgtttcaatgtctecttctcta

ggtgaagctcaaaaacttaat

aacttgccataaccgcgcagatactttaaagcacaagattgaatttgtgetccatgeag

cgctgacggtatcgataagett

attatgaaataacatacacaaagtgcacatgatcttataaagttttacttgtcctatgtt

gctgacggtatcgataagett

tacagttctttggaaagttttaccaggtcaagaaaatggaaacgacgectcttecattt

gggtgaagctcaaaaacttaat
gggagcaccgacttgttatgatct

gtcgtttacttgagtgtattgaggs
gccttactgecgaacgactgg
ggtgactccgacgaacttggegsc
gggcacgcgctgcaagtgatgatageg
ggcgtcaataaggagtgttctggea
gagtgggtaatcgatatctcttgaa
attattcaaccatattgagctggac
ctctttttctggttcttttcatcag
tgtatgtatacgctctaatgtccga
tcttttcgatgaactttcctatttg
ctgcagcgaggagccgtaat
tgattttgatgacgagcgtaat
gaagcgaagaaatgtctaataccaa
tgaagaagtttcctcttacatggac
agttttgaacctatgccacaaatag

ccaatgtcagcaaattttctg
cagaatgtaagcataaaaggag

ttaacctgtctagcgtattgg

catccacggttctatactgtt

ctcgagttatagtttagacttgtacagctcgtccatg

checking oligo for KAR2
gene

checking oligo for POT |
gene

checking oligo for GFP+
gene

checking oligo for GFP+
gene
PEX29-GFP+/PEX29-pA
contruction, fwd
PEX29-GFP+/PEX29-pA
contruction, rev
PEX3I-GFP+ contruction,
fwd

PEX3I-GFP+ contruction,
rev

PEX32-GFP+ contruction,
fwd

PEX32-GFP+ contruction,
rev

checking oligo for PEX29

checking oligo for PEX28
checking oligo for PEX28
checking oligo for PEX29
checking oligo for PEX32
checking oligo for PEX32
checking oligo for PEX3 |
checking oligo for PEX32
checking oligo for PEX30
checking oligo for PEX29
checking oligo for PEX28

checking oligo for KanMX
checking oligo for KanMX
checking oligo for POT |
checking oligo for POT |
checking oligo for POT |
checking oligo for URA3
checking oligo for PEX19

checking oligo for PEX19
checking oligo for URA3

pRS426-mRFP-SKL
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1200-CT- taatacgactcactatagggagaccacgggcgggt To make template for
templatePCR dsRNA production
1298-CT- taatacgactcactataggga To make template for
templatePCR2 dsRNA production
Table 2-9. Common solutions
Solution Composition Reference
| x PBS [37mM NacCl, 2.7 mM KCl, 8 mM Na,HPOy4, 1.5 mM  Pringle et al., 1991
KoHPO4, pH 7.3
| X TBST 20 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.05% Huynh et al., 1988
(w/v) Tween 20
| X transfer 20 mM Tris-HCI, 150 mM glycine, 20% (v/v) Towbin et al., 1979; Burnette,
buffer methanol 1981
5 x SDS-PAGE  0.25 M Tris-HCI, pH 8.8, 2 M glycine, 0.5% SDS Ausubel et al., 1989
running buffer
10 x TBE 0.89 M Tris-borate, 0.89 M boric acid, 0.02 M EDTA  Maniatis et al., 1982
2 X sample 20% (v/v) glycerol, 167 mM Tris-HCI, pH 6.8, 2% Ausubel et al., 1989
buffer SDS, 0.005% bromophenol blue
6 X DNA 0.25% bromophenol blue, 0.25% xylene cyanol, 30%  Maniatis et al., 1982
loading dye (v/v) glycerol

breakage buffer,
yeast

disruption buffer

Ponceau stain
solution B

TE

2% (v/v) Triton X-100, 1% SDS, 100 mM NaCl, 10
mM Tris-HCI, pH 8.0, | mM EDTA, pH 8.0

20 mM Tris-HCI, pH 7.5, 0.1 mM EDTA, pH 7.5,
100 mM KCI, 10% (w/v) glycerol

0.1% Ponceau S, 1% TCA
100 mM KH,POy4, 100 mM Ky;HPO,, 1.2 M sorbitol

[0 mM Tris-HCI, pH 7.0-8.0 (as needed), | mM
EDTA

Ausubel et al., 1989

Eitzen, 1997

Szilard, 2000

Pringle et al., 1991

Maniatis et al., 1982

2.2 Microorganisms and culture conditions

2.2.1

Bacterial strains and culture conditions

Cells of Escherichia coli strain DH5a (F, ®80dlacZAMI5, A(lacZYA-argF), U169, recAl, endAl,

hsdR17(ric, m*), phoA, supE44, X, thi-1, gyrA96, relAl) were grown at 37°C. Cultures of 5 mL or
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less were grown in culture tubes in a rotary shaker at 200 rpm. Cultures greater than 5 mL were
grown in flasks in a rotary shaker at 250 rpm. Culture volumes were approximately 20% of flask
volumes. For short term storage, cultures were maintained on agar plates at 4°C for | week. For
longer term storage, glycerol was added to liquid culture at a 30% (v/v) final concentration and the

suspension frozen and stored at -80°C.

Table 2-10. Bacterial culture media

Medium Composition Reference
LB [% tryptone, 0.5% yeast extract, 1% NaCl Maniatis et al., 1982
SOB 2% tryptone, 0.5% yeast extract, |0 mM NaCl, 2.5 mM KCl Maniatis et al., 1982

*For solid media, agar was added to 2%.

2.2.2 Yeast strains and culture conditions
The S. cerevisiae and Y. lipolytica strains used in this study are listed in Table 2-11. Yeast culture
media are described in Table 2-12. Yeasts were grown at 30°C, unless otherwise indicated.
Cultures of 10 mL or less were grown in 16 X 150-mm glass tubes in a rotating wheel. Cultures
greater than 10 mL were grown in flasks in a rotary shaker at 250 rpm. Culture volumes were
approximately 20% of flask volumes. For short term storage cultures were maintained on agar
plates at 4°C for 1-6 months. For longer term storage, glycerol was added to liquid culture at a

30% (v/v) final concentration and the suspension frozen and stored at -80°C.

Table 2-11. S. cerevisiae and Y. lipolytica strains

Strain Genotype Reference

S. cerevisiae

BY4741 MATa, his3A1, leu2NO, met! 5A0, ura3A0 Giaever et al., 2002

BY4742 MATa, his3A1, leu2A0, lys2A0, ura3A0 Giaever et al., 2002

RSY521 MATa, ura3-52, trp -1, his4-401, leu2-3, 112, HOLI-1 Randy Schekman,
University of

California, Berkeley



RSY1132

RI'158
POT|-GFP+
pex3A/POT|-GFP+

PEX3-GFP+/POT -
mRFP
PEXI-GFP

PEX5-GFP
PEX6-GFP

PEX1 |-GFP
PEXI3-GFP
PEX|5-GFP
PEX25-GFP
PEX29-GFP
PEX30-GFP
R1158/PEX3-GFP+

THCSEC6 | /PEX3-
GFP+
THCSECI4/PEX3-
GFP+
RSY521/PEX3-
GFP+
RSY1132/PEX3-
GFP+

PEX30-GFP+

MDH2-GFP+

pex3A/MDH2-
GFP+
pex5A/MDH2-
GFP+
pex7A/MDH2-
GFP+

PEX3-
GFP+/MDH2-mRFP

PEX30-
GFP+/CHCI-mRFP

MATa, leu2-3,-112, ura3-52, trpI-1, sec61-3
MATa, his3A 1, leu2A0, met! 5A0, URA3::CMV-tTa
MATa, his3A1, leu2A0, lys2A0, ura3A0, pot!::POT[-GFP (HIS5)

MATa, his3A1, leu2A0, lys2A0, ura3A0, pex3:KanMX4,
pot!::POTI-GFP (HIS5)

MATa, his3A 1, leu2A0, lys2A0, ura3A0, pex3::PEX3-GFP (HIS5),
pot!::POTI-mRFP (URA3)

MATa, his3A1, leu2A0, lys2A0, ura3A0, pexl: :PEXI-GFP
(HIS3MX6)
MATa, his3A1, leu2A0, lys2A0, ura3A0, pex5:PEX5-GFP
(HIS3MX6)
MATa, his3A1, leu2A0, lys2A0, ura3A0, pex6:PEX6-GFP
(HIS3MX6)
MATa, his3AI, leu2A0, lys2A0, ura3A0, pex![:PEXI[-GFP
(HIS3MX6)
MATa, his3AI, leu2A0, lys2A0, ura3A0, pex!3::PEX|3-GFP
(HIS3MX6)
MATa, his3AI, leu2A0, lys2A0, ura3A0, pex!5::PEX|5-GFP
(HIS3MX6)
MATa, his3AI, leu2A0, lys2A0, ura3A0, pex25::PEX25-GFP
(HIS3MX6)
MATa, his3A1, leu2A0, lys2A0, ura3A0, pex29::PEX29-GFP
(HIS3MX6)
MATa, his3Al, leu2A0, lys2A0, ura3A0, pex30::PEX30-GFP
(HIS3MX6)

MATa, his3A 1, leu2A0, met! 5A0, URA3::CMV-tTa, pex3::PEX3-
GFP+ (HIS5)

MATa,  his3AI,  leu2A0, metl5A0, URA3::CMV-tTa,
pSEC6 | ::tet07-TATA(KanMXé), pex3::PEX3-GFP+ (HIS5)
MATa,  his3AI,  leu2A0, metl5A0, URA3::CMV-tTa,
pSEC6 | ::tet07-TATA(KanMXé), pex3::PEX3-GFP+ (HIS5)
MATa, ura3-52, trpl-1, his4-401, leu2-3, 112, HOLI-I,
pex3::PEX3-GFP (HIS5)

MATa, leu2-3,-112, ura3-52, trpI-1, sec61-3

MATa, his3A1, leu2A0, lys2A0, ura3A0, pex30::PEX30-GFP
(HIS5)
MATa, his3A1, leu2A0, lys2A0, ura3A0, mdh2::MDH2-GFP

(HIS5)

MATa, his3A1, leu2A0, lys2A0, ura3A0, pex3:KanMX4,
mdh2:MDH2-GFP (HIS5)

MATa, his3AI, leu2A0, lys2A0, ura3A0, pex5:KanMX4,
mdh2:MDH2-GFP (HIS5)

MATa, his3A1, leu2A0, lys2A0, ura3A0, pex7:KanMX4,
mdh2:MDH2-GFP (HIS5)

MATa/a,  his3A1 /his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
METI5/met!| 5A0, ura3A0/ura3A0, pex30::PEX30-GFP

(HIS5)/PEX30, mdh2::MDH2-mRFP (URA3)/MDH?2

MATa/a,  his3A1 /his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
MET[5/met|5A0, ura3A0/ura3A0, PEX30/pex30::PEX30-GFP
(HIS5), chcl::CHCI-mRFP (KanMX4)/CHCI
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Stirling et al., 1992

Hughes et al., 2000
this study
this study
this study
Huh et al., 2003
Huh et al., 2003
Huh et al., 2003
Huh et al., 2003
Huh et al., 2003
Huh et al., 2003
Huh et al., 2003
Huh et al., 2003
Huh et al., 2003

Perry et al., 2009
Perry et al., 2009
Perry et al., 2009
this study

this study

this study

this study

this study

this study

this study

this study

this study



PEX30-
GFP+/COP[-mRFP

PEX30-
GFP+/ERG6-mRFP

PEX30-
GFP+/NIC96-mRFP

PEX30-
GFP+/PEX3-mRFP

PEX30-
GFP+/SAC6-mRFP

PEX30-
GFP+/SECI3-mRFP

PEX30-
GFP+/SNF7-mRFP

PEX30-
GFP+/PEX3-mRFP
PEX30-

GFP+/POT |-mRFP
PEX30-
GFP+/MDH2-mRFP
PEX30-
GFP+/KAR2-mRFP-
HDEL

pex3A

pex|9A
PEX30-pA

PEX29-pA

RTN [-pA
YOP[-pA

PEX30-
GFP+/MDH2-mRFP

PEX30-
GFP+/POT |-mRFP

PEX29-
GFP+/MDH2-mRFP

PEX29-
GFP+/POT |-mRFP

PEX30-

MATa/a,  his3A1 /his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
MET[5/met|5A0, ura3A0/ura3A0, PEX30/pex30::PEX30-GFP
(HIS5), cop |::COP[-mRFP (KanMX4)/COP|

MATa/a,  his3A1 /his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
MET[5/met|5A0, ura3A0/ura3A0, PEX30/pex30::PEX30-GFP
(HIS5), ergé::ERG6-mRFP (KanMX4)/ERG6

MATa/a,  his3A1 /his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
METI[5/met|5A0, ura3A0/ura3A0, PEX30/pex30::PEX30-GFP
(HIS5), nic96::NIC96-mRFP (KanMX4)/NIC96

MATa/a,  his3A1/his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
METI[5/met|5A0, ura3A0/ura3A0, PEX30/pex30::PEX30-GFP
(HIS5), pex3::PEX3-mRFP (KanMX4)/PEX3

MATa/a,  his3A1/his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
MET[5/met|5A0, ura3A0/ura3A0, PEX30/pex30::PEX30-GFP
(HIS5), sac6::SAC6-mRFP (KanMX4)/SAC6

MATa/a,  his3A1 /his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
METI[5/metI5A0, ura3A0/ura3A0, PEX30/pex30::PEX30-GFP
(HIS5), secl 3::SECI3-mRFP (KanMX4)/SECI 3

MATa/a,  his3A1 /his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
MET[5/met|5A0, ura3A0/ura3A0, PEX30/pex30::PEX30-GFP
(HIS5), snf7::SNF7-mRFP (KanMX4)/SNF7

MATa, his3A1, leu2A0, lys2A0, ura3A0, pex30::PEX30-GFP
(HIS5), pex3::PEX3-mRFP (URA3)

MATa, his3A1, leu2A0, lys2A0, ura3A0, pex30::PEX30-GFP
(HIS5), potl::POTI-mRFP (URA3)

MATa, his3A1, leu2A0, lys2A0, ura3A0, pex30::PEX30-GFP
(HIS5), mdh2:MDH2-mRFP (URA3)

MATa, his3A1, leu2A0, lys2A0, ura3A0, pex30::PEX30-GFP
(HIS5), kar2::KAR2-mRFP-HDEL (URA3)

MATa, his3A1, leu2A0, lys2A0, ura3A0, pex3::KanMX4
MATa, his3A1, leu2A0, lys2A0, ura3A0, pex | 9::KanMX4

MATa, his3A1, leu2A0, lys2A0, ura3A0, pex30:PEX30-pA
(HIS5)

MATa, his3A1, leu2A0, lys2A0, ura3A0, pex29:PEX29-pA
(HIS5)

MATa, his3A1, leu2A0, lys2A0, ura3A0, rtn|::RTNI-pA (HIS5)

MATa, his3A1, leu2A0, lys2A0, ura3A0, yop I ::YOPI-pA (HIS5)

MATa/a,  his3A1 /his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
METI5/met!| 5A0, ura3A0/ura3A0, pex30::PEX30-GFP
(HIS5)/PEX30, mdh2:MDH2-mRFP (URA3)/MDH?2

MATa/a,  his3A1 /his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
METI5/met!| 5A0, ura3A0/ura3A0, pex30::PEX30-GFP
(HIS5)/PEX30, pot::POT I-mRFP (URA3)/POT |

MATa/a,  his3A1 /his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
METI5/met!| 5A0, ura3A0/ura3A0, pex29::PEX29-GFP
(HIS5)/PEX29, mdh2::MDH2-mRFP (URA3)/MDH2

MATa/a,  his3A1 /his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
METI5/met!| 5A0, ura3A0/ura3A0, pex29::PEX29-GFP
(HIS5)/PEX29, pot::POT I-mRFP (URA3)/POT |

MATa, his3Al, leu2A0, lys2A0, ura3A0, pex30::PEX30-GFP
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MATa/a,  his3A1/his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
METI5/met!| 5A0, ura3A0/ura30, pex30::PEX30-GFP
(kanMX4) /PEX30, rtn|::RTN I-mCherry (hphNT 1) /RTN |
MATa/a,  his3A1 /his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
METI5/met!| 5A0, ura3A0/ura3A0, pex30::PEX30-GFP
(kanMX4) /PEX30, yop | ::YOP |-mCherry (hphNT)/YOPI
MATa/a,  his3A1 /his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
METI5/met!| 5A0, ura3A0/ura3A0, pex29::PEX29-GFP
(kanMX4) /PEX29, pex30::PEX30-mCherry (hphNT)/PEX30
MATa/a,  his3A1/his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
METI5/met!| 5A0, ura3A0/ura3A0, pex29::PEX29-GFP
(kanMX4) /PEX29, rtn|::RTN I-mCherry (hphNT[)/RTN |
MATa/a,  his3A1 /his3A1,  leu2A0/leu2A0,  lys2A0/LYS2,
METI5/met!| 5A0, ura3A0/ura3A0, pex29::PEX29-GFP
(kanMX4)/PEX29, yop | ::YOP I-mCherry (hphNT)/YOP|

MATa, his3A 1, leu2A0, met|5A0, URA3::CMV-tTaq,
pPEX9::KanMX4-tet07-TATA, gpd|::GPD |-GFP (HIS5)
MATa, his3AI, leu2\O, met | 5A0, URA3::CMV-tTa,

pPEX9::KanMX4-tet07-TATA, gpd|::GPD |-GFP
rtn|::natNT2, rtn2::hphNT |, yop | ::leu2

(HIS5),

MATa, his3A1, leu2A0, lys2A0, ura3A0, pex3::PEX3-GFP
(HIS3MX6)
MATa,  his3AI,  leu2A0,  ura3A0,  pex29:KanMX4,

pex30::KanMX4, pex3::PEX3-GFP (HIS3MX6)

MATa, his3A1, leu2A0, ura3A0, rtnl::KanMX4, rtn2::KanMX4,
yop | ::KanMX4, pex3::PEX3-GFP (HIS3MX6)

MATa, his3A1, leu2A0, lys2A0, ura3A0, pex3:PEX3-GFP
(HIS3MX6), vps | ::hphNT |
MATa, his3A1, leu2A0,
pex3::PEX3-GFP (HIS3MX6)
MATa,  his3AI,  leu2A0,  ura3A0,  pex29:KanMX4,
pex30::KanMX4, pex3::PEX3-GFP (HIS3MX6), pex|9::URA3
MATa, his3A1, leu2A0, ura3A0, rtnl::KanMX4, rtn2::KanMX4,
yop | ::KanMX4, pex3::PEX3-GFP (HIS3MXé), pex|9::URA3

lys2A0, ura3A0, pex|9::URA3,

MATa, his3AI, leu2A0, lys2A0, ura3A0, pex29::PEX29-GFP
(HIS5), pot1::POTI-mRFP (URA3)
MATa, his3AI, leu2A0, lys2A0, ura3A0, pex29::PEX29-GFP
(HIS5), rtnl 1::RTN1-mRFP (URA3)
MATa, his3Al, leu2A0, lys2A0, ura3A0, pex30::PEX30-GFP
(HIS5), pot!::POTI-mRFP (URA3)
MATa, his3A1, leu2A0, lys2A0, ura3A0, pex30::PEX30-GFP
(HIS5), rtnl 1::RTN1-mRFP (URA3)
MATa, his3A1, leu2A0, lys2A0, ura3A0, pex3|:PEX3[-GFP
(HIS5), pot!::POTI-mRFP (URA3)
MATa, his3AI, leu2A0, lys2A0, ura3A0, pex3|:PEX3[-GFP
(HIS5), rtn! 1::RTN1-mRFP (URA3)
MATa, his3AI, leu2A0, lys2A0, ura3A0, pex32::PEX32-GFP
(HIS5), pot!::POTI-mRFP (URA3)
MATa, his3A1, leu2A0, lys2A0, ura3A0, pex32::PEX32-GFP
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GFP+/RTNI-mRFP  (HIS5), rtn| | :RTN [-mRFP (URA3)

Y. lipolytica

E34 MATa, ura3-302, leu2-270, lys8-11, pot|::POT[-GFP (LEU2) Chang et al., 2007
E34 pTC3-PEX23- MATa, ura3-302, leu2-270, lys8-11, potl::POTI-GFP (LEU2), this study
mCherry pTC3-PEX23-mCherry (URA3)

Table 2-12. Yeast culture media

Medium Composition® Reference

nonfluorescent 6.61 mM KH,PO,, 1.32 mM KyHPO,4, 4.06 mM MgSO47H,0, Fagarasanu et al.,
medium*® 26.64 mM (NH4)SO4, | X CSM, 2% glucose 2006

nonfluorescent, 6.61 mM KH,PO,, 1.32 mM KyHPO,4, 4.06 mM MgSO47H,0, this study
nonfermentative ~ 26.64 mM (NH4)SO4, | X CSM, 0.6 M sorbitol, 1% glycerol

medium*®

SCIM 0.67% YNB, 0.5% vyeast extract, 0.5% peptone, 0.5% Tween Fagarasanu et al.,
(w/v) 40, 0.3% glucose, 0.3% (v/v) oleic acid, | X CSM 2006

SM 0.67% YNB, 2% glucose, |x CSM without histidine, leucine, Tam et al., 2005
lysine, methionine or uracil as required

YEPA [ % yeast extract, 2% peptone, 2% sodium acetate Brade, 1992

YEPD |% yeast extract, 2% peptone, 2% glucose, supplemented with Rose et al., 1988
400 mg/mL geneticin, 125 mg/mL hygromycin, or 100 mg/mL
nourseothricin as required

YEPR | % yeast extract, 2% peptone, 2% raffinose Rose et al., 1988

YPBO 0.3% yeast extract, 0.5% peptone, 0.5% K,;HPO,, 0.5% KH,PO,4, Kamiryo et al.,

0.2% (w/v) Tween 40 or 1% (v/v) Brij 35, 1% (v/v) oleic acid 1982

*For solid media, agar was added to 2%.

2.2.3 Mating of S. cerevisiae
S. cerevisiae strains were mated according to the method of Rose et al. (1988). Haploid strains of
opposite mating types were streaked in single straight lines on separate YEPD agar plates (Table 2-
12) and incubated overnight. They were then replica-plated onto a fresh YEPD agar in such a way
that streaks of cells of opposite mating types were perpendicular to each other and incubated
overnight. Cells on this plate were then replica-plated onto SM agar (Table 2-12) supplemented
for the auxotrophic requirements of the diploid strain. Diploid cells appeared after overnight

incubation.
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2.3 DNA manipulation and analysis
Unless otherwise indicated, reactions were carried out in |.5-mL microcentrifuge tubes, and

microcentrifugation was performed in an Eppendorf microcentrifuge at 16,000 X g.

2.3.1 Amplification of DNA by the polymerase chain reaction (PCR)
PCR was used to amplify specific DNA sequences from chromosomal or plasmid DNA, which
sometimes also introduced modifications in the amplified DNA sequence including recognition
sites for restriction endonucleases or intracellular targeting sequences for the encoded proteins.
Primer design, reaction components and cycling conditions were performed following standard
protocols (Innis and Gelfand, 1990; Saiki, 1990). A reaction usually contained 0.1 to 0.5 pg of yeast
genomic DNA or 0.1 to 0.2 pg of plasmid DNA to act as a template for the reaction. Each
reaction also contained 20 pmol each of a forward and reverse primer, 0.25 mM of each dNTP, |
mM Mg,SOy4, and 1.25 U of Easy-A high-fidelity polymerase in 50 pl of the supplied reaction buffer
(Stratagene). Reactions were performed in 0.6-ml microcentrifuge tubes in a Robocycler 40 with a
Hot Top attachment (Stratagene) or in 0.2 mL microfuge tubes in a 2720 Thermocycler (Applied
Biosystems). Alternatively, when fidelity of the reaction was not important, Ready-to-Go PCR
Beads were used as recommended by the manufacturer (Amersham Biosciences) or 1.25 U of Taq

polymerase in the supplied reaction buffer (NEB).

2.3.2 Digestion of DNA by restriction endonucleases
In general, | to 2 pg of plasmid DNA or purified DNA was digested by restriction endonucleases
for |1 to 3 h according to the manufacturer’s instructions (NEB). Digestion was immediately
terminated by agarose gel electrophoresis of the DNA fragments, except for plasmid DNA

linearized by a single restriction endonuclease, which required dephosphorylation.
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2.3.3 Dephosphorylation of 5'-ends

Plasmid DNA linearized by a single restriction endonuclease was subjected to dephosphorylation
at its 5'-ends to prevent spontaneous intramolecular (and intermolecular) ligations. After digestion
of plasmids, reactions were mixed with 10 U of CIP and incubated at 37°C for 30 min. The

dephosphorylation reaction was terminated by agarose gel electrophoresis of the DNA fragments.

2.3.4 Separation of DNA fragments by agarose gel electrophoresis
DNA fragments in solution were mixed with 0.2 volume of 6 X DNA loading dye (Table 2-4) and
separated by electrophoresis in 1% agarose gels in | X TBE (Table 2-4) containing 0.5 pg of
ethidium bromide/ml. Gels were subjected to electrophoresis at 10 V/cm in | X TBE, and DNA
fragments were subsequently visualized on an ultraviolet transilluminator (Photodyne, Model 3-

3006).

2.3.5 Purification of DNA fragments from agarose gel
When a DNA fragment required purification, e.g. after a digestion reaction, it was separated by
electrophoresis in an agarose gel and the desired band was excised with a razor blade. DNA was
extracted from the excised agarose slice using the QIAquick Gel Extraction Kit according to
manufacturer’s instructions (Qiagen). This method is based on the dissolution of agarose gel and
subsequent selective adsorption of DNA to a silica membrane in the presence of a high
concentration of chaotropic salts, followed by washing and elution of DNA in the presence of low

salt. DNA was eluted in 20 to 50 pL of the supplied elution buffer.

2.3.6 Purification of DNA from solution
Contaminants (small oligonucleotides, salts, enzymes, etc.) were removed from a DNA solution
using the QIAquick PCR Purification Kit as described by the manufacturer (Qiagen). Again, the

principle of this method is the selective adsorption of DNA to a silica membrane in the presence
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of chaotropic salts, followed by washing and elution of DNA in the presence of low salt. DNA was

eluted in 20 to 50 pL of the supplied elution buffer.

2.3.7 Ligation of DNA fragments
DNA fragments treated with restriction endonucleases and purified as described in Section 2.5.5
were ligated using ~400 U of T4 DNA ligase in the buffer supplied by the manufacturer (NEB).
Reactions were typically conducted in a volume of 20 pL, with the molar ratio of plasmid to insert
varying between |:1 and I:10, and incubated overnight at |6°C. Occasionally, PCR products after
purification by agarose gel electrophoresis were ligated with the vector pGEM-T Easy using the

pGEM-T Easy Vector System according to the manufacturer’s instructions (Promega).

2.3.8 DNA sequencing
DNA sequencing was performed using the BigDye Terminator vI.1/3.1 Cycle Sequencing Ready
Reaction Kit as described by the manufacturer (Applied Biosystems). This method is based on the
method of Sanger et al. (1977) and involves the random incorporation of fluorescent dideoxy
terminators during the elongation of DNA sequences with a modified version of Tag DNA
polymerase. Essentially, a reaction contained | ng of plasmid DNA, 3.2 pmol of primer, 3 pL of
Terminator Ready Reaction Mix, and 2.5 pL of the supplied 5 X buffer in a total volume of 20 pL.
The reaction was subjected to cycle sequencing using the Robocycler 40 with a Hot Top
attachment, or the 2720 Thermocycler (Applied Biosystems), and the following conditions: | cycle
at 96°C for 2 min; 25 cycles at 96°C for 46 sec, 50°C for 51 sec and 60°C for 4 min 10 sec; | cycle
at 6°C to hold until ready to purify. Reaction products were precipitated with 80 pL of 75% (v/V)
isopropanol for 20 min at room temperature, subjected to microcentrifugation at 16,000 X g for
20 min, washed twice with 250 pL of 75% isopropanol, dried in a rotary vacuum dessicator and

resuspended in |5 pL of Template Suppression Reagent. They were then heated at 95°C for 2 min
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and immediately cooled on ice. Finally, they were separated by capillary electrophoresis, and

fluorescence was detected and recorded by an ABI 310 Genetic Analyzer (Applied Biosystems).

2.4 Introduction of DNA into microorganisms

2.4.1 Chemical transformation of E. coli

Plasmid DNA was introduced into Subcloning Efficiency, chemically competent E. coli
DH5a cells, as recommended by the supplier (Invitrogen). Chemically competent E. coli DH5a
cells were prepared by growing a cell culture in 200 mL of LB liquid to an ODeg of ~0.35. Cells
were harvested by centrifugation for 20 min at 4000 X g at 4°C. The supernatant was poured off
and the pellet resuspended in 100 mL of ice-cold, sterile 100 mM CaCl, and incubated on ice for
30 min. The cells were harvested by centrifugation, resuspended in 5 mL of ice-cold, sterile
solution of 100 mM CaCl, and 20% (v/v) glycerol. 25 pL aliquots of this suspension were flash
frozen using dry ice and ethanol and subsequently stored at -80°C until needed. For chemical
transformation, | to 2 pL of ligation reaction (Section 2.5.7) or 0.25 pg of plasmid DNA was
added to 25 pL of cells. The mixture was incubated on ice for 30 min, subjected to a 90 sec heat
shock at 42°C, and chilled on ice for 2 min. 500 pL of LB medium (Table 2-6) was added, and the
cells were incubated in a rotary shaker for 45 to 60 min at 37°C. Cells were spread onto LB agar
plates (Table 2-6) containing ampicillin and incubated overnight at 37°C. 100 pL of 2% X-gal in
DMF and 50 pL of 100 mM IPTG were added to agar plates to allow for blue/white selection of

colonies carrying recombinant plasmids, when necessary.

2.4.2 Chemical transformation of S. cerevisiae
Plasmid DNA for self-replication, integration via homologous recombination or DNA
fragments generated by PCR for homologous recombination was introduced into yeast according

to the procedure of Gietz and Woods (2002). Essentially, yeast cells were grown overnight in 5
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mL of YEPD and subcultured the following morning in 10 mL of fresh YEPD to a starting ODgoo of

~0.2. After 4 to 5 h, or until the culture reached an ODgy of ~1.0, cells were harvested by
centrifugation for 3 min at 2,000 X g, the supernatant was poured off and the pellet of cells
resuspended in 10 mL of water by brief vortex. Cells were harvested by centrifugation,
resuspended in | ml of 100 mM lithium acetate, and incubated at 30°C for 5 min. Cells were
harvested by microcentrifugation, the supernatant aspirated and the following components were
added to the cell pellet in this order: 10 pL of 5 mg/mL sheared salmon sperm, 10 pg of self-
replicating plasmid DNA or 100 pg of linearized plasmid DNA for integration or | ng of DNA
fragments for homologous recombination, 600 pL of 50% PEG containing 100 mM lithium acetate.
The cell pellet was resuspended in the mixture by use of a pipet. After a |5 min incubation period
at room temperature 50 pL of DMSO was added and mixed by inversion before the cells were
subjected to a 20 min heat shock at 42°C. Cells were collected by microcentrifugation and washed
by gentle resuspension in | mL of water before being harvested by microcentrifugation and
resuspended in 200 pL of water. The cells were plated onto SM agar plates, or on YEPD agar
plates supplemented with appropriate antibiotics (Table 2-12). Plates were incubated at 30°C for 3

days for colony formation.

2.4.3 Electroporation of S. cerevisiae
S. cerevisiae cells were made electrocompetent as recommended by Ausubel et al. (1989), and
Thompson et al. (1998). Essentially, yeast cells were grown overnight in 5 mL of YEPD and
subcultured the following morning in 10 mL of fresh YEPD to a starting ODgo of ~0.2. After 4 to 5
h, or until the culture reached an OD¢g of ~1.0, cells were harvested by centrifugation for 3 min at
2,000 x g, the supernatant was poured off and the pellet resuspended in |0 mL of water by brief
vortex. Cells were then harvested by centrifugation again at 2,000 X g, resuspended in 10 mL of a

freshly prepared TE buffer, pH 7.5 (Table 2-9) containing 100 mM lithium acetate, and incubated
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for 30 min at room temperature with gentle agitation. DTT was added to a final concentration of
20 mM, and the incubation was continued for another |5 min. Cells were harvested by
centrifugation at 2,000 X g, washed with a succession of 10 mL each of room-temperature water,
ice-cold water, and ice-cold | M sorbitol. After washing, cells were resuspended in a minimal
volume of ice-cold | M sorbitol after removal of the excess. 20 L of cells was mixed with | pL of
plasmid DNA and placed between the bosses of an ice-cold microelectroporation chamber (Bio-
rad), submitted to an electrical pulse of 250 V (amplified to ~1.6 kV) at a capacitance of 2 yF and a
resistance of 4 kQ) using a using a Bio-rad MicroPulser. Cells were immediately resuspended in 100
pL of ice-cold | M sorbitol and plated onto selective SM agar plates. Plates were incubated at 30°C

for 3 to 5 days for colony formation.

2.4.4 Electroporation of Y. lipolytica
Y. lipolytica cells were made electrocompetent as recommended by Ausubel et al. (1989).
Essentially, yeast cells were grown overnight in 10 mL of YPA and subcultured the following
morning in 50 mL of fresh YEPD to a starting ODgop of ~0.2. After 4 to 5 h, or until the culture
reached an ODgy of ~1.0, cells were harvested by centrifugation for 5 min at 2,000 X g, the
supernatant was poured off and the pellet resuspended in 50 mL of a freshly prepared TE buffer,
pH 7.5 (Table 2-9) containing 100 mM lithium acetate, and incubated for 30 min at room
temperature or 30°C with gentle agitation. DTT was added to a final concentration of 20 mM, and
the incubation was continued for another 15 min. Cells were harvested by centrifugation at 2,000
% g, washed with a succession of 10 mL each of room-temperature water, ice-cold water, and ice-
cold | M sorbitol. After washing, cells were resuspended in a minimal volume of ice-cold | M
sorbitol after removal of the excess. 20 pL of cells was mixed with | pL of plasmid DNA and
placed between the bosses of an ice-cold microelectroporation chamber (Bio-rad), submitted to

an electrical pulse of 250 V (amplified to ~1.6 kV) at a capacitance of 2 uF and a resistance of 4 kQ
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using a using a Bio-rad MicroPulser. Cells were immediately resuspended in 100 pL of ice-cold | M
sorbitol and plated onto selective SM agar plates. Plates were incubated at 30°C for 3 to 5 days for

colony formation.

2.5 Isolation of DNA from microorganisms

2.5.1 Isolation of plasmid DNA from bacteria
Single bacterial colonies were inoculated into 2.5 mL of LB containing ampicillin and incubated
overnight at 37°C. Cells were harvested by microcentrifugation, and plasmid DNA was isolated
using a QIAprep Spin Miniprep Kit according to the manufacturer’s instructions (Qiagen). This
method is based on the alkaline lysis of bacterial cells, followed by adsorption of DNA onto silica
in the presence of high salt and elution of DNA in low salt buffer. Plasmid DNA was eluted in 20-

50 pL of the supplied elution buffer.

2.5.2 Isolation of chromosomal DNA from yeast
Yeast genomic DNA was prepared as recommended by Ausubel et al. (1989). Cells were grown
overnight in 10 mL of YEPD, harvested by centrifugation for 3 min at 2,000 X g, washed twice in
|0 mL of water, resuspended in 400 pL of breakage buffer (Table 2-9) and transferred to a 1.5 mL
microcentrifuge tube. ~0.6 mL of glass beads were added and the mixture was vortexed for 3 to 5
min to lyse the cells. 250 yL of phenol and 250 pL of chloroform/isoamyl alcohol (24:1) were
successively added to the cell lysate followed by a further vortex of 3 to 5 min to separate nucleic
acids from proteins. The organic and aqueous phases were separated by centrifugation at 16,000
%X g for 10 min at room temperature. The aqueous phase was removed and added to | mL of
absolute ethanol to precipitate the DNA. If necessary, a second extraction of the aqueous phase
with an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1) was performed to improve

the purity of the DNA. DNA was precipitated by the addition of 2.5 volumes of absolute ethanol
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and centrifugation at 16,000 X g for 5 min at room temperature. The pellet was washed once with
I ml 70% (v/v) ethanol, air dried and dissolved in 50 pl of TE 8.0 containing 100 yg RNase A/ml.

DNA was incubated at 37°C for | to 2 h to allow for digestion of RNA.

2.6 Protein manipulation and analysis

2.6.1 Preparation of yeast whole cell lysates
Yeast whole cell lysates were prepared by denaturation in alkali solution with a reducing agent.
Cells from an overnight 5 mL culture were harvested by centrifugation at 2,000 X g for 5 min,
transferred to a microcentrifuge tube, and resuspended in 240 pyL .85 M NaOH to which 7.4%
(v/v) of 2-mercaptoethanol had been freshly added. The cell suspension was incubated on ice for
5 min and then mixed with an equal volume of 50% TCA by vortexing. The mixture was further
incubated on ice for 5 min and subjected to microcentrifugation at 16,000 X g for 10 min at 4°C.
The pellet was washed once with water, resuspended first in 50 pL of Magic A (I M unbuffered
Tris-HCI, 13% SDS) and then in an equal volume of Magic B (30% (v/v) glycerol, 200 mM DTT,
0.25% bromophenol blue). The mixture was incubated for 25 min at 70°C and then subjected to

microcentrifugation at 16,000 X g for | min. The supernatant was collected.

2.6.2 Precipitation of proteins
Proteins were precipitated from solution by adding TCA to a final concentration of 10% and
deoxycholate to a final concentration of 0.01%. Incubation on ice varied from 30 min to overnight.
Precipitates were collected by microcentrifugation at 16,000 X g for 30 min at 4°C. The pellet was
washed twice with | mL of ice-cold acetone, dried in a rotary vacuum dessicator and dissolved in 2

%X sample buffer (Table 2-9).
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2.6.3 Determination of protein concentration

The protein concentration of a sample was determined by the method of Lowry (1953),
as simplified by Peterson (1977). This assay is based on the reaction of cupric ions with peptide
bonds under alkaline conditions, followed by reduction of Folin and Ciocalteu’s reagent. These
reactions produce a purple colour that can be measured by a spectrophotometer and the relative
unknown protein concentration in a sample can be deduced by comparison to a standard curve. A
standard curve was prepared from five |:1 serial dilutions of a solution containing 100 pg/mL BSA.
Samples were collected in duplicate, usually one of 5 pL and the second one of 10 pL. Standards
and samples were made up in | mL of H,O and protein was precipitated by addition of sodium
deoxycholate and TCA (Section 2.6.2). Standards and samples were collected by centrifugation
and the supernatant was aspirated. The standards and samples were resuspended in 400 pL of
H,O. A working solution of I:1:1 (v/v/v) of copper-tartrate-carbonate (CTC) (10% sodium
carbonate, 0.1% copper sulphate, 0.2% potassium tartrate), 10% SDS and 0.8 M NaOH is
prepared and 400 pL is added to each standard and sample and incubated at room temperature
for 10 min. To this solution is added 200 pL of 20% Folin-Ciocalteu’s phenol reagent followed by
another incubation of 30 min at room temperature. The absorbance was measured at 660 nm
using a Beckman DU640 spectrophotometer. Absorbance values were plotted against the BSA
concentrations to generate a standard curve. Absorbance of a protein sample was measured in the
same way as for BSA standards, and the protein concentration was estimated by comparing the
absorbance value with the standard curve.

The protein concentration of a sample was also determined by the method of Bradford
(1976). A standard curve was prepared by adding | mL of Bio-Rad Protein Assay Dye to 100 pL
aliquots of water containing 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 pg of BSA. Samples were
incubated for 5 min at room temperature, and absorbance was measured at 595 nm using a

Beckman DU640 spectrophotometer. Absorbance values were plotted against the BSA
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concentrations to generate a standard curve. Absorbance of a protein sample was measured in the
same way as for BSA standards, and the protein concentration was estimated by comparing the

absorbance value with the standard curve.

2.6.4 Separation of proteins by electrophoresis

Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) as described by Ausubel et al. (1989). Protein samples were mixed with an equal
volume of 2 X sample buffer containing 10 mM DTT, denatured by boiling for 5 min, and
separated by electrophoresis on discontinuous slab gels. Stacking gels contained 3% acrylamide
(30:0.8 acylamide:N,N"-methylene-bis-acrylamide), 60 mM Tris-HCI, pH 6.8, 0.1% SDS, 0.1% (v/v)
TEMED, and 0.1% ammonium persulfate. Resolving gels contained 10% acrylamide (30:0.8
acylamide:N,N'-methylene-bis-acrylamide), 370 mM Tris-HCI, pH 8.8, 0.1% SDS, 0.1% (v/v)
TEMED, and 0.043% ammonium persulfate. Electrophoresis was conducted in | X SDS-PAGE

running buffer (Table 2-4) at 50-200 V using a Bio-Rad Mini Protean Il vertical gel system.

2.6.5 Detection of proteins by gel staining
Proteins in polyacrylamide gels were visualized by staining with 0.1% Coomassie Brilliant
Blue R-250, 10% (v/v) acetic acid, 35% (v/v) methanol for | h with gentle agitation. Unbound dye

was removed by multiple washes in 10% (v/v) acetic acid, 35% (v/v) methanol.

2.6.6 Detection of proteins by immunoblotting
Proteins separated by SDS-PAGE were transferred to nitrocellulose membrane (Bio-Rad)
in | X transfer buffer (Table 2-4) at 100 V for | h at 4°C temperature using a Trans-Blot tank
transfer system with plate electrodes (Bio-Rad). Proteins transferred to nitrocellulose were
visualized by staining in Ponceau S (Table 2-4) for several min and destaining in water. The

nitrocellulose was incubated in blocking solution (1% skim milk powder, | X TBST (Table 2-4))
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with gentle agitation to prevent nonspecific binding of antibodies. Specific proteins on
nitrocellulose were detected by incubation with primary antibody in blocking solution for | h at
room temperature, or overnight at 4°C with gentle agitation. The nitrocellulose was then
incubated with appropriate HRP-labeled secondary antibody in blocking solution for | h. After
each antibody incubation, unbound antibodies were removed by washing the nitrocellulose three
times with | X TBST for [0 min each. Antigen-antibody complexes were detected using an ECL
Western Blotting Detection Kit according to the manufacturer’s instructions (Amersham
Biosciences) and exposing the nitrocellulose to X-Omat BT film (Kodak).

Used nitrocellulose could be reblotted using a Re-Blot Western Blot Recycling Kit
according to the manufacturer’s instructions (Chemicon). The nitrocellulose was incubated with |
X Antibody Stripping Solution at room temperature for |15 to 30 min with gentle agitation, rinsed

with | X TBST, and blotted as described above.

2.7 Polyclonal antibody production
Antibodies were raised in guinea pigs against protein fusions to maltose-binding protein (MBP) by
Elena Savidov, Department of Cell Biology, University of Alberta. Production and purification of
fusion proteins were performed using the pMAL Protein Fusion and Purification System according
to manufacturer’s instructions (NEB). This method is based on the induction of fusion protein
synthesis by IPTG and affinity chromatography of the fusion proteins on amylose resin. DNA
fragments were cloned into the vector pMAL-c2 (NEB) in-frame and downstream of the ORF
encoding MBP. The plasmids were transformed into DH5&. Synthesis of fusion proteins was
induced by adding IPTG to a final concentration of | mM to the growing cells when they had
reached an ODg¢g of 0.5. Cells were incubated in the presence of IPTG for 2 to 3 h at 37°C,
harvested by centrifugation, and resuspended in fresh preparation of | mM DTT in column buffer

(200 mM Tris-HCI, pH 7.4, 2 M NaCl, 10 mM EDTA, | X cOmplete protease inhibitors) at a
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concentration of 10 mL per g of wet cells. Cells were lysed on ice by sonication with a Branson
Sonifer 250 set to a duty of 30% and output control of 3. Lysis progressed by sonication for 10-15
sec pulses followed by 10-15 sec on ice to avoid heating the sample. The lysate was cleared of cell
debris by centrifugation at 20,000 X g and the resulting supernatant was diluted with two volumes
of column buffer and before being passed through an amylose resin column. After washing with 10
bed volumes of column buffer MBP fusion proteins were eluted by addition of |0 mM maltose.
Protein elution was tracked by measuring the ODg.

The eluted MBP-fusion proteins were further purified by gel electrophoresis according to Harlow
and Lane (1988). Proteins were separated on 10% SDS-PAGE gels and stained in 0.05%
Coomassie Brilliant Blue R-250. Gel fragments containing the MBP-fusion proteins were excised,
placed in dialysis tubing and incubated in elution buffer (0.2 M Tris-acetate, pH 7.4, 1% SDS, 10
mM DTT) at a concentration of 10 mL per g of wet gel. Proteins were eluted from the gel by
electrophoresis at 50 V overnight at 4°C in 50 mM Tris-HCI, pH 7.4, 0.1% SDS. The eluate was
placed in 2 — 3 new dialysis tubings and dialyzed against 4 L of 50 mM ammonium bicarbonate, first
at room temperature and then at 4°C. The protein solution was then frozen at -80°C and dried by
lyophilisation overnight. Lyophilised protein was resuspended in a minimal volume of water and
protein concentration was determined.

Animals were immunized according to Harlow and Lane (1988). Proteins were adjusted to a
concentration of 500 pg/mL and mixed with an equal volume of Freund’s complete or incomplete
adjuvant for primary and subsequent injections, respectively. Guinea pigs were injected with | mL,
containing 200 pg of protein, and 0.4 mL, containing 80 pg of protein, respectively, at several
subcutaneous sites every six weeks. Bleeds were taken 10 days after each injection and assessed
for antigenic response to the MBP-fusion protein by immunoblotting. Serum was separated from

red blood cells in clotted blood by centrifugation at 2,000 X g for 15 min at room temperature.
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2.7.1 Production of antisera directed against S. cerevisiae Pex30p and Pex29p.
A gene fragment amplified from S. cerevisiae genomic DNA by PCR, using primers 3246-ES-
ScPEX30 and 0094-324RN, and encoding the C-terminal 241 residues of Pex30p with flanking
Xhol and Pstl restriction sites was directionally cloned into pMAL-c2 to produce pMAL-c2-PEX30.
Similarly, a PCR amplified gene fragment, using primers 3244-FM190 and 3245-FMI191, encoding
the C-terminal 246 residues of Pex29p with flanking Xbal and Hindlll restriction sites was
directionally cloned into pMAL-c2 to produce pMAL-c2-PEX29. Antibodies to MBP-Pex30 and

MBP-Pex29 fusion proteins were raised in guinea pigs.

2.8 Affinity purification of polyclonal antibodies
Polyclonal antibodies against Pex3p, Pex29p and Pex30p were affinity purified using a modified
version of the method described by (Lillie and Brown, 1987). MBP-fusions of Pex3p, Pex29p and
Pex30p were purified as described in section 2.7. Except, after separation on 10% SDS-PAGE gels
the proteins were transferred to nitrocellulose, stained with Ponceau S and strips of nitrocellulose
containing the separated MBP-fusion protein band were excised. The nitrocellulose strips were
incubated in blocking solution (1% skim milk powder, | X TBST (Table 2-4)) with gentle agitation
to prevent nonspecific binding of antibodies These strips were then incubated overnight at room
temperature with 200 pL of antibody serum specific to each fusion protein in a petri dish
humidified by a damp paper towel and sealed with parafilm. The ‘depleted’ serum was removed by
pipet and the strip was washed three times in | mL PBS for a total of 30 min. ‘Affinity-purified’
antibody was eluted by incubation of the strip with 200 pL glycine buffer (200 mM glycine, |mM-
EGTA, pH 2.7) for 20 min. The affinity-purified antibody solution was removed by pipet and
neutralized with addition of 2 pL of 5 N-NaOH (as judged by spotting | pL aliquots on pH paper).
After neutralization, 200 pL of 2% BSA, 10% glycerol (v/v) in 2 X PBS was added to the affinity-

purified solution and then stored at 4°C. The purity of the affinity-purified antibody was assessed
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by immunoblotting whole cell lysates of wild-type, GFP-tagged, and deletion strains of the protein

of interest. The affinity-purified antibody typically had a shelf-life of 3-6 months.

2.9 Subcellular fractionation of S. cerevisiae cells
Subcellular fractionation of S. cerevisiae cells was performed as described by Smith et al. (2002).
Cells grown in YEPD or YPBO were harvested by centrifugation at 2000 X g in a Beckman JAI0
rotor at room temperature and washed twice with water. Cells were resuspended in [0 mM DTT,
100 mM Tris-HCI, pH 9.4, at a concentration of 10 mL per g of wet cells and incubated at 30°C
for 35 min with gentle agitation to loosen the outer mannoprotein layer. Cells were collected by
centrifugation at 2,000 X g in a Beckman JS13.1 rotor for 7 min at room temperature and washed
once with Zymolyase buffer (50 mM potassium phosphate, pH 7.5, 1.2 M sorbitol, | mM EDTA).
Cells were resuspended in Zymolyase buffer containing 0.125 mg of Zymolyase 100T/mL at a
concentration of 8 mL per g of wet cells and incubated at 30°C for 45 min to | h with gentle
agitation to convert cells to spheroplasts. Spheroplasts were harvested by centrifugation at 2,000
X g in a Beckman JSI13.1 rotor for 8 min at room temperature and washed once with 1.2 M
sorbitol, 2.5 mM MES, pH 6.0, | mM EDTA and harvested by centrifugation at 6,000 X g at 4°C.
They were then resuspended in buffer H (0.6 M sorbitol, 2.5 mM MES, pH 6.0, | mM EDTA, | X
cOmplete protease inhibitor cocktail (Roche)) at a concentration of 2 mL per g of wet cells.
Resuspended spheroplasts were transferred to a homogenization mortar and disrupted by 10-20
strokes of a Teflon pestle driven at [,000 rpm by a stirrer motor (Model 4376-00, Cole-Parmer).
Cell debris, unbroken cells and nuclei were pelleted by centrifugation at 1,000 X g in a Beckman
JS13.1 rotor for 8 min at 4°C. The postnuclear supernatant (PNS) was subjected to four additional
centrifugations at 1,000 X g in a Beckman JSI3.] rotor for 8 min at 4°C.

For cells grown in YEPD, 300 pL of PNS was mixed with 700 pL of | 1% (w/v) Nycodenz in

buffer H and loaded onto the top of a discontinuous Nycodenz gradient (6.6 mL of 17%, 16.5 mL
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of 25%, 4.5 mL of 35% and 3 mL of 50% (w/v) Nycodenz in buffer H). Organelles were separated

by ultracentrifugation at 100,000 X g for 90 min at 4°C in a Beckman VTi50 rotor. I8 fractions of 2
mL each were collected from the bottom of the gradient.

For cells grown in YPBO the PNS was fractionated by centrifugation at 20,000 X g in a
Beckman JSI3.I rotor for 35 min at 4°C into pellet (20KgP) and supernatant (20KgS) fractions.
The 20KgP was resuspended in 11% (w/v) Nycodenz in buffer H and loaded onto the top of a
discontinuous Nycodenz gradient (6.6 mL of 17%, 16.5 mL of 25%, 4.5 mL of 35% and 3 mL of
50% (w/v) Nycodenz in buffer H). Organelles were separated by ultracentrifugation at 100,000 X
g for 90 min at 4°C in a Beckman VTi50 rotor. |8 fractions of 2 mL each were collected from the

bottom of the gradient.

2.9.1 ER-mobility shift assay
As a variant of the preceding method, fractionation of cellular organelles after isopynic
centrifugation was also performed in the presence or absence of excess Mg?*. Altering the
concentration of divalent cations in the homogenization and gradient buffers alters the buoyant
density of the ER relative to other organelles (Roberg et al., 1997). This likely occurs through
disruption of the association of ribosomes with the ER-translocon. It is thought that divalent
cations stabilize the interaction by forming salt bridges between the ribosome and translocon and
that chelation of these cations results in a loss of association, and hence, lighter buoyant density.
To induce ER-mobility in isopycnic density centrifugation, the homogenization and centrifugation
steps were carried out under identical conditions varying only in the concentration of divalent
cations in buffer H. For cells grown in YEPD three conditions were used, and buffer H made up in
one of: | mM MgCl,, 0.5 mM EDTA, or 5 mM EDTA. For cells grown in YPBO, only two

conditions were used, and buffer H made up in either 0.5 mM EDTA or 5 mM EDTA.
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2.10 Immunoprecipitation of protein complexes and identification by mass
spectrometry

These experiments were performed by Dr. Arvind Jamakhandi and Dr. Ramsey Saleem, Seattle
Biomedial Research Institute, Seattle, WA. To facilitate affinity-based purification, the respective
protein of interest was C-terminally tagged with protein A (pA) at the genomic level and
expressed as a fusion protein. Cells were grown to an ODg¢yp of 1.0-1.2 in YEPD medium,
harvested by centrifugation, washed twice with cold 20 mM HEPES-KOH, pH 7.4, followed by a
wash with cold 20 mM HEPES-KOH, pH 7.4, 1.2% polyvinylpyrrolidone, | mM DTT, 1:200 of
protease inhibitor cocktail (PIC solution) (Sigma). Cells were subjected to centrifugation at 4,000
% g for 20 min, and the pellet was loaded into a plastic syringe and pushed through directly into
liquid nitrogen to form "noodles". Noodles were then cryogenically ground into fine powder using
a 25-mL stainless steel grinding jar and ball mill (Retsch PM 100 Planetary Ball Mill, Haan, Germany).
Each sample was subjected to four runs of grinding (3 min each at 450 rpm with | min immersion
in liquid nitrogen between each run). The resulting yeast powder was stored at -80°C.

Yeast protein lysates were prepared by resuspending 4 g of yeast powder in 14 mL buffer
containing 20 mM HEPES-KOH, pH 7.4, 110 mM potassium acetate, | mm DTT, | mM MgCl2, |
mM EDTA, 1:200 protease inhibitor cocktail, 0.006 % anti-foam B, | % digitonin (Calbiochem,
Darmstadt, Germany). The resuspension was clarified by centrifugation at 4,000 X g for 5 min and
then at 50,000 X g for 20 min. The supernatant was then passed through a 2.7 pym pore size glass
microfiber, 25-mm diameter syringe filter (Whatman) and collected into a clean |5 mL falcon tube.
20 mg equivalent (140 pL volume) of IgG-conjugated magnetic beads prepared as per the
manufacturer’s instructions and stored in PBS, pH 7.4, at 4°C was added to the protein lysate and
incubated with gentle agitation on a rocking platform for 40 min at 4°C. Magnetic beads were
collected with a magnet, transferred to 1.5 mL microfuge tube and gently washed four times at

room temperature (~25°C) with 500 pL of resuspension buffer containing 0.1 % digitonin. To
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release protein complexes, the IgG-PrA interactions were disrupted by adding 50 pL of 0.2 % SDS

and incubation at room temperature for |5 min. The beads were separated by a magnet, and the
eluate was collected in a fresh microfuge tube. The elution steps were repeated and the samples
pooled (total volume = 100 pL). 30 pL of this sample were aliquoted for separation by SDS-PAGE
(NUuPAGE Bis-Tris Pre-Cast Gels, Invitrogen, Carlsbad, CA) followed by silver staining (Invitrogen)
to visualize protein bands. The remaining sample was loaded onto a detergent removal spin
column (Thermo Fisher Scientific) to remove SDS following the manufacturer's protocol. The
detergent-free flow through was dried under vacuum and resuspended in 75 pL of 100 mM Tris-
HCI, pH 83, | mM EDTA, 6 M urea. The protein sample was reduced in 5 mM tris(2-
carboxyethyl)phosphine at 37°C for 30 min and alkylated with 25 mM iodoacetamide at room
temperature in the dark for 30 min. The alkylation reaction was quenched by adding DTT to a final
concentration of 50 mM. The sample was diluted 4-fold to decrease the concentration of urea to
[.5 M. | mM CaCl2 was added to the sample, which was then digested with 2 pg of sequencing
grade modified porcine trypsin (Promega, Madison, WI) overnight at 37°C. Digested samples were
desalted using Vydac C18 Silica MicroSpin columns (The Nest Group, Southborough, MA) as per
the manufacturer’s instructions. Purified peptides were resuspended in 10 pL of 0.1%
trifluoroacetic acid (v/v) and 1% acetonitrile (v/v), and 6 pL of the sample were analyzed by LTQ-
MS/MS (Thermo Fisher). The resulting peptide fingerprints were identified by searching against a
yeast peptide database using the Trans Proteomic Pipeline (Keller et al., 2005). Search result
validation was done using Peptide Prophet (ver. 3.0) (Keller et al., 2002), and a probability of |
was used to confidently identify a peptide. We report proteins for which at least two unique
peptides were observed. Similar to earlier arguments, in all experiments, ribosomal proteins were
excluded from the list of identification as common coeluting contaminants. (Krogan et al., 2006).

For Pex29p-pA and Pex30p-pA samples, proteins were identified by both in-gel digestion
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(Shevchenko et al., 2006) and the in-solution method. Rtnlp-pA and Yop|p-pA were analyzed by

the in-solution method.

2.10.1 Isotopic determination of differentiation of interactions as random or
targeted

The following experiments were performed by Dr. Ramsey Saleem, Seattle Biomedical Research
Institute, Seattle, WA, and Dr. David Dilworth, Institute for Systems Biology, Seattle, WA. The
respective protein of interest was C-terminally tagged with protein A (pA) at the genomic level
and expressed as a fusion protein. Cells expressing the pA fusion protein were grown to an ODggo
of 1.0-1.2 in complete synthetic growth media, CSM, [20 g/L D-glucose (VWR, West Chester, PA,
USA), 0.67 g/L Complete Supplement Mixture minus arginine, lysine, and histidine (Sunrise
Science Products, San Diego, CA, USA), 1.7 g/L Difco yeast nitrogen base w/o amino acids and
ammonium sulfate (BD, Franklin Lakes, NJ, USA), 5 g/L ammonium sulfate (Fisher, Pittsburgh, PA,
USA), 30 mg/L L-histidine (Mallinckrodt Baker, Phillipsburg, NJ, USA), 45 mg/L L-Lysine (Fisher,
Pittsburgh, PA, USA) and 50 mg/L L-arginine (Fisher, Pittsburgh, PA, USA)] to prepare the
isotopically “light”-labeled lysates. Heavy preparations were obtained by growth of wild-type cells
lacking the pA tag in SILAC-KR complete synthetic media, which is identical to standard CSM
formulation above, except that L-Lysine-'Cq,"°"Ny"HCI (Sigma-Aldrich, St. Louis, MO, USA) and L-
Arginine-"*Cq,""N4+HCI (Sigma-Aldrich, St. Louis, MO, USA) were included in place of their
isotopically light variants. All samples were obtained from log phase, ODgoo~ | .0, cultures grown at
30 °C with shaking at 200 rpm. For each sample, ~1 X 10® cells were harvested in 50 mL conical
tubes by centrifugation at 7000 X g for 5 min, washed with | mL of sterile water in a |.7 mL tube,
centrifuged for 15 s at 10,000 X g and the cell pellet was flash frozen in liquid nitrogen and stored

at -80 °C.
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Yeast protein lysates and immunoisolations of protein complexes were carried out as
described in section 2.10. Except that isotopically light and heavy cell pellets were mixed |:|
(w/w) before disruption with the planetary ball mill. For shotgun MS/MS 50 pg of protein was
brought to 100 pL with 100 mM ammonium bicarbonate, pH 9. The sample was reduced with
tris(2-carboxyethyl)phosphine, alkylated with iodoacetamide and then digested with sequencing
grade modified porcine trypsin (Promega, Madison, WI, USA). Digested samples were desalted
using Vydac CI8 Silica MicroSpin columns (The Nest Group, Southborough, MA, USA) by
manufacturer’s instructions. Purified peptides were diluted in load buffer (0.1% formic acid,
vol/vol) before MS/MS analysis. Mass spectrometry was performed on Thermo Electron LTQ and
LTQ-Orbitrap mass spectrometers equipped with an electrospray ionization source and an Agilent
HP1100 liquid chromatography system. The gradient was run from [0 to 35% acetonitrile over 60
min at a constant flow rate of 0.350 pL/min. XCalibur Raw files were converted to mzXML
format using ReAdW (ver. 4.2.0) using the readw profile and default parameters. Spectral searches
were done for tryptic fragments using X!Tandem (Craig and Beavis, 2004) (ver. 2007.07.01.3) with
the k-score plugin (MacLean et al., 2006). Searches were done against a non-redundant S.
cerevisiage reference protein database (the union of the SGD, Ensembl, NCI, and GenBank
databases, plus keratin and trypsin) containing 13,616 entries. Parent tolerance was *3 Da, the
fragment mass tolerance was 0.4 Da, with no missed cleavages. A wide mass window was used
to increase peptide identifications (Hsieh et al., 2010). Modifications included in the searches are as
follows: static modification of cysteine 57.021464 Da (C[143.13]), and variable modifications of
methionine 15.994915 Da M[147.19], glutamine -17.0306 Da Q[ I I1.10], glutamic acid -18.01,056
Da E[I11.10], lysine 8.014199 Da, K[136.19], and arginine 10.008269 Da R[166.20].

Individual search results were processed using the Trans Proteomic Pipeline (Keller et al.,
2005). Search result validation was done using Peptide Prophet (ver. 3.0) (Keller et al., 2002), and

relative quantification of isotopically labeled peptides was reported by Xpress ratio (Han et al.,
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2001). Tab-delimited Peptide Prophet text files were imported into the QTIPS application

(Dilworth et al., 2010), which identifies informative peptides and calculates the frequency of heavy
arginine or heavy lysine containing peptides in the population of informative peptides. The QTIPS
application also determines the average Xpress incorporation values for informative peptides and
presents histograms of their distributions. Protein-protein interaction networks were also

visualized using BioFabrics (Institute for Systems Biology) (Longabaugh, 2012).

2.11 In vitro vesicle budding assay
The in vitro cell-free vesicle budding assay was performed according to the methods of Lam et al
(2010) and Agrawal et al (201 1). These assays are based on the similar assays developed for the
characterization of COPII vesicles that mediate vesicular traffic from the ER to the Golgi (Barlowe
et al., 1994). In the presence of cytosol, Pex19p and ATP, high-speed pelletable vesicles containing
Pex3p, Pex15p, and Pexl Ip are released from ER donor membranes enclosed in permeabilized

yeast cells.

2.11.1 Preparation of permeabilized yeast cells
Preparation of permeabilized yeast cells was performed according to the method of Groesch et al.
(1992). Yeast strains are grown overnight in | L of YEPD to an ODey of 4.0. The cells are
collected by centrifugation at 2,000 X g for 7 min at room temperature in a Beckman JA-10 rotor,
resuspended in low glucose medium (YEPD but with 0.1% glucose final concentration), and
incubated for 30 min at 25°C with vigorous shaking. The cells are harvested by centrifugation and
resuspended in spheroplast medium (| X yeast peptone, | g/L glucose, 1.4 M sorbitol, 50 mM
potassium phosphate, pH 7.5, 50 mM 2-mercaptoethanol) supplemented with zymolase 00T at |
mg/mL, to a final concentration of 8 mL/g of wet cells and incubated for 40 min at 37°C with
gentle agitation. The spheroplasts are recovered by centrifugation and resuspended in recovery

medium (| X yeast peptone, | g/L glucose, | M sorbitol) and incubated at 37°C for 90 min to
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allow partial regeneration of the cell wall. The regenerated spheroplasts are pelleted and used for
generating permeabilized yeast cells and yeast cytosol.

Permeabilization is achieved by osmotic lysis in the presence of osmotic support. The pellet of
regenerated spheroplasts is resuspended in ice cold spheroplast lysis buffer (100 mM potassium
acetate, 200 mM sorbitol, 20 mM HEPES-KOH, pH 7.2, 2 mM MgCl,) at a concentration of 5
mL/75 ODggo unit cell equivalents. The slurry is pipetted up and down with moderate force 5-10
times and incubated on ice for 20 min to osmotic equilibration. The permeabilized yeast cells are
collected by centrifugation at 3,000 X g for 5 min at 4°C and the supernatant is thoroughly

removed.

2.11.2 Preparation of a concentrated yeast cytosol
Following the method of Groesch et al. (1992), concentrated wild-type yeast cytosol was
prepared from regenerated spheroplasts (section 2.11.1) as follows: Regenerated spheroplasts
were lysed in ice cold 20 mM HEPES-KOH, pH 7.4, at a concentration of 210 yL/75 ODggo unit
cell equivalents. The slurry is pipetted 30 times with a | mL pipet to ensure efficient lysis. The cell
debris is pelleted by centrifugation at 3,000 X g for 5 min at 4°C and the supernatant is collected
(~360 pL). To the concentrated cytosol is added 50 pL of 10X transport buffer (250 mM HEPES-
KOH, pH 7.2, 1.15 M potassium acetate, 25 mM MgCl,), cOmplete protease inhibitor cocktail

(Roche) to I X concentration, and 50 pL of 2 M sorbitol.

2.11.3 In vitro ER-budding assay
Permeabilized yeast cells (PYCs) prepared from pexI9A, pexI9A/pex29A/pex30A, and
pex[9/rtn I A/rtn2A/yop I A strains and were washed twice with TBPS (115 mM potassium acetate,
2.5 mM magnesium acetate, 0.25 M sorbitol, | X cOmplete protease inhibitor cocktail, 25 mM
HEPES, pH 7.2) and then resuspended in TBPS at a concentration of 25uL/5 ODggo unit cell

equivalents. Pex3p was endogenously tagged with GFP in these strains to differentiate between
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Pex3p from PYCs versus a potential contamination of Pex3p from cytosol. Reaction conditions
were as follows: 25 pL of PYCs, 25 pL of wild-type cytosol, 25 pL of a 4X ATP regenerating
system (4 mM ATP, 0.4 mM GTP, 80 mM creatine phosphate, 0.8 mg/mL creatine phosphate
kinase), and 25 pL of 2x TBPS were mixed on ice. The reaction proceeded by incubation at room
temperature for 90 min and chilling the samples on ice terminated the reaction. After the reaction
was terminated, the PYCs were pelleted by centrifugation at 13,000 X g for 5 min at 4°C. The
supernatant of two identical reactions was pooled and spun at 200,000 X g for | h at 4°C. The
pellet, containing preperoxisomal vesicles, was resuspended in 2X sample buffer (4% SDS, 0.15 M
tris-HCI pH 6.8, 4 mM EDTA, 20% glycerol, 2% 2-mercaptoethanol, 0.02% bromophenol blue)
before being resolved by SDS-PAGE. The presence of Pex3-GFP was detected by immunoblotting
with affinity purified Pex3p antibodies. Reactions carried out with PYCs alone, in the absence of

exogenous ATP, and at 4°C were included as controls.

2.12 Microscopy
Images from the microscopy of biological phenomena are imperfect representations of that
phenomena (Bolte and Cordelieres, 2006). As such, care must be taken at every step of the
process from the preparation of specimens to the handling of image files after processing.
Microscopy methodology was followed according to the principles set out in the Handbook of

Biological Confocal Microscopy (Pawley, 2006) and the methods of Bolte and Cordelieres (2006).

2.12.1 Acquisition of a point spread function (PSF)
The calibration of the microscopes used in this study was routinely assayed by acquisition of a PSF.
The shape and contrast of a PSF are useful indicators for ensuring the microscope approaches
diffraction-limited imaging (Pawley, 2006). To acquire a PSF, PSF-Speck beads of |75 nm in
diameter (Invitrogen) were added to “blanks” that mimicked the imaging conditions of the

experiment (see below). PSF’'s were acquired under identical conditions of each microscopy
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experiment performed and with identical acquisition settings, normalized for image brightness as
required. To acquire an accurate PSF, the bead must be stable and remain fixed over of the course
of the acquisition. The resulting images of PSF beads were used to generate experimentally derived

point spread functions using Huygens Professional software (Software Volume Imaging BV).

2.12.2 Confocal microscopy of peroxisome proliferation in yeast
Yeast expressing an endogenously encoded chimera of Potlp-GFP were grown to an ODgg of ~
1.0 in 25 mL of YEPD at 30°C. The cells were washed once with water before resuspension in 25
mL of YPBO and incubated at 30°C. | mL aliquots were taken after 0, 2, 4, 6, 8, and 24 h of
incubation and prepared for imaging by 2 washes in | mL of water. Cells were resuspended in 100-
200 pL of water and 1.8 pL was placed on a glass #1.5 coverslip for imaging. Five random field of
views were chosen per strain, per time-point and images were captured with a Plan-Apochromat
63%/1.4 NA oil immersion DIC objective on an Axiovert 200 M inverted microscope equipped
with a side-mounted LSM 510 META confocal scanner (Carl Zeiss). GFP was excited with a 488
nm laser, and its emission collected using a 505 nm long-pass filter. Images were captured at room

temperature.

2.12.3 3D confocal microscopy of living yeast
Cells were grown in YEPD to an ODg¢g of 1.0 and either processed for image acquisition or
incubated in YPBO (Table 2-8) for 8 h before processing for image acquisition. Slides were
prepared according to (Adames et al, 2001) with modifications (Fagarasanu et al., 2009).
Essentially, 200 pl of hot 1% agarose in nonfluorescent medium (Table 2-9) was used to prepare a
thin agarose pad on a slide with two 18-mm square wells (Cel-line Brand). | to 2 ul of culture was
placed onto the slide, covered with a cover slip and sealed with Valap (1:1:] mixture of vaseline,
lanolin and paraffin). Cells were incubated for 15-30 min at room temperature before image

aquisition. Images were acquired as described (Hammond and Glick, 2000) using a modified LSM
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510 META confocal microscope equipped with a 63%/1.3 NA Plan-Neofluor objective (Carl

Zeiss). A piezoelectric actuator was used to drive continuous objective movement, allowing for the
rapid collection of z-stacks. The sides of each pixel represented 0.057 pm of the sample. Stacks of
4| optical sections spaced 0.16 pm apart were captured. GFP was excited using a 488 nm laser,
and its emission was collected using a 488 nm long-pass filter (Semrock).

For colocalization experiments, GFP was excited using a 488 nm laser and its emission was
collected using a 514/25 nm band-pass filter (Semrock). mRFP was excited with a 543 nm laser
and its emission collected with a 629/53 nm band-pass filter (Semrock). Images were captured at

room temperature.

2.12.4 3D confocal microscopy of yeast strains encoding doxycycline regulated
genes

Cells harbouring genes under the regulation of the TetO; promoter were grown in YEPD to an
ODygo of 1.0. The cells were subcultured in fresh YEPD supplemented with doxycycline to a final
concentration of 10 pg/mL and incubated for 18 h at 30°C. Cells incubated in the presence of
doxycycline were seeded at an increased density to obtain a comparable cell density to the
untreated cell culture at the time of imaging, final OD¢w was between 1-2 and the dilution factor
was empirically determined for each strain. Imaging conditions were identical to section 2.11.3,
except for the de novo biogenesis assay with rtnlA/rtn2A/yop I A and its isogenic wild-type strain.
This experiment was performed by Dr. Arvind Jamakhandi, Seattle Biomedical Research Institute,
Seattle, WA. In this experiment images were collected with a 100X/NA |.4 objective on a
Olympus [X-71 wide-field inverted fluorescence microscope with a 250 watt xenon LED
transillumination light source, DeltaVision personalDV (Applied Precision). A GFP filter set was
used to filter excitation and emission profiles. The images were deconvolved using the

manufacturer’s supplied deconvolution software (softWoRx).
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2.12.5 3D confocal microscopy of temperature-sensitive yeast strains
For microscopy of the temperature sensitive sec6/ mutant strain, cells were processed as
described in section 2.11.3. After image acquisition at room temperature, the temperature of the
imaging environment was raised to 37°C by use of an environmental chamber (Okolabs). After 4

hours of incubation at 37°C additional image acquisition was performed.

2.12.6 2D confocal video microscopy of yeast
Cells were prepared as described in section 2.1 1.3. For image acquisition the confocal pinhole was
opened as large a possible and images were acquired every 200 msec. To minimize photobleaching

only a single optical section focused on the midplane of the cell was performed.

2.12.7 3D immunofluorescence widefield microscopy of yeast
Indirect immunofluorescence microscopy of yeast cells was performed according to Pringle et al
(1991) with modifications. Cells were grown in YEPD to an ODggo of 1.0. Fixation occurred for 45
min at room temperature in solution B (100 mM KH;PO,4, 100 mM K;HPO,4, .2 M sorbitol)
containing 4% freshly prepared formaldehyde with regular mixing by inversion. Cells were then
collected by centrifugation at 2,000 X g for 2 min, washed with 2 mL of solution B, and
resuspended in solution B at a concentration of | ml per 100 pl of wet cells. The cell suspension
was mixed with 40 pg of Zymolyase 100T/ml and 38 mM 2-mercaptoethanol and incubated for |5
to 60 min at 30°C with gentle rotation. Spheroplasts were blocked in 500 pL of 1% BSA in solution
B for | h, incubated with primary antibody diluted in 1% BSA in solution B overnight, washed 5
times with 1% BSA in solution B, and then incubated with secondary antibody diluted in 1% BSA in
solution B for | h. Spheroplasts were washed 5 times with 1% BSA in solution B and then cleared
in solution B with successively increased concentrations of glycerol (10, 20, 30, 40, 50, 60, 70, 80,

90%) with 5 min incubations before resuspension in mounting medium (0.4% N-propyl gallate,
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74.8% (w/v) glycerol in PBS, pH 7.4). 1.8 pL of the suspension was added to coverslips, which

were placed on top of slides, and the edges of the coverslips were sealed with nail polish.
Samples were imaged on a Deltavision OMX microscope with a 60%/ 1.4 NA objective (Applied
Precision). The sides of a pixel were 0.08 um and 50 optical sections were spaced 0.2 pm apart.

Images were collected sequentially using the GFP and mRFP filter sets.

2.12.8 3D fluorescence microscopy of Drosophila S2 cell culture
Images of double-stranded RNA interference (RNAI)-treated S2 cells were acquired using a Plan-
Apochromat 63%/1.4 NA oil DIC objective on an Axiovert 200 inverted microscope equipped
with a LSM510 META confocal scanner (Carl Zeiss). GFP-SKL was excited with a 488 nm laser and
its emission collected with a 505 nm long-pass filter or 515-535 nm band filter. Fusion proteins of
Drosophila proteins tagged with mRFP were excited with a 543 nm laser and fluorescent emission

collected with a 600 nm long-pass filter. Optical sections were spaced 200 nm apart.

2.12.9 3D immunofluorescence microscopy of Drosophila embryos
Preparation and staining of Drosophila embryos was carried out by Maninder Virk, Department of
Cell Biology, University of Alberta. Embryos were fixed as described (Hughes and Krause, 1999)
and stained with the following antibodies at |:100 dilution and obtained from the Developmental
Studies Hybridoma Bank, University of lowa, Department of Biological Sciences, lowa City, IA:
mouse anti-CNS axons (BP102), mouse anti-Neuroglian (BP104), mouse anti-fasciclin 2 (1D4),
mouse anti-repo (8D12), and mouse anti-Wrapper (10D3) (developed by Dr. Corey Goodman);
mouse anti-Futsch (22C10) (developed by Dr. Seymour Benzer); mouse anti-Even-skipped (2B8)
(developed by Dr. Kai Zinn); and mouse anti-Cut (2B10) (developed by Dr. Gerald M. Rubin).
Rabbit anti-GFP (Invitrogen) and rat anti-myosin (Abcam) were used at |:1000 dilution. Alexa488-,
Alexa568-, Cy2-, and Cy5-conjugated secondary antibodies (Invitrogen, Jackson ImmunoResearch)

were used at a 1:2000 dilution to recognize primary antibodies. To reduce the effects of spherical
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aberrations, embryos were optically cleared in methyl salicylate after preparation for
immunofluorescence (MacDonald and Rubel, 2008). Images were obtained using a UPlanFl
20x/0.5 NA air objective on an X8I inverted epifluorescence microscope (Olympus) equipped
with a CoolSNAP HQ digital camera (Roper Scientific) and an X-Cite 120 PC fluorescent

illumination system (EXFO Life Sciences).

2.13 Deconvolution and image processing
Images were deconvolved using algorithms provided by Huygens Professional Software (Scientific
Volume Imaging BV, The Netherlands). For deconvolution, 3D data sets were processed to
remove noise and reassign blur by an iterative Classic Maximum Likelihood Estimation widefield
algorithm and confocal algorithms, respectively, with experimentally derived point spread functions.
Transmission images of yeast and Drosophila S2 cells were processed by applying a Gaussian filter
in Huygens, and blue color was applied to the transmission images using Imaris software (Bitplane).
Transmission images were processed to maximize the fluorescent signal while maintaining cell
outlines. Imaris was then used to render the deconvolved 3D data set to the processed
transmission image. Final figure assembly was performed in Adobe Photoshop, Adobe lllustrator

or Adobe InDesign.

2.14 Quantification of colocalization
Pearson’s correlation coefficient and Manders coefficient were calculated using the JACOP plugin
(Bolte and Cordelieres, 2006) for Image) (NIH).
Object based colocalization was performed using Imaris (Bitplane). Fluorescent signal from
Pex30p-GFP or Pex29p-GFP was processed with the “Surface” command function and fluorescent
signal from Mdh2p-mRFP or Potlp-mRFP was processed with the “Spots” function. The ImarisXT
plugin (Bitplane) was used to compute the distance between all spots and all surfaces and identify

all “spots” within 0.28 ym of a “surface.”
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2.15 Quantification of peroxisome number, volume and intensity
Statistics on peroxisome number, volume and intensity were calculated using the Spot algorithm in

Imaris (Bitplane).

2.16 Drosophila cell culture
Drosophila S2 cells were grown at 25°C in Schneider’s Drosophila Medium (Invitrogen)
supplemented with 10% heat-inactivated fetal bovine serum, 50 U penicillin/mL and 50 pug
streptomycin sulfate/ml (Invitrogen). S2 cells constitutively expressing the fluorescent peroxisomal
chimeric protein GFP-SKL (Kural et al., 2005) were kindly provided by Dr. Ronald Vale (University
of California, San Francisco). Maintenance of the Drosophila S2 cultures was performed by Dr.

Andrew Simmonds, Department of Cell Biology, University of Alberta.

2.17 RNAi Knockdown of DmelPex Homologs and Semi-quantitative PCR
Templates for dsRNAs targeting predicted DmelPex homologs were isolated from a template
library (Foley and O’Farrell, 2004). A control template to make dsRNA that specifically targets
Dredd was a gift from Dr. Edan Foley, University of Alberta. dsSRNAs were synthesized using the
T7 RiboMAX kit (Promega) using template-specific primers (Foley and O’Farrell, 2004).

The dsRNA treatment of cells was performed as follows: Day |: Cells were split 1:2 with
fresh SFX culture medium (Invitrogen). Day 2: 2 X 10° cells in 500 pl of SFX culture medium were
added to each well of a 24-well dish (BD Biosciences). 20 ug of dsRNA to a gene of interest were
added to one well, followed by gentle horizontal mixing. Plates were sealed with Parafilm M and
incubated at 25°C for 96 h. Day 6: The cells in each well were split |:2, and an additional 20 pg of
dsRNA were added. The plates were resealed with Parafilm M and incubated at 25°C for 48 h.
Day 8: 10% of the remaining volume of cells was transferred to LabTekll chambered coverslips

(Nalge Nunc) for microscopic examination of peroxisomes.
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Jing Li and Dr. Andrew Simmonds, Department of Cell Biology, University of Alberta

performed the semi-quantitative PCR experiments. Total RNA was extracted from the remaining
cells using RNeasy (Qiagen) and quantified with a NanoVue spectrophotometer (GE Healthcare).
200 ng of total RNA were used for reverse transcription using Superscriptase |l (Invitrogen) and
oligo-dT as the anchor primer. 2 ul of the resulting cDNA and gene-specific primers (Table 2-
were then used in a 50-pul PCR reaction. For semi-quantitative PCR, specific DmelPex gene primers
and control primers for an mRNA encoding a ribosomal protein (RP49) were used. The number
of PCR cycles for each set of gene-specific primers was tested to ensure that the resulting reaction
was within the linear range of amplification. Products were separated by electrophoresis on 1%
agarose gels. Band intensity was measured using Image | and normalized to the control RP49 signal.

Table 2-14. Primers for RT-PCR confirmation of RNAi knockdown of DmelPex genes

Size
gene 5'-primer 3'-primer (bp)
CG6760 atgttcaaacgcacttttaaggtggtctatc cgatctccttggecgetctgg 221
CG708l1 ctatttgaacaaggacattgcccge gacggtcaggatgaaatggagcac 240
CG6859 ccatgctggttattgcgttgagggt caggtcgctaagggaaagctgttcg 236
CGIl4815 gagcaaaccgccgecaacttca gcccagcaactgccagacctea 288
CGI1919-RA tggtgttcgccagtcaggaggt ccagcagttggagcggatttga 284
CGI1919-RB tcgctttcaaatccgetccaactg cgaactcgctgecctttgtctee 317
CG6486 tctccctgtccagegtaaccteca gcctatccgttcaccttecacttec 289
CG8315 tgtcacaatcgctgttectettcg tcttcaccgtgtccacaactatgtcttt 312
CG3639 taaggaccaggatcaccaggcacg caagacctccagcatctttaggaccac 233
CG4663 cttcggcggtgggtacaacagatt gatgaagggtccaggttcgataggc 320
CG4289 atccgaacaccgtcattageattg gaccgccttcttcttggacttge 188
CG3947 ggacactctgaagggcatgctgaag tgatgaggaaatgcgacctggaa 127
CG5325 gccaagctctccgetgaggacaag agtgggatcgccgaagggcaag 225
CG3696 gcgacgcactcaagtcatcacaatg ccaaaggaaagcagtcecttttccac 474
CG32226 cgtcttagcagcagcggaccatg tgctgatgccataccggaagaacac 300
CG7486 atggccggatcaaacctgttg cagctcctgccagcagaaacc 312
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2.18 Preparation of Antibodies to DmelPex| Protein and Immunoblotting
Antibodies to that recognize DmelPex| were raised against a fusion of maltose-binding protein and
the N-terminal 200 amino acids of DmelPex | in guinea pig by Elena Savidov, Department of Cell
Biology, University of Alberta. The antibodies were tested for specificity by immunoblotting of a S2
cell lysate using enhanced chemiluminescence (GE Healthcare). The protocol for raising the

antibody is essentially as described before (Eitzen et al., 1997).

2.19 Drosophila Stocks
Drosophila stocks were maintained by Dr. Andrew Simmonds, University of Alberta. Oregon R
(wild-type) and DmelPex!, (I(3)70Da, CG6760) strains (I(3)70Da*%® and 1(3)70Da' ) were
obtained from the Bloomington Drosophila Stock Center at Indiana University. Stocks were
maintained on standard Bloomington medium at 25°C, and embryos were collected at 25°C on
apple juice-agar plates. To facilitate the identification of homozygous mutant embryos, lethal
DmelPex| mutations were maintained over the w Sb'/TM3, P{ActGFP}MR2, Ser' balancer.
UASp-Pex| was made by TOPO cloning of a PCR fragment corresponding to the open reading
frame of DmelPex | into pENTR/D (Invitrogen). This was transferred using Clonase LR (Invitrogen)

1118

into the plasmid pPW (Terence Murphy), which was transformed into w'''®embryos by P-element

recombination.

2.20 Larval Survival, Growth and Mobility Assays
The following experiments were performed by Maninder Virk, and Dr. Andrew Simmonds,
Department of Cell Biology, University of Alberta.

Parallel cultures of Oregon R and 1(3)70Da***® adult flies were maintained for one week in a
standard 2 L population cage at 25°C. Flies were allowed to lay eggs for | h on apple juice-agar
plates, and cohorts of 100 randomly selected embryos of each genotype were placed on fresh

apple juice-agar plates with yeast paste at the center of the plates. The lifespan of I(3)70Da*¢¢®
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homozygous mutants was determined by observing larvae daily from hatching until death. Larvae
were fed and watered regularly and kept in a 25°C incubator. The number of survivors was
recorded daily. All homozygous mutants were dead by Day 6. However, wild-type and
I(3)70Da**¥¢® heterozygous larvae moulted normally at Day 6 and hatched into adult flies by Day 10.
The survival assay was repeated 3 times with 100 larvae in each experimental group. To assay
larval growth, cohorts of 20 larvae of each genotype that had hatched were selected randomly
after 24 h. Staged larvae were placed on fresh apple juice-agar plates with yeast paste at the center
of the plates, allowed to grow for an additional 72 h at 25°C, then visualized with a DF PLAPO
|.2X% PF objective on a SZXI12 microscope (Olympus) equipped with a PCI1015 camera (Canon)
and digitally photographed every 24 h after hatching. Larval cross-sectional area was measured
using Image] software. Plates were monitored until Day 4. The growth assay was repeated 3 times
with more than 20 larvae in each experimental group. To assay larval mobility, larvae of each
genotype were placed at one end of an apple juice agar plate and allowed to crawl to yeast paste
placed at other end of the plate. The distance crawled in 10 min was measured. Five-day old larvae
of each genotype were digitally photographed with a SZX12 microscope as above. Images were

assembled with Image] and Adobe Photoshop.

2.21 Microarray Analysis
RNA extraction was performed by Dr. Andrew Simmonds, University of Alberta and RNA labeling,
hybridization, and microarray scanning was performed by Anna Hutton, University of Alberta.
Heterozygous 1(3)70Da**/TM3, P{ActGFP}JMR2, Ser' parents were allowed to lay embryos
on apple juice-agar plates for 30 min at 25°C. The plates were then supplemented with yeast paste,
and the embryos were allowed to develop for 48 h at 25°C and 70% humidity. Hatched larvae
were then hand sorted under a SX6| fluorescence stereomicroscope (Olympus) to select

homozygous 1(3)70Da***¢¢, i.e. those lacking GFP, larvae. Care was taken to select only larvae
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judged clearly to be alive as evidenced by their movement. Corresponding wild-type siblings were
isolated from w'''®/TM3, P{ActGFP}JMR2, Ser' parents. Total mMRNA from 200 mg samples was
isolated using Trizol (Invitrogen) and purified using RNeasy. The resulting RNA was tested for
quality with an Agilent 2100 Bioanalyzer. 100 ng of the total RNA was labeled with the GeneChip
3" IVT Express Kit (Affymetrix). Poly-A RNA controls were added to the sample as per
manufacturers instructions. The size of the biotin-modified antisense RNA (aRNA) with in vitro
transcription labeling was evaluated using an Agilent 2100 Bioanalyzer RNA nano LabChip Kit
(Affymetrix) and most aRNA was between 600-1200 nt. RNA was converted to labeled cRNA
and hybridized to GeneChip Drosophila Genome 2.0 3'-UTR microarrays (Affymetrix). 10 ug of
the fragmented biotin-modified aRNA was hybridized to the microarray and the arrays were
hybridized for 16 hours at 45°C with the rotation of the oven set to 60 rpm in a GeneChip
Hybridization Oven 640 (Affymetrix). 20x eukaryotic hybridization controls were added to the
hybridization cocktail. Arrays were washed and stained using a GeneChip Fluidics Station 450 and
a GeneChip Hybridization, Wash and Stain Kit (Affymetrix). Finally, the arrays were then read on a
GeneChip Scanner 7G (Affymetrix). These experiments were run in triplicate. The resulting array
data were normalized using the MASS5 algorithm and Expression Console software (Affymetrix).
Genes showing a reproducible 3-fold increase or decrease in expression relative to their
expression in wild-type siblings in 3 independent experiments were clustered based on their
functional Gene Ontology annotations and known biochemical pathways using the DAVID package
(Huang et al., 2009). Clustering of related genes according to their functional Gene Ontology
annotations was done using the Cluego plugin (Bindea et al.,, 2009) for Cytoscape

(www.cytoscape.org/).
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2.22 Comparative Genomic Survey

Organisms whose genome sequences were surveyed in this study are listed in Table 2-15. We
tailored this list to balance between maximizing sampling of taxonomic diversity within
opisthokonts and delving more deeply into the fungal and metazoan groups, while maintaining
computational tractability. Although we analyzed organisms having fully sequenced genomes
wherever possible, we also sampled from organisms in several key lineages that have unpublished
and unfinished genomes, including Puccinia graminis, Batrachochytrium dendrobatidis, Spizellomyces
punctatus, Allomyces macrogynus, Salpingoeca rosetta, Sphaeoforma arctica, Capsaspora owczarzaki
and Thecamonas trahens. We recognize the limitations regarding statements of absence in
comparative genomics and attempted when possible to only derive such conclusions from
taxonomic groupings with more than one genome representative. Genome sequences were
obtained from the Broad Institute, Joint Genome Institute, the National Center for Bioinformatics
and Information (NCBI), and the Génolevures Sequencing Consortium.

Table 2-15. Organisms whose genomes were surveyed in this study.

Organism Kingdom  Phylum Subphylum/other Reference
Saccharomyces cerevisiae Fungi Ascomycota Saccharomycotina (Goffeau et al., 1996;
Cherry et al., 1998;
Liti et al., 2009)
Candida glabrata Fungi Ascomycota Saccharomycotina (Dujon et al., 2004)
Kluyveromyces lactis Fungi Ascomycota Saccharomycotina (Dujon et al., 2004)
Ashbya gossypii Fungi Ascomycota Saccharomycotina (Dietrich et al.,
2004)
Debaryomyces hansenii Fungi Ascomycota Saccharomycotina (Dujon et al., 2004)
Pichia stipitis Fungi Ascomycota Saccharomycotina (Jeffries et al., 2007)
Candida albicans Fungi Ascomycota Saccharomycotina (Jones et al., 2004b)
Pichia pastoris Fungi Ascomycota Saccharomycotina (de Schutter et al.,
2009)
Yarrowia lipolytica Fungi Ascomycota Saccharomycotina (Dujon et al., 2004)
Neurospora crassa Fungi Ascomycota Pezizomycotina (Galagan et al., 2003)
Gibberella zeae Fungi Ascomycota Pezizomycotina Broad Institute®
Botryotinia fuckeliana Fungi Ascomycota Pezizomycotina Broad Institute®
Coccidioidies immitis Fungi Ascomycota Pezizomycotina (Neafsey et al.,
2010)
Aspergillus nidulans Fungi Ascomycota Pezizomycotina (Galagan et al., 2005)
Pneumocystis carinii Fungi Ascomycota Taphrinomycotina Pneumocystis



Schizosaccharomyces japonicus
Schizosaccharomyces pombe

Laccaria bicolor
Coprinopsis cinerea
Ustilago maydis
Puccinia graminis
Rhizopus oryzae

Encephalitozoon cuniculi

Batrachochytrium dendrobatidis

Allomyces macrogynus

Spizellomyces punctatus

Sphaeroforma arctica

Capsaspora owczarzaki

Monosiga brevicollis

Salpingoeca rosetta

Trichoplax adhaerens

Nematostella vectensis

Caenorhabditis elegans

Fungi
Fungi

Fungi
Fungi
Fungi
Fungi
Fungi

Fungi

Fungi

Fungi

Fungi

Fungal/
Metazoan
insertae
sedis
Fungal/
Metazoan
insertae
sedis
Fungal/
Metazoan
insertae
sedis
Fungal/
Metazoan
insertae
sedis
Metazoa

Metazoa

Metazoa

Ascomycota
Ascomycota

Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Zygomycota

Microsporidia

Chytridiomycota

Chytridiomycota

Chytridiomycota

Placozoa

Chnidaria

Nematoda

Taphrinomycotina
Taphrinomycotina

Agaricomycotina
Agaricomycotina
Ustilagomycotina
Puccinomycotina

Ichthyosporea

Filasterea

Choanoflagellida

Choanoflagellida
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Genome Project*
Broad Institute?
Broad Institute?,
(Wood et al., 2002)
(Martin et al., 2008)
(Stajich et al., 2010)
(Kamper et al., 2006)
Broad Institute®

(Ma et al., 2009)

(Katinka et al., 2001)

Broad Institute’

Broad Institute®

Broad Institute®

Broad Institute®

Broad Institute®

(King et al., 2008)

Broad Institute®

(Srivastava et al.,
2008)

(Putnam et al., 2007)
(C elegans

Sequencing
Consortium, 1998)
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Drosophila melanogaster Metazoa  Arthopoda (Adams et al., 2000)

Strongylocentrotus purpuratus Metazoa Echinodermata (Sea Urchin Genome
Sequencing
Consortium et al.,
2006)

Branchiostoma floridae Metazoa Chordata Cephalochordata (Putnam et al., 2008)

Fugu rubripes Metazoa Chordata Craniata (Aparicio et al.,
2002)

Xenopus tropicalis Metazoa Chordata Craniata Joint Genome
Institute

Gallus gallus Metazoa Chordata Craniata (International
Chicken Genome
Sequencing
Consortium, 2004)

Mus musculus Metazoa Chordata Craniata (Mouse Genome
Sequencing
Consortium et al.,
2002)

Homo sapiens Metazoa Chordata Craniata (Lander et al., 2001;
Venter et al., 2001)

Thecamonas trahens Apusomonadidae Broad Institute®

Dictyostelium discoideum Dictyosteliida (Eichinger et al.,
2005)

Dictyostelium purpureum Dictyosteliida (Sucgang et al., 201 1)

“The Fusarium Comparative Sequencing Project, Broad Institute of Harvard and MIT (broadinstitute.org)

®The Botrytis cinerea Genome Sequencing Project, Broad Institute of Harvard and MIT (broadinstitute.org)

“The Pneumocystis Genome Project. University of Cincinnati College of Medicine (pgp.cchmc.org)

9The Schizosaccharomyces Comparative Genome Project, Broad Institute of Harvard and MIT (broadinstitute.org)

°The Batrachochytrium dendrobatidis Genome Sequencing Project, Broad Institute of Harvard and MIT
(broadinstitute.org)

The Origins of Multicellularity Sequencing Project, Broad Institute of Harvard and MIT (broadinstitute.org)

€The Xenopus tropicalis Sequencing Project, The Joint Genome Institute (jgi.doe.gov)

2.22.1 Comparative genomic survey of Pex30p homologs
The identification of putative homologs of Pex30p followed a heuristic process of iterative
searches using the basic local alighment search tool for proteins (BLASTP 2.2.22+) (Altschul et al.,
1997) (Schaffer et al., 2001) and profile hidden Markov model (HMM) search algorithms, HMMER
2.3.3 (Eddy, 1998) and HMMER 3.0 (Eddy, 2009). Each survey was initiated by querying publicly
hosted genomes at the NCBI using BLASTP with a cutoff expect (e-) value for positive candidate
homologs set at 0.05. Those genomes not hosted by NCBI were queried locally using the BLASTP

program. In order to reduce the chance for corruption in subsequent HMMs, and to verify
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candidates, putative homolog sequences were used as BLASTp queries into the S. cerevisiae
genome and considered validated if they returned the functionally characterized protein sequence
as the best scoring retrieved sequence (Tatusov et al., 1997; Bork et al., 1998).

Validated sequences were aligned using MUSCLE 3.6 (Edgar, 2004) and used to build a HMM
using a maximum likelihood architecture construction algorithm (Eddy, 2008; 1998). This model
was then used to search the locally hosted genomes listed in Table 2-15 for putative homologs.
Newly identified sequences below the 0.05 E-value cutoff were validated by reciprocal pHMMer
and added to the HMM iteratively until all genomes had been searched and the list of candidate
homologs was exhausted.

The identification of putative homologs of Pex30p in the Saccharomycotina followed a
heuristic process of iterative searches using pHMMer (Eddy, 2009). Initially, simultaneous pHMMer
searches using Pex30p, Pex29p, Pex28p, Pex3Ip and Pex32p of Saccharomyces cerevisiae and
Pex23p and Pex24p of Yarrowia lipolytica were used to identify and classify putative homologs of
each protein. Each survey was initiated by querying locally hosted genomes (Table 2-16) with a
cutoff expect value for positive candidate homologs set at 0.05. Reciprocal pHMMer searches with
these candidate homologs were considered validated if they returned the functionally
characterized proteins as the best scoring retrieved sequence (Tatusov et al., 1997; Bork et al.,
1998).

Table 2-16. Organisms in the Saccharomycotina whose genomes were surveyed for Pex30 family

orthologs.
Organism Taxonomy Info Source®
Saccharomyces cerevisiae Saccharomycetaceae; Saccharomyces SGD
Saccharomyces paradoxus Saccharomycetaceae; Saccharomyces
Saccharomyces mikatae Saccharomycetaceae; Saccharomyces
Saccharomyces bayanus Saccharomycetaceae; Saccharomyces
Candida glabrata Saccharomycetaceae; Nakaseomyces NCBI
Saccharomyces castelii Saccharomycetaceae; Naumovozyma ]Gl

Vanderwaltozyma polyspora Saccharomycetaceae; Vanderwaltozyma ]Gl



Zygosaccharomyces rouxii Saccharomycetaceae; Zygosaccharomyces ]Gl
Kluyveromyces lactis Saccharomycetaceae; Kluyveromyces NCBI
Ashbya gossypii Saccharomycetaceae; Eremothecium NCBI
Saccharomyces kluyveri Saccharomycetaceae; Lachancea ]Gl
Kluyveromyces waltii Saccharomycetaceae; Lachancea ]Gl
Dekkera bruxellensis Saccharomycetaceae; Dekkera ]Gl
Pichia pastoris Saccharomycetaceae; Komagataella NBCI
Pachysolen tannophilus Saccharomycetaceae; Pachysolen ]Gl
Nadsonia fulvescens Saccharomycodaceae; Nadsonia ]Gl
Hanseniaspora valbyensis Saccharomycodaceae; Hanseniaspora JGI
Wickerhamomyces anomalus Phaffomycetaceae; Wickerhamomyces ]Gl
Babjeviella inositovora Debaryomycetaceae; Babjeviella ]Gl
Lodderomyces elongisporus Debaryomycetaceae; Lodderomyces Broad
Spathaspora passalidarum Debaryomycetaceae; Spathaspora JGI
Pichia guilliermondii Debaryomycetaceae; Meyerozyma ]Gl
Pichia stipitis Debaryomycetaceae; Scheffersomyces ]Gl
Debaryomyces hansenii Debaryomycetaceae; Debaryomyces NCBI
Hyphopichia burtonii Metschnikowiaceae; Hyphopichia JGI
Clavispora lusitaniae Metschnikowiaceae; Clavispora JGI
Metschnikowia bicuspidata Metschnikowiaceae; Metschnikowia JGI
Ascoidea rubescens Ascoideaceae; Ascoidea JGI
Candida arabinofermentans mitosporic Saccharomycetales; Candida JGI
Candida albicans mitosporic Saccharomycetales; Candida NCBI
Candida caseinolytica mitosporic Saccharomycetales; Candida ]Gl
Candida parapsilosis mitosporic Saccharomycetales; Candida JGI
Candida tenuis mitosporic Saccharomycetales; Candida JGI
Candida tropicalis mitosporic Saccharomycetales; Candida JGI
Pichia membranifaciens Pichiaceae; Pichia JGI
Hansenula polymorpha Saccharomycetales incertae sedis; Ogataea ]Gl
Yarrowia lipolytica Dipodascaceae; Yarrowia NCBI
Lipomyces starkeyi Lipbomycetaceae; Lipomyces ]Gl
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*SGD: (yeastgenome.org)
NCBI: (ncbi.nlm.nih.gov)

JGI: (genome.jgi.doe.gov/programs/fungi/index.jsf)

2.22.2 Comparative genomic survey of organelle inheritance machinery

The identification of putative homologs of the organelle inheritance machinery followed a heuristic
process of iterative searches using the basic local alighment search tool for proteins (BLASTP
2.2.22+) (Altschul et al., 1997) (Schaffer et al., 2001) and profile hidden Markov model (HMM)

search algorithms, HMMER 2.3.3 (Eddy, 1998) and HMMER 3.0 (Eddy, 2009). Each survey was
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initiated by querying publicly hosted genomes at the NCBI using BLASTP with a cutoff expect (e-)

value for positive candidate homologs set at 0.05. Those genomes not hosted by NCBI were
queried locally using the BLASTP program. In order to reduce the chance for corruption in
subsequent HMMs, and to verify candidates, putative homolog sequences were used as BLASTp
queries into the S. cerevisiae genome and considered validated if they returned the functionally
characterized protein sequence as the best scoring retrieved sequence (Bork et al., 1998; Tatusov
etal., 1997).

Validated sequences were aligned using MUSCLE 3.6 (Edgar, 2004) and used to build a HMM
using a maximum likelihood architecture construction algorithm (Eddy, 1998; 2008). This model
was then used to search the locally hosted genomes listed in Table 2-15 for putative homologs.
Newly identified sequences below the 0.05 E-value cutoff were validated by reciprocal BLAST and
added to the HMM iteratively until all genomes had been searched and the list of candidate
homologs was exhausted. High scoring false-positives can result from gene paralogy, as in the case
of the myosin superfamily, or the presence of highly conserved protein domains, as in the case of
multiple armadillo repeats present in Vac8p (Wang et al., 1998). In the surveys for homologs of
myosin V, BimIp and Vac8p, it was necessary to perform an additional verification step using

BLAST to query the human genome.

2.23 Alignment and Phylogenetic Analysis
PRANK (Loytynoja and Goldman, 2008) was used to align the validated homologs of Pex30p.
MUSCLE 3.6 was used to align the validated homologs of Pex3p and myosin V. The alignments
were then visually inspected and masked so as to retain only unambiguously homologous positions
for analysis. For Pex30p, the analysis consisted of 49 sequences and 339 positions spanning the
saccharomycotina with Neurospora crasa, Magnaporthe grisea, Botryotinia fuckeliana, and Coprinosis

cinerea as outgroups. For Pex3p, the analysis consisted of 39 sequences and 343 positions spanning
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the opisthokonts with apussomonad and amoebae outgroups. Removal of these outgroups
improves the branching order of the Y. lipolytica Pex3p paralogs (Figure 5-3). For myosin V, the
analysis consisted of 69 sequences and 1488 positions.

Prot-test version 1.3 (Wiese et al,, 2007) was used to estimate the optimal model of
sequence evolution. Analyses were run incorporating corrections for the model of amino acid
transition, as well as invariable and unequal rates among sites, as relevant. The optimal model for
both Pex3 and myosin V was WAG +1 +G.

Mr. Bayes version 3.2 (Ronquist and Huelsenbeck, 2003) was used to produce the optimal
tree topology and posterior probability values. Analyses were run for 1,000,000 Markov chain
Monte Carlo generations, and the burn-in values were obtained by ensuring that the two
independent runs had converged with a split frequency of 0.1 and by removing all trees prior to a
graphically determined plateau of —Inl values. Additionally, maximum-likelihood (ML) bootstrap
values were obtained using the programs PhyML version 2.44 (Guindon and Gascuel, 2003) and
RAxML version 7.0.0 (Stamatakis, 2006) with values expressed as a percent based on 1000
pseudoreplicates.

For the phylogeny of Pex30p, PhyML version 2.44 was used to estimate the optimal tree
topology and estimate the optimal model of sequence evolution. ML bootstrap values were

obtained from both PhyML and RAXML based on 100 pseudoreplicates.
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3 A reticulon-peroxin complex regulates peroxisome biogenesis from

the ER

A version of this chapter has been submitted for publication.
Mast, F.D., A.P. Jamakhandi, R.A. Saleem, D.]. Dilworth, R.S. Rogers, R.A. Rachubinski and |.D.

Aitchison. 2013. A reticulon-peroxin complex regulates peroxisome proliferation from the ER. J
Cell Biol.
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3.1 Peroxisome biogenesis in S. cerevisiae
Peroxisome biogenesis and proliferation occur through two separate pathways: de novo
biogenesis, in which new peroxisomes derive from the ER, and the division of existing peroxisomes
(Hettema and Motley, 2009). The interplay between these biogenesis pathways is envisaged to be
tightly regulated spatially and temporally and to require the assembly of distinct protein complexes
and the recruitment of distinct lipids at the interface between peroxisomes and the ER. Cells
lacking peroxisomes due to a segregation defect required an average of four hours before de novo
peroxisomes were detected (Hoepfner et al., 2005; Motley and Hettema, 2007). Compared to
the ~90 minutes required for cell division (Johnston et al., 1977), these findings seem to indicate
that de novo biogenesis of peroxisomes is an inefficient process in S. cerevisicge. However, the
mechanisms regulating peroxisome biogenesis and proliferation remain poorly understood.

To begin to examine mechanisms regulating peroxisome proliferation, we first investigated
the ways in which peroxisomes proliferate in yeast. Historically, peroxisome biogenesis and
proliferation were studied in yeast grown in the presence of a non-fermentable carbon source
such as oleic acid (Veenhuis et al., 1987). This is because peroxisomes are the sole site of -
oxidation in yeast, which makes use of this conditional requirement for peroxisome function a
useful strategy in genetic screens designed to identify novel factors involved in peroxisome
biogenesis (Erdmann et al., 1989; Smith et al., 2002; 2006). Peroxisomes are not essential for
growth in the presence of a fermentable carbon source such as glucose (Smith et al., 2006).
Furthermore, growth in the presence of a non-fermentable carbon source renders peroxisomes
more amenable to ultrastructural analysis by electron microscopy and biochemical characterization
by subcellular fractionation techniques (Erdmann and Blobel, 1995).

When grown in a medium containing a non-fermentable carbon source, yeast peroxisomes
proliferate in size and number (Veenhuis et al., 1987). This can be demonstrated by imaging yeast

cells expressing a chimera of 3-ketoacyl-CoA thiolase and green fluorescent protein, Potlp-GFP,
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after timed intervals of growth in an oleic acid containing medium using confocal microscopy
(Figure 3-1) (Saleem et al.,, 2008). Within two hours of incubation peroxisomes are visible as
fluorescent puncta distributed throughout the cytoplasm. Successively longer incubations of up to
eight hours reveal more puncta of greater fluorescence intensity, but after this time peroxisomes
appear to cluster in the center of the cell. The clustering of peroxisomes after prolonged periods
of incubation in oleic acid containing medium has been confirmed by electron microscopy to be
smaller individual peroxisomes tightly associated with each other and not one large peroxisome
(Saleem et al., 2008).

Recent evidence suggests the primary phenotype of fatty acid-induced peroxisome
proliferation is an increase in organelle size. Visualizing Pot|p-GFP by 3D confocal microscopy in
wild-type cells incubated in an oleic acid containing medium showed the average number of
peroxisomes per cell only increased from ~9 after 2 hours to ~ 11 after 8 hours (Tower et al.,
201 1). Over a similar timeframe, peroxisomes increased in density from .15 g/cm® to 1.21 g/cm?
(Erdmann and Blobel, 1995). This increase in density is presumably accompanied by an increase in
peroxisome size, as longer incubations in an oleic acid containing medium produce readily
identifiable peroxisomes by electron microscopy, but this has never been formally tested.

To assess the degree of continuity between peroxisome populations from cells incubated in
glucose containing medium to peroxisome populations from cells incubated in oleic acid containing
medium, we performed a colocalization experiment between the PMP Pex3p, and the
peroxisomal matrix protein, Potlp, using 3D confocal microscopy (Figure 3-2A). Endogenous
Pex3p was tagged at its C-terminus with GFP (Pex3p-GFP) and Potlp was tagged at its C-terminus
with monomeric red fluorescent protein (Potlp-mRFP). Initially, only Pex3p-GFP puncta were
visible and seen distributed throughout the cytoplasm of cells incubated in glucose containing

medium. However, after two hours of incubation in oleic acid
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Figure 3-1. Peroxisome biogenesis in Saccharomyces cerevisiage. Time course of peroxisome
biogenesis over 24 h of incubation in oleate-containing YPBO medium. Peroxisomes are punctate
structures appearing in wild-type BY4742 cells after 2 h incubation. The fluorescent intensity of the
Potlp-GFP reporter increases over time, and peroxisomes cluster after prolonged exposure to
oleic acid. In contrast, pex3A cells show a cytosolic accumulation of Potlp-GFP over time. Bar, 5

pm.
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containing medium, Potlp-mRFP fluorescent signal could be visualized overlapping the Pex3p-GFP
signal. The intensity from the two fluorescent signals was not perfectly correlated, as each
peroxisome varied in the levels of Pex3p-GFP and Potlp-mRFP, but each peroxisome contained
some level of red and some level of green fluorescent signal. Longer incubations did not
dramatically alter this phenotype until the 8 hour timepoint, when a segregation of Pex3p-GFP and
Potlp-mRFP into distinguishable, partly overlapping but juxtaposed, fluorescent puncta became
apparent (Figure 3-2A). The extent of this juxtaposition was enhanced at the 24 hour timepoint
and may suggest remodeling events occurring in the peroxisome membrane after prolonged
exposure to oleic acid.

These data demonstrate that all Pex3p-GFP labeled puncta become “mature” peroxisomes as
defined by their import competency for Potlp-GFP but leave unresolved the state of the Pex3p-
GFP puncta in cells grown in the presence of glucose. Furthermore, this conversion to “maturity”
must occur relatively early after incubation in oleic acid containing medium as demonstrated by the
complete overlap of fluorescence between Pex3p-GFP and Potlp-mRFP at the 2 hour timepoint.

Peroxisomes have been shown to import readily synthetic peroxisomal matrix proteins, like
CFP-SKL or HcRed-SKL (Hoepfner et al., 2005; Motley and Hettema, 2007), when cells are grown
in the presence of glucose, but this could represent an artifact of induction and not be
representative of wild-type conditions. A search of the Yeast GFP Fusion Localization Database
(yeastgfp.yeastgenome.org) revealed a potential endogenous peroxisomal matrix protein
candidate for cells grown in the presence of glucose in malate dehydrogenase 2 (Mdh2p).
Incidentally, Mdh2p was also identified as being a peroxisome constituent by quantitative mass
spectrometric analysis of the peroxisome proteome (Marelli et al, 2004). Endogenously expressed
Mdh2p-GFP localized to punctate structures characteristic of peroxisomes in cells grown in the
presence of glucose in addition to a diffuse cytosolic pattern (Figure 3-2B). This localization

requires peroxisomes to be present, as only the diffuse cytosolic signal was detected in a pex3A



Figure 3-2. Peroxisome morphology in cells grown in the presence of oleate or glucose. (A)
Time course of peroxisome biogenesis in wild-type cells over 24 h of incubation in oleate-
containing YPBO medium. Peroxisomes labeled by Pex3p-GFP appear as punctate structures at
the O h timepoint. Potlp-mRFP signal is detectable after 2 h incubation in oleate and colocalizes
with the fluorescent signal from Pex3p-GFP. The fluorescence intensity of the Potlp-mRFP
reporter increases over time, and peroxisomes cluster after prolonged exposure to oleic acid.
After 24 h of incubation, the Pex3p-GFP and Potlp-mRFP signals appear juxtaposed and partially
overlap. Bar, 5 pm. (B) Mdh2p is a peroxisomal matrix protein in cells grown in the presence of
glucose. Mdh2p-GFP localizes to punctate structures in wild-type and pex7A, cells with some
background cytosolic fluorescent signal also detected; however, it is exclusively cytosolic in pex3A
and pex5A cells. Bar, | ym. (C) Pex3p-mRFP in cells grown in the presence of glucose is exclusively
peroxisomal. Mdh2p-GFP and Pex3p-mRFP colocalized to peroxisomes in glucose-grown cells. Bar,

| pm.
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strain. Furthermore, import of Mdh2p-GFP into peroxisomes was dependent on the PTS| import
system as a pex5A strain also displayed only a diffuse cytosolic localization of Mdh2p-GFP, whereas
a punctate localization was observed in a pex7A strain. Pex5p recognizes a tripeptide serine-lysine-
leucine PTSI motif at the C-terminus of proteins (Terlecky et al, 1995) but Mdh2p does not
contain any recognizable PTSI. Furthermore, the appending of GFP to the C-terminus of Mdh2p
would mask this targeting sequence and render a PTS| containing protein incapable of being
imported into peroxisomes. Regardless, Mdh2p-GFP is imported into peroxisomes and relies on
Pex5p to achieve this import. It therefore interacts either with Pex5p in a non-PTSI fashion or
with a PTS| containing protein and is than piggybacked into the peroxisome (Glover et al., 1994).

We next assessed the import competency of Pex3p-labeled puncta from cells grown in
glucose-containing medium. Cells expressing Mdh2p-GFP and Pex3p-mRFP from their endogenous
promoters were grown in glucose-containing medium and imaged by 3D confocal microscopy
(Figure 3-2C). Colocalization between Mdh2p-GFP and Pex3p-mRFP was similar to what was
observed at the 2 hour timepoint for Pex3p-GFP and Potlp-mRFP (Figure 3-2A). Overlap in the
fluorescence signal from each fluorophore in punctate structures characteristic of peroxisomes
was detected, although a perfect correlation between fluorescent signals was again absent. Mdh2p
is not the only soluble protein that localizes to peroxisomes in cells grown in the presence of
glucose. Glycerol-6-phosphate dehydrogenase (Gpd|p) utilizes a PTS2 sequence that is regulated
by reversible phosphorylation to gain access to peroxisomes via an interaction with the PTS2
receptor Pex7p, depending on metabolic conditions (Jung et al., 2010; Marelli et al.,, 2004).
Similarly, pyrazinadase and nicotinamidase | (Pnclp) also localizes to peroxisomes in a Pex7p-
dependent manner (Anderson et al., 2003; Jung et al., 2010; Marelli, 2004).

Because of the relatively benign increase in peroxisome number and density under fatty-acid-
inducing conditions, the use of fatty acid induction is likely not necessary for characterizing

mechanisms of peroxisome biogenesis and proliferation. Thus far, my findings show that
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peroxisomes from cells grown in the presence of glucose are “mature” peroxisomes (Figure 3-2C).
Furthermore, Pex3p-GFP is a suitable marker of peroxisomes in wild-type cells, as all Pex3p-GFP

puncta colocalized with the peroxisomal matrix protein, Mdh2p-GFP.

3.2 The regulation of peroxisome proliferation is independent of cell cycle
regulation.

Considering that peroxisome numbers between cell generations remain relatively constant under
fermentative and non-fermentative growth conditions, it is tempting to speculate that the fidelity of
peroxisome inheritance mechanisms is sufficient enough to regulate peroxisome biogenesis and
proliferation. Regulation would then entail a tight coupling between peroxisome division and
inheritance in a way that ensured one half of the peroxisome population remained in the mother
and one half was sent to the bud. Furthermore, peroxisome proliferation would have to be strictly
coupled to the cell cycle in order to support the necessity of matching peroxisome growth with
the requirement to divide the cell within the span of a cell cycle, thus ensuring equitable
peroxisome retention and inheritance. This is not an inconsequential point, as sophisticated
feedback mechanisms would be required to ensure peroxisomes would not become smaller or
larger with each cell division. Additionally, in the case of a catastrophic loss of peroxisomes, such
as in inp2A cells that retain all their peroxisomes in the mother cell (Fagarasanu et al., 2006a), the
daughter cell would initially require rapid proliferation mechanisms to “catch-up” to the wild-type
state and the mother cell would need to dramatically slow its peroxisome growth mechanisms
because of all the extra peroxisomes it had retained. However, it is precisely in inp2A cells that de
novo peroxisome biogenesis was demonstrated to be very slow and inefficient (Motley and
Hettema, 2007).

Are there conditions where peroxisomes proliferate in number? Johnston and colleagues

considered a similar question when they asked if cell growth, of which peroxisome biogenesis and
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proliferation are a part, could be uncoupled from the cell cycle, i.e. DNA replication and cell
division (Johnston et al., 1977). They demonstrated that arresting the cell cycle at different stages
by using temperature-sensitive mutants of important cell cycle regulators did not inhibit cell growth,
resulting in an uncoupling of the two processes. However, mutants that inhibited growth did inhibit
the cell cycle, preventing cell division. The regulation of cell growth in yeast is primarily mediated
by transduction of environmental cues through the protein kinase A (PKA) and target of rapamycin
(TOR) pathways (Schneper et al., 2004).

Peroxisome number was assessed in conditions where cell growth is uncoupled from the cell
cycle. The yeast cell cycle arrests in a stage termed G as a culture moves from logarithmic growth
into stationary phase (Herman, 2002). Under this condition of cell cycle arrest, the yeast cell is still
metabolically active, growing and accumulating mass. The comparison between logarithmically
growing cells and cells arrested in stationary phase provides a natural state for assessing the effect
of uncoupling cell growth from the cell cycle on peroxisome proliferation. Cells expressing Pex3p-
GFP were first maintained in an early logarithmic phase of growth before being allowed to arrest in
stationary phase, and the number of Pex3p-GFP puncta per cell in each growth state was
determined by 3D widefield microscopy (Figure 3-3A).

The number of peroxisomes was greater in stationary cells than cells growing logarithmically.
Quantification showed that the number of Pex3p-GFP puncta, even when normalized for cell size,
was |178% greater in stationary cells than cells growing logarithmically (Figure 3-3B). These data
suggest that the regulation of peroxisome proliferation is not dependent on progression through
the cell cycle but is rather correlated with the growth cycle of the cell. Therefore, peroxisome
inheritance mechanisms and the regulation thereof are insufficient for explaining the regulation of

peroxisome biogenesis and proliferation.
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Figure 3-3. The number of Pex3p-GFP puncta per cell is growth-state-dependent. (A) Pex3p-
GFP puncta are more numerous in stationary cells as compared to cells in a logarithmic stage of
growth. (B) Quantification of the numerical density of peroxisomes as visualized by Pex3p-GFP
from logarithmically grown cells and cells in stationary phase. Error bars represent the standard

error of the mean from 3 individual experiments.



A B

logarithmic stationary
Pex3-GFP foci

0.8+

——

0.6+

foci per pm?




118

3.3 The ER is involved in regulating peroxisome proliferation in yeast
A screen of 19 essential SEC genes of either unknown function or previously implicated in ER to
Golgi transport revealed an unexpected role for the ER in regulating peroxisome proliferation
(Perry et al., 2009). In this screen the endogenous promoter of an essential gene was replaced by
the regulatable TetO; promoter, which allowed for controlled repression of the essential gene by
addition of doxycycline to the growth medium (Hughes et al., 2000; Mnaimneh et al., 2004). This
system uses the tetracycline analogue, doxycycline, and a doxycycline repressible promoter, TetOy,
to tightly regulate gene expression (Gari et al., 1997) in a manner that does not interfere with
yeast energy metabolism or global gene expression patterns (Wishart et al., 2005). Peroxisome
morphology and assembly were monitored by visualizing Pot| p-GFP in cells grown in the presence
or absence of doxycycline in oleic acid-containing medium (Perry et al., 2009). Surprisingly, loss of
SEC6| expression by addition of doxycycline resulted in an increased number of peroxisomes.
Sec61p forms the central channel of the ER translocon (Rapoport, 2007). This effect was not
specific to a loss of protein import into the ER per se, as repression of SEC/ |, the 18-kDa subunit
of the signal peptidase complex (Bohni et al, 1988), or SEC65, a component of the signal
recognition particle (Ng et al.,, 1996, Stirling et al., 1992), did not strongly affect peroxisome
morphology or number (Perry et al., 2009).

The effect of repressing SEC6/ was further analyzed by monitoring the intracellular
distribution of Pex3p-GFP. As expected, Pex3p-GFP localized to several discrete puncta typical of
peroxisomes in the wild-type R1158 strain grown in the presence of glucose and irrespective of
the presence or absence of doxycycline (Figure 3-4A) (Perry et al., 2009). Similarly, Pex3p-GFP
also displayed normal peroxisome morphology in the THC-SEC[4-PEX3-GFP strain irrespective of
doxycycline presence or absence (Figure 3-4B). Secl4p is a
phosphatidylinositol/phosphatidylcholine lipid transfer protein (Bankaitis et al., 1990) that is

essential for secretory traffic to progress through the Golgi (Novick et al., 1981). Doxycycline
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Figure 3-4. Pex3p-GFP labeled peroxisomes proliferate in cells repressed for SEC6/ expression.
(A) THC-SEC strains with genomically integrated PEX3-GFP were incubated for 18 h in YEPD (-
doxycycline). Repression of TetO; promoter-regulated genes was achieved by addition of
doxycycline to a concentration of 10 pg/ml in YEPD (+doxycycline). Cells were fixed with
formaldehyde, images were captured by confocal microscopy, and a maximume-intensity projection
was created from a deconvolved 3D data set using Huygens software. Black-and-white images
were generated using the “Blend” viewing mode in Imaris (Bitplane) to enhance the total
fluorescence signal located within the cell compared to the maximum-intensity projection.
Repression of SEC6/ but not SEC/4, or addition of doxycycline to controls cells, resulted in

peroxisome proliferation. Bar, 5 ym.
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repression of SEC6/ resulted in an increased number of Pex3p-GFP puncta consistent with an
enhanced peroxisome proliferation phenotype (Figure 3-4C). Therefore, the peroxisome
proliferation phenotype appeared to originate at the level of the ER, as peroxisome proliferation
was not affected by loss of an essential Golgi localized Sec-protein.

Because of the relatively long treatment time required for doxycycline-mediated repression —
I8 hours — we next assessed whether the inactivation of Sec6Ip on a shorter time scale also
resulted in an enhanced peroxisome proliferation phenotype. The localization of endogenously
expressed Pex3p-GFP was assessed in a secé| temperature-sensitive strain and an isogenic wild-
type strain (Stirling et al., 1992). Surprisingly, even at the permissive temperature, a peroxisome
proliferation phenotype was detected in the secé | mutant strain, as Pex3p-GFP localized to more
puncta per cell than in the wild-type strain as detected by 3D confocal microscopy (Figure 3-5).
Cells were incubated at the non-permissive temperature for 4 hours before imaging again with 3D
confocal microscopy. This time, Pex3p-GFP localized to numerous structures resembling
elongated peroxisomes in the process of peroxisome division in the sec6/ mutant strain and again
to normal peroxisomes in the wild-type strain.

These findings implicate the ER and the function of SEC6/ in the regulation of peroxisome

biogenesis and proliferation.

3.4 Identification of peroxins involved in regulating peroxisome biogenesis
and proliferation

Two classes of peroxins regulate peroxisome biogenesis and proliferation: one that promotes it,

and one that restricts it (Fagarasanu et al., 2007). In S. cerevisiae the first class includes the paralogs

Pex|1/25/27 that promote peroxisome division by elongating and constricting the organelle

(Erdmann and Blobel, 1995; Marshall et al., 1996; Rottensteiner et al.,, 2003; Smith et al., 2002;

Tam et al., 2003). This family of proteins also functions in poorly understood processes required
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Figure 3-5. Peroxisomes proliferate in a temperature-sensitive mutant of SEC6/. Wild-type and
sec61® strains with genomically integrated PEX3-GFP were incubated in YEPD at a permissive
temperature of 25°C and then shifted to a non-permissive temperature of 37°C. The secé | * strain
shows a peroxisome proliferation phenotype at the permissive temperature, and peroxisomes
appear elongated at the non-permissive temperature. Images were captured by confocal
microscopy, and a maximume-intensity projection was created from a deconvolved 3D data set

using Huygens software.
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for de novo peroxisome biogenesis from the ER (Huber et al., 2012; Saraya et al., 201 |; Tower et
al.,, 2011). The second class includes Pex28/29/30/31/32, which share varying degrees of
sequence similarity with one another (Kiel et al.,, 2006), but how these proteins regulate
peroxisome numbers remains unknown (Vizeacoumar et al., 2003; 2004). Strains harboring single
gene deletions of PEX28, PEX3 1, or PEX32 have fewer and slightly enlarged peroxisomes whereas
single deletions of PEX29 or PEX30 result in increased numbers of smaller peroxisomes. Epistasis
experiments between deletion mutants of all five genes demonstrated that the phenotype of fewer
enlarged peroxisomes is hypostatic to the phenotype of increased numbers of smaller
peroxisomes (Vizeacoumar et al., 2004).

To determine whether these peroxins involved in regulating peroxisome biogenesis and
proliferation localize to the ER we performed a morphological screen utilizing a collection of
genomically integrated, C-terminally GFP-tagged peroxins (Huh et al., 2003). In addition to
peroxins implicated in regulating peroxisome proliferation we also included the peroxins
Pex1/5/6/13/14/15 to provide context, i.e. to assess comparatively whether the localizations
noted for a particular peroxin were uniform or distinct from the others. We first assessed whether
the peroxin-GFP fusion proteins could be visualized in wild-type cells using confocal microscopy. In
general, the fluorescent signal from the tagged peroxins was weak and difficult to visualize. Some
peroxins, such as Pex27/28/31/32, gave no detectable fluorescence and were not followed
further. Additionally, we excluded both Pex3p-GFP and Pex|9p-GFP from the list as they have
both been previously demonstrated to have a structural role in peroxisome biogenesis and
proliferation, i.e. we wanted to identify factors that regulated the functions of Pex3p and Pex|9p.
The remaining peroxin-GFP strains were grown in glucose-containing medium and imaged by
confocal microscopy, and were followed by further incubation of cells for 4 hours in oleic acid-

containing medium before imaging again (Figure 3-6).
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Figure 3-6. Screening for candidate peroxins involved in regulating peroxisome biogenesis and
proliferation. Wild-type strains individually genomically integrated with a peroxin-GFP were
incubated in the presence of glucose and then incubated in the presence of oleic acid for 4 h.
Images at each time point for the indicated strains were collected by confocal microscopy. Bar, 5

pm.
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Three peroxins, Pex|5p-GFP, Pex29p-GFP and Pex30p-GFP, exhibited distinct localization
patterns separate from the other peroxins and, instead of being restricted to discrete puncta
typical of peroxisomes, were localized to many small puncta and small tubular structures (Figure 3-
6). The fluorescent signal from these three peroxins was significantly weaker than that of other
peroxins, perhaps because of a more diffuse and less concentrated subcellular localization. Pex|5p
acts as a docking factor for the AAA-ATPases Pex|p and Pexép (Birschmann et al., 2003). In this
screen Pex|p-GFP gave a diffuse cytosolic signal that appeared to enrich in the nucleus, but this
was not confirmed or followed further. Pexé6p-GFP showed localization to puncta consistent with
a peroxisomal localization. As Pex|5p is a C-terminal membrane-anchored protein that is inserted
into the ER by the Guided Entry of Tail-anchored proteins (GET) system before trafficking to
peroxisomes (Lam et al., 2010; Schuldiner et al., 2008), appending a GFP to its C-terminus may
disrupt its trafficking. Both Pex| | p-GFP and Pex25p-GFP gave some of the brightest fluorescent
signal and localized to puncta, consistent with a peroxisomal localization in this screen. However,
the localization pattern of Pex| | p-GFP suggested that peroxisome morphology may be affected in
this strain, a phenotype that has been observed for Pex| | p chimeras before (Koch et al., 2010).

In Pichia pastoris, Pex30p exhibits a dual localization between the ER and peroxisomes, and
we therefore chose to investigate further Pex30p and its role in regulating peroxisome

proliferation in S. cerevisiae.

3.5 The subcellular localization of Pex30p shares commonalities with both
the ER and peroxisomes
To investigate the subcellular localization of Pex30p in further detail, we imaged Pex30p-GFP in

wild-type yeast grown in the presence of glucose by 3D confocal microscopy (Figure 3-7A). For
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Figure 3-7. An unbiased colocalization analysis shows Pex30p to colocalize with Pex3p and
Secl3p. (A) Pex30p localizes to numerous puncta distributed throughout the cytoplasm. Wild-
type cells with genomically integrated PEX30-GFP were incubated in YEPD and imaged by 3D
confocal microscopy. A maximum intensity projection of the z-stacks and a sectional view showing
cross-sections in the xy, xz and yz axes are shown for a small budded and large budded cell. Bar, |
pm. (B) Numerical density of peroxisomes and Pex30p-GFP puncta. The numerical density was
calculated from the number of “spots” identified with Imaris (Bitplane) software per cell from
Mdh2p-GFP and Pex30p-GFP labeled strains. Cell volume was determined by measuring the short
and long axes of mother cells and buds and calculating the volume of an oblong spheroid for each
cell. Interquartile box and whisker plots for Mdh2p and Pex30p show the results of 3 independent
experiments measuring 20 cells per experiment. (C) Quantitative 3D colocalization microscopy
with “punctate composite” proteins shows partial colocalization between Pex30p-GFP and Pex3p-
mRFP, Sacé6p-mRFP and Sec|3p-mRFP. Diploid cells expressing the indicated fluorescent proteins
were grown in YEPD and imaged by 3D confocal microscopy. Pearson’s coefficients were
calculated for the deconvolved data sets using the JACOP plugin for Image ] (NIH) and the data
from a representative experiment of 5 images per strain are shown by interquartile box and
whisker plots. (D) Maximum intensity projections and middle slice of the median image from (C)
are displayed for the three punctate composite markers showing partial colocalization to Pex30p-
GFP. Bar, | pm. (E) Intensity correlation analysis (ICA) of the images shown in (D). The ICA plot
displays the covariance of the Pex30p-GFP signal with a colocalization marker (Pex3p-mRFP,
Sacép-mRFP and Sec|3p-mRFP) as a function of the relative intensity of Pex30p-GFP. ICA plots
were calculated using the JACOP plugin for Image ] (NIH). (F) Cross correlation function (CCF)
analysis of the images shown in (D). The CCF is a plot of a series of Pearson’s coefficients
calculated by shifting one image with respect to the other 20 pixels. The CCF for each image

pair in (D) was calculated using the JACOP plugin for Image | (NIH).
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3D confocal microscopy of living cells, we employ a fast acquisition protocol with continuous
capture along the z-axis driven by a piezoelectric actuator (Hammond and Glick, 2000), which
minimizes acquisition time and the introduction of small vibrations from the step-wise progression
of a typical 3D acquisition. Use of a multi-immersion objective with correction collar allowed us to
reduce the degrading effects of spherical aberration to image contrast by compensating for
mismatches in the refractive indices of the imaging medium and living cells, as well as to correct for
the necessary insertion of a coverslip into the light path (Pawley, 2006). To remove noise and
reassign blur, deconvolution algorithms are applied to the post-acquisition dataset, which also
correct for artifacts introduced by the digital discretization of the analog fluorescence signal. The
resulting 3D reconstruction shows remarkable contrast for weak fluorescence signals, such as
those collected by imaging Pex30p-GFP, with resolution on three axes approaching the diffraction
limits of the confocal microscope (Figure 3-7A).

Pex30p-GFP localizes to numerous puncta distributed throughout the cell with both cortical
and, what appear to be, perinuclear distribution patterns. This localization pattern was
independent of cell size or progression through the cell cycle, although an enrichment of Pex30p-
GFP signal was often seen in small- to mid-sized buds (Figure 3-7D). Quantification of the number
of puncta per cell revealed an ~10-fold higher level of Pex30p-GFP puncta as compared to Mdh2p-
GFP puncta (Figure 3-7B).

To determine the identity of the compartment(s) to which Pex30p-GFP localized, we
performed quantitative colocalization experiments against a battery of proteins that give a
“punctate-composite” localization by light microscopy. These proteins were previously used in a
global analysis of protein localization in yeast (Huh et al., 2003). A wild-type haploid strain
expressing Pex30p-GFP was mated to haploid strains expressing chimeras of each of the punctate-
composite proteins and mRFP. The resulting diploid cells were then imaged by 3D confocal

microscopy, and an estimate of the strength of association between the two fluorophores was
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made by comparing Pearson’s correlation coefficients calculated from the different 3D image
datasets (Manders et al., 1992) (Figure 3-7C). As a positive control, Pearson’s correlation
coefficients were calculated for images acquired of Pex3p-mRFP and Mdh2p-GFP.

The graphical representation of the data revealed stronger correlations between Pex30p-GFP
and Pex3p-mRFP, Sac6p-mRFP and Sec|3p-mRFP as compared to correlations between Pex30p-
GFP and Chclp-mRFP, Cop I p-mRFP, Ergbp-mRFP, Nic96p-mRFP and Snf/p-mRFP. Sacép is yeast
fimbrin, an actin bundling and plus-end binding protein (Adams et al., 1991), whereas Sec|3p is a
structural component of Copll vesicles and the nuclear pore complex (Field et al., 2011).
Pearson’s correlation coefficients between the ranges of 0.3 and 0.6 could result from random,
spurious and coincident associations or could be the result of a partial colocalization between
subsets of the two populations of proteins (Bolte and Cordelieres, 2006). To distinguish between
these possibilities we performed additional analyses according to the methods of Li and colleagues
(Li et al, 2004) and van Steensel and colleagues (van Steensel et al., 1996), as shown for
representative images of Pex30p-GFP with Pex3p-mRFP, Sac6p-mRFP or Sec|3p-mRFP (Figure 3-
7D-F). Intensity correlation analysis showed high intensity fluorescence from Pex30p-GFP covaried
with Pex3p-mRFP and to a lesser extent with Sec|3p-mRFP, but not with Sac6p-mRFP, with which
low intensity covariance dominated (Figure 3-7E). Furthermore, computation of a cross
correlation function for each image dataset picked up coincident colocalization between Pex30p-
GFP and Sac6-mRFP, which had an unequal right tail skew likely due to the propensity of both
proteins to show enriched signal in the yeast bud (Figure 3-7D and F). We therefore conclude that
the partial colocalization between Pex30p-GFP and Pex3p-mRFP is the result of specific and
discrete associations between a subset of each protein population. Partial colocalization between
Pex30p-GFP and Sec|3p-mRFP likely results from a broad coincident colocalization of the two

proteins residing in the same subcellular compartment, the ER.
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3.6 Pex30p associates with peroxisomes when yeast are grown in the
presence of oleic acid

Earlier studies indicated that Pex30p localizes to peroxisomes in cells grown in medium containing
oleic acid (Vizeacoumar et al., 2004). We therefore imaged yeast cells endogenously coexpressing
Pex30p-GFP and one of Kar2p-mRFP(HDEL), Pex3p-mRFP or Potlp-mRFP, after timed intervals
of growth in an oleic acid containing-medium using 3D confocal microscopy (Figure 3-8A). Kar2p is
the yeast homolog of binding protein, BiP, an ER lumenal chaperone protein (Rose et al., 1989).
Pex30p-GFP displayed strong colocalization with Kar2p-mRFP(HDEL) when imaged in cells grown
in the presence of glucose; however, Pex30p-GFP appeared to redistribute to peroxisomes with
excessively longer incubations in oleic acid-containing medium. Pex30p-GFP showed increased
colocalization with both Pex3p-mRFP and Potlp-mRFP as a function of time during incubation in
oleic acid-containing medium.

We asked whether Pex30p’s transit to peroxisomes was delayed or aberrantly affected by
appendage of GFP to its C-terminus. While generally considered inert with respect to protein
function, a GFP tag, such as in the case of Pex| | p-GFP, can potentially alter function (Koch et al.,
2010). Polyclonal antibodies were raised against the C-terminus of GFP and affinity-purified.
Analysis of whole cell lysates revealed reduced levels of Pex30p-GFP, as compared to untagged
Pex30p, with quantification showing a 40% reduction in protein levels (Figure 3-8E). However,
despite this effect, Pex30p still localized to numerous puncta distributed throughout the cytosol
that colocalized with Kar2p as revealed by immunofluorescence microscopy of wild-type cells
grown in the presence of glucose. Cells expressing Pex30p-GFP grew like wild-type cells and

exhibited normal peroxisome morphology.
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Figure 3-8. Pex30p dynamically localizes to the ER or peroxisomes depending on the carbon
source utilized. (A) Pex30p associates with peroxisomes when cells are grown in the presence of
oleic acid. Endogenously expressed Pex30p-GFP was localized in vivo with Kar2pmRFP(HDEL)
(top), Pex3p-mRFP (middle) or Potlp-mRFP (bottom) in wild-type cells under conditions of
peroxisome induction. Cells were precultured in glucose-containing YPD medium and imaged at
the indicated time points following a shift to oleic acid-containing YPBO medium. With increasing
incubation times in oleic acid-containing medium, Pex30p-GFP colocalization with the ER marker,
Kar2p-mRFP(HDEL), and the peroxisomal markers, Pex3p-mRFP and Potlp-mRFP, is lost and
gained, respectively. Bar, | pm. (B) Pex30p does not colocalize with peroxisomal matrix proteins
when cells are grown in the presence of glucose. Pex30p-GFP was localized in vivo with mRFP-SKL
(left) or Pex3p-mRFP (right) in wild-type cells. Maximum intensity projections of the merged and
individual fluorescent channels are displayed. Bar, | ym. (C) Pex30p localizes to the ER in glucose-
grown cells. Endogenously expressed Pex30p-GFP and Kar2p-mRFP(HDEL) were imaged in wild-
type cells grown in the presence of glucose. Shown are a maximum intensity projection of all
optical sections and single z-sections through the midplane of cells. Bar, 5 pm. (D) Cells expressing
the indicated fluorescent proteins were grown in YEPD and imaged by 3D confocal microscopy.
Pearson’s coefficients were calculated for the deconvolved data sets using the JACOP plugin for
Image | (NIH), and the data from a representative experiment of 5 images per strain are shown by
interquartile box and whisker plots. (E) Endogenously tagging Pex30p-GFP affects its expression
levels. Whole cell lysates from wild-type, PEX30-GFP and pex30A strains were separated by SDS-
PAGE, transferred to nitrocellulose and probed with affinity-purified antibodies to Pex30p, and
antibodies to G6PDH. Graphical results of Pex30p protein levels normalized to wild-type show the
means and standard error of the mean from three independent experiments. (F) Endogenous
untagged Pex30p shows a localization pattern similar to Pex30p-GFP. Unlabeled wild-type cells
were grown in glucose and processed for immunofluorescence microscopy using affinity-purified
antibodies to Pex30p and antibodies to Kar2p. Shown are a maximum intensity projection of all

optical sections and single z-sections through the midplane of cells. Bar, 5 pm
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3.7 Identification of a reticulon-peroxin complex
To gain a better understanding of Pex30p function we next sought to identify interacting partners
of Pex30p by immunoaffinity isolation followed by identification by mass spectrometry. Pex30p
was tagged at its C-terminus with Protein A, Pex30p-pA, and immunoisolation of Pex30p-pA
containing complexes was performed with whole cell extracts prepared from cells grown in the
presence of glucose. Unlike previous efforts to immunopurify PMPs, which employed enrichment
of peroxisomes by ultracentrifugation prior to immunoisolation of protein complexes (Agne et al.,
2003; Marelli et al., 2004), we used whole cell lysates with the intention of probing for all potential
Pex30p-containing protein complexes that would be depleted from enriched peroxisomal fractions.
Cells were flash frozen in liquid nitrogen and lysed under cryogenic conditions using a planetary ball
mill to maintain native protein complexes. The resulting grindate was used for rapid
immunoisolation on IgG-coated magnetic beads (Cristea et al., 2005; Oeffinger et al., 2007). This
approach reduces the number of steps prior to protein complex purification, thereby leading to a
more confident identification of protein complexes (Tackett et al., 2005a). Experimental conditions
were iteratively optimized to provide appropriate solubilization of integral membrane protein
complexes while maintaining protein interactions (Aitchison et al., 1995; Rout et al., 1997).
Prominent bands representing putative Pex30p-pA interacting proteins were excised and identified
by mass spectrometry.

The major proteins that copurify with Pex30p-pA were identified as Pex29p, Rtnlp and
Yoplp (Figure 3-9A). Identification of Pex29p as a Pex30p-pA interacting protein was not
unexpected, as it showed a similar subcellular localization in our peroxin-GFP screen (Figure 3-6)
and pex29A and pex30A strains share similar peroxisome proliferation phenotypes (Vizeacoumar

et al., 2003; 2004). Similarly to Pex30-pA, isolation of Pex29p-pA yielded Pex30p, Rtnlp and
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Figure 3-9. Pex29p and Pex30p copurify with the ER resident proteins, Rtnlp and Yoplp. (A)
Endogenously expressed Pex29p and Pex30p C-terminally tagged with Protein A were
immunopurified from wild-type yeast whole cell lysates under conditions that promote the capture
of integral membrane proteins. Shown are silver-stained SDS-PAGE gels exhibiting the typical
patterns of proteins observed to copurify with these Protein A-tagged baits. Proteins in eluates
were identified by two complementary methods, i.e. in-gel digestion of prominent bands excised
from silver-stained gels and global shotgun analysis of eluate fractions. The identity of bands
excised from Pex29p-PrA and Pex30p-PrA gels are indicated. In both immunopurifications, the
resident ER proteins, Rtn|p and Yop|p, were found to copurify with Pex29p-PrA and Pex30p-PrA
under these conditions. In support of this interaction, both Pex29p and Pex30p were identified by
shotgun mass spectrometry in reciprocal immunoisolations using Rtnlp-PrA and Yop|p-PrA as
bait. (B-C) Expression ratio (Xpress ratio = light isotope / heavy isotope) for proteins identified
by the I-DIRT experiments and shotgun mass spectrometry. An Xpress ratio of > 2 was used as a
set point to define specific Pex30p-pA (B) and Pex29p-pA (C) interacting proteins. (D) Network
level view of the protein-protein interactions identified in this study. Horizontal lines represent
protein nodes (as labeled in the figure), and vertical lines represent the protein-protein interactions.
Graphical representation of the data was generated using BioFabric (Institute for Systems Biology,
Seattle, WA). (E) Same as (D) but including all protein-protein interactions reported in the
literature for the proteins found in (D). The String database (string-db.org) was used to identify

these additional protein-protein interactions.
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Yoplp as major copurifying proteins. Rtnlp and Yoplp are members of the reticulon-like A
subfamily of integral membrane proteins involved in establishing and maintaining the cortical ER
membrane in yeast (de Craene et al., 2006; Voeltz et al., 2006). These proteins are proposed to
form a wedge-like structure within the ER membrane, inducing membrane curvature and
facilitating ER tubular structure formation (Hu et al., 2008). Furthermore, the meshwork of the
cortical ER is maintained by physical interaction between Rtnlp and Seylp (Hu et al., 2009), the
yeast ortholog of the dynamin-like GTPase, Atlastin (Orso et al., 2009). While both Rtnlp and
Yoplp are reported to interact with the GTPase Seylp, we did not find Seylp associated with
either Pex29p or Pex30p. This suggests the presence of different Rtnlp and Yop|p subcomplexes
in yeast cells, or that this interaction is not maintained in our immunopurification conditions. From
this initial characterization it remains undetermined if Pex30p and Pex29p exist in a single complex
or multiple distinct complexes.

To confirm the interactions between Pex30p, Pex29p, Rtnlp and Yoplp, we performed
reciprocal immunoisolations, this time using Rtnlp-pA and Yop|p-pA as baits (Figure 3-9A). For
these immunopurified eluates, proteins were identified by mass spectrometry using in-solution
digests rather than gel excision of prominent bands. As expected, both Pex30p and Pex29p were
detected in Rtnlp-pA and Yoplp-pA immunoisolations, strongly suggesting that these four
proteins are bona fide interacting proteins that exist in a complex that we term the “reticulon-
peroxin complex”. Several other potential interacting proteins, summarized in Table 3-1, were
identified in these experiments. Of note, all four immunoisolations identified Scs2p, DpmIp and
Yet3p as interacting partners. Scs2p is the yeast homolog of VAP and a component of the ER-
plasma membrane tethering complex involved in the regulation of the phosphoinositol-4-
phosphate phosphatase, Saclp (Manford et al., 2012; Stefan et al., 2013). DpmIp is a dolichol-
phosphate mannosyltransferase and an integral membrane protein of the ER, but it also interacts

with and has an important role in regulating Saclp (Faulhammer et al., 2005; 2007). Interestingly,
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we detected Pom33p, an integral membrane protein recently shown to interact with Rtnlp and
dynamically associate with the yeast nuclear pore complex (NPC) (Chadrin et al., 2010) in both
Pex29p-pA and Pex30p-pA eluates. Unexpectedly, we did not identify Pom33p in Rtnlp-pA or
Yop | p-pA eluates. However, we did identify Sey|p and several additional proteins involved in lipid
metabolism in the Rtn|p-pA eluate (Table 3-1).

Table 3-1. Proteins identified by mass spectrometry of Pex30p-pA, Pex29p-pA, Rtnlp-pA and

Yop | p-pA immunoisolations

Protein IMP*  Localization® Mol Wt (kD) GO annotation®

Proteins identified with Pex30p-pA, Pex29p-pA, Rtnlp-pA and Yoplp-pA

Rtnlp Yes ER 329 ER membrane structure

Yoplp Yes ER 20.2 ER membrane structure

Pex29p Yes ER/P 63.5 regulates peroxisome abundance
Pex30p Yes ER/P 59.4 regulates peroxisome abundance
Scs2p Yes ER 26.9 regulates phospholipid metabolism
Dpmlp Yes ER 303 dolichol mannose phosphate synthase
Yet3p Yes ER 22.9 invertase secretion decreased
Proteins identified only with Pex30p-pA and Pex29p-pA

Pom33p Yes ER 322 nuclear pore complex dynamics
Proteins identified only with Rtnlp-pA

Ergép No ER 434 ergosterol biosynthesis

Erglp Yes ER 55.1 ergosterol biosynthesis

Erg9p No ER 434 ergosterol biosynthesis

Ergllp Yes ER 60.7 ergosterol biosynthesis

Cbrlp Yes ER/M 314 microsomal cytochrome b reductase
Ncplp No ER 76.7 ergosterol biosynthesis

Yip3p Yes ER 19.4 ER to Golgi transport

Lsplp No E 38 Primary component of eisosomes
Pillp No E 383 Primary component of eisosomes
Seylp Yes PC 89.4 GTPase with a role in ER morphology

2 IMP: integral membrane protein prediction based on hydropathy index as catalogued in the Saccharomyces Genome
Database (yeastgenome.org).

® Localization: subcellular localization of protein as catalogued in the Saccharomyces Genome Database - curated from
(Huh et al., 2003).

ER: endoplasmic reticulum; P: peroxisome; M: Mitochondrion; E: eisosome; PC: punctate composite.

¢ Mol wt: Molecular weight as catalogued in the Saccharomyces Genome Database.

4 Go annotation: Truncated gene ontology from the Saccharomyces Genome Database

To assess the stability of the reticulon-peroxin complex and to identify additional interacting
proteins of Pex30p and Pex29p, we performed isotopic differentiation of interactions as random

or targeted (I-DIRT) experiments (Tackett et al.,, 2005b) with Pex30p-pA and Pex29p-pA
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followed by shotgun mass spectrometry. This method differentiates between specific and non-
specific interacting proteins by immunoisolation of affinity-tagged protein complexes from cells
grown in the presence of isotopically “light” medium, which is subsequently mixed in a |:I ratio
with cell lysates grown in the presence of isotopically “heavy” medium before protein identification
by mass spectrometry (Tackett et al., 2005b). In vivo stably interacting proteins will be isotopically
light, whereas spurious interactions that result from lysis and mixing during immunoisolation will
have a ratio of light to heavy approximating I:1I.

Rtnlp, Yoplp and Pex29p were among the top hits for Pex30p-pA, confirming the
association of these proteins in a complex (Figure 3-9B). Additionally, Pex32p and Pex28p, two
proteins previous identified as Pex30p interactors by two-hybrid experiments (Vizeacoumar et al.,
2004), were also stably associated with Pex30p-pA, validating our proteomics approach.
Interestingly, these experiments identified a stable association between Pex30p-pA and Tcb3p,
another component of the ER-plasma membrane tether (Manford et al., 2012). Scs2p was also
identified as a stable interactor, but at a lower ratio of light-to-heavy isotope. In addition to these
phosphatidylinositol-4-phosphate (PI4P) regulators, Dpm|p also made the cutoff. Pex30p was the
top hit for Pex29p-pA experiments with a ratio of light-to-heavy of just over 20, the highest ratio
in these experiments (Figure 3-9C). Pex29p-pA also stably associates with Rtnlp, but surprisingly
Yoplp was not identified as a stable interactor of Pex29p in these experiments despite the
identification of “light” Yop|p peptides. The strong connectivity of Pex30p and Pex29p was easily
visualized in a network map of the protein-protein interaction data (Figure 3-9D). This view also
reinforced the association of Dpm | p, Scs2p and Yet3p as additional peripheral components of the
reticulon-peroxin complex. To help gain a broader perspective, we created a second network that
included all previously reported protein-protein interactions among the proteins identified in our
proteomics experiments. Known and curated protein-protein interactions were taken from the

STRING database (string-db.org). This view maintained the strong interactivity between the
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Pex30p and Pex29p interaction networks and increased the association between the Rtnlp and

Yop | p interaction networks.

3.8 Pex30p and Pex29p are ER resident proteins even when cells are grown in
the presence of oleic acid

Because most of the proteins interacting with Pex30p and Pex29p were ER-resident proteins we
readdressed and further explored the subcellular localization of these proteins using an ER mobility
shift assay (Figure 3-10). This assay employs biochemical fractionation of lysed cells by isopycnic
density gradient centrifugation in the presence or absence of magnesium (Roberg et al., 1997). In
the presence of excess Mg?*, the ER has increased buoyant density that is most likely due to the
strengthened association of ribosomes with the Sec6Ip complex. Immunoblot analysis of the
separated fractions using antibodies to detect Pex30p, Pex29p, Pex3p, Secélp, and Sdh2p
revealed cofractionation of Pex30p and Pex29p with the ER marker Secé6|p under all conditions
from cells grown in the presence of glucose (Figure 3-10A). Interestingly, Pex3p also
cofractionated with Secé61p, moving from fractions of light density to fractions of heavy density
with the increase of Mg?* concentration. The mitochondria, as represented by the matrix protein
Sdh2p, was not affected by changes in Mg?* and remained in fractions of light density in these
experiments. These data suggest that peroxisomes, as labeled by Pex3p, associate with the ER in
glucose-grown cells, but in regions distinct from mitochondria. ER-mitochondria contact sites are
well documented in S. cerevisiae (Kornmann et al., 2009) but did not appear to affect the density of
mitochondria in our experiments.

Pex30p and Pex29p also cofractionated with Secé|p under all conditions from cells grown in
the presence of oleic acid (Figure 3-10B). However, this time Pex3p was found exclusively in
fractions of heavy density and cofractionated with the peroxisomal matrix protein Potlp, as has

been demonstrated previously (Perry et al., 2009). As seen for the fractionation of cells grown in
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Figure 3-10. Pex30p and Pex29p cofractionate with Sec6lp in an ER-shift assay. (A) Wild-type
yeast lysates from cells grown in the presence of glucose were prepared in buffer containing either
5 mM EDTA (no Mg*), 0.5 mM EDTA or | mM Mg* and postnuclear supernatants were
subjected to isopycnic centrifugation through discontinuous nycodenz density gradients. Eighteen
fractions of increasing density were collected, 1.25% of the fraction volume was separated by SDS-
PAGE, and the indicated proteins were detected by immunoblotting. Cofractionation of Pex30p
and Pex29p with the ER marker, Secélp, is observed, and a concomitant shift results from
increasing the buoyant density of ER by the presence of Mg**. Pex3p also cofractionates with
Sec6 | p, but Sdh2p remains in the lighter fractions. (B) Similar to (A) but this time cells were grown
in the presence of oleic acid before preparation of lysates. Lysates were prepared in buffer
containing either 5 mM EDTA or 0.5 mM EDTA. Cofractionation of Pex30p and Pex29p with the
ER marker, Sec61p, is observed but this time Pex3p is found exclusively in fractions of heavy

density and cofractionates with Potl p.
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the presence of glucose, Sdh2p remained in fractions of light density under all experimental
conditions. These data confirm Pex30p and Pex29p as ER resident proteins and not as residents of
mature peroxisomes.

We re-evaluated the association of Pex30p and Pex29p to peroxisomes using quantitative 3D
colocalization confocal microscopy. Cells endogenously expressing Pex30p-GFP or Pex29p-mRFP
were mated to cells endogenously expressing Mdh2p-mRFP or Potlp-mRFP. The resulting diploid
cells expressing Mdh2p-mRFP and either Pex30p-GFP or Pex29p-GFP were grown in the presence
of glucose, whereas diploid cells expressing Potlp-mRFP and either Pex30p-GFP or Pex29p-GFP
were grown in the presence of oleic acid.

Pex30p-GFP associated with peroxisomes more strongly than Pex29p-GFP. Quantification
showed that 70% of peroxisomes were in contact with Pex30p-GFP puncta using an object based
colocalization algorithm (Figure 3-11A). This number increased to nearly 100% when cells were
grown in the presence of oleic acid. Under these conditions, Pex30p-GFP could be seen to
associate with peroxisomes and to enrich at sites between peroxisomes that had clustered after
growth in the presence of oleic acid. But Pex30p-GFP did not overlap with signal from Potlp-
mRFP, consistent with our ER shift experiments demonstrating Pex30p to be an ER protein. The
association between Pex29p-GFP and peroxisomes also increased when cells were grown in the
presence of oleic acid so that 75% of peroxisomes were in contact with Pex29p-GFP puncta
(Figure 3-11B). However, Pex29p-GFP did not redistribute and associate with peroxisomes to the
same extent as Pex30p, and the overall morphology appeared similar to Pex29p-GFP in cells
grown in the presence of glucose. Despite this lack of redistribution, Pex29p-GFP could also be
found associated with peroxisomes and enriched at sites between clustered peroxisomes from
cells grown in the presence of oleic acid.

To investigate the association of Pex30p-GFP with peroxisomes in further detail, we

performed 2D video microscopy on cells expressing Pex30p-GFP and the peroxisomal matrix
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Figure 3-11. Pex30p, and to a lesser extent Pex29p, associate with peroxisomes under
peroxisome proliferating conditions as part of a peroxisome-associated ER membrane. (A)
Endogenously expressed Pex30p-GFP was localized in vivo with Mdh2p-mRFP (left) and Potlp-
mRFP (right) in wild-type diploid cells grown in the presence of glucose or oleate, respectively.
Shown is the maximum intensity projection of all optical sections both merged and shown
individually. Magnified inserts of the merged image from Pex30p-GFP and Potlp-mRFP show the
association of Pex30p-GFP with peroxisomes. Graphical results show the percentage of
peroxisomes in contact with Pex30p-GFP as calculated using an object-based colocalization
algorithm using Imaris (Bitplane). (B) Similar to (A) but with Pex29p-GFP instead of Pex30p-GFP.
(C) Pex30p dynamically associates with peroxisomes. 2D video microscopy of wild-type cells
expressing Pex30p-GFP and mRFP-SKL. Images of the midplane of cells were captured every 200
msec, and selected frames from the video are displayed with the indicated time stamp acting as a
guide. Pex30p-GFP can be seen to associate dynamically with static peroxisomes in the mother cell

and also with mobile peroxisomes in the bud.
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marker mRFP-SKL (Figure 3-11C). This was necessary to minimize photobleaching and the loss of
fluorescence signal. We acquired video frames at a rate of 200 msec per frame to provide high
temporal resolution in our movies.

Under these conditions, Pex30p-GFP could be seen to interact dynamically with peroxisomes.
These associations were frequent enough that individual peroxisomes were visited several times
over the course of our image capture. The dynamic movement of Pex30p-GFP throughout the
cytoplasm is consistent with previous reports showing the yeast ER to be a highly dynamic
structure (Prinz et al., 2000). The association of Pex30p with peroxisomes was also independent
of peroxisome placement in the cell, and the dynamic interactions were visualized for static,
anchored peroxisomes in the mother cell as well as for moving peroxisomes in the bud (Figure 3-

11C).

3.9 In vivo redistribution of members of the reticulon-peroxin complex
We next studied the interactions between members of the reticulon-peroxin complex by
quantitative colocalization 3D confocal microscopy. We fused GFP to the C-terminus of Pex29p
or Pex30p and mRFP to the C-terminus of Rtnlp or Yoplp and tested for colocalization of
Pex29pGFP with Pex30p-mRFP, Rtnlp-mRFP, or Yoplp-mRFP, as well as colocalization of
Pex30p-GFP with Rtnlp-mRFP or Yop|p-mRFP in diploid cells grown in the presence of glucose
or grown in the presence of oleic acid (Figure 3-12). For each protein pair, partial colocalization, as
assessed by comparison of Pearson’s coefficients, was observed. In contrast to Pex30p-GFP, which
showed stable colocalization with Rtnlp-mRFP and Yop|p-mRFP under both growth conditions,
Pex29p-GFP associated more strongly with all of its interacting partners when cells were grown in
the presence of oleic acid. These findings are consistent with our immunoprecipitation
experiments where Pex29p-GFP association with Yop|p wasn’t stable in immunoisolations from

cells grown in the presence of glucose (Figure 3-9C). A slopegraph of the Manders coefficients
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Figure 3-12. Colocalization analysis between members of the reticulon-peroxin complex. (A)
Endogenously expressed Pex30p-GFP was localized in vivo with Rtn|p-mRFP in cells grown in the
presence of glucose (left), or oleic acid (right) in wild-type diploid cells. Shown are a maximum
intensity projection of all optical sections and single z-sections through the midplane of cells.
Pearson’s coefficients were calculated for the deconvolved data sets using the JACOP plugin for
Image | (NIH) and the data from a representative experiment of 5 images per strain are shown by
interquartile box and whisker plots. (B) Similar to (A) but with Pex30p-GFP and Yop | p-mRFP. (C)
Pex29p-GFP and Pex30p-mRFP. (D) Pex29p-GFP and Rtn|p-mRFP. (E) Pex29p-GFP and Yop | p-
mRFP. (F) A slopegraph of the median Manders coefficient from the images in (A-E). Manders
coefficients were calculated for the deconvolved data sets using the JACOP plugin for Image |

(NIH).
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calculated for each imaging pair reinforced this view (Figure 3-12). The general trend was for
stronger association between members of the reticulon-peroxin complex when cells were grown
in the presence of oleic acid.

We next investigated the effect of the loss of peroxisomes on the stability of the reticulon-
peroxin complex. To test this, a comparison of relative enrichment of the reticulon-peroxin
complex members in immunoisolation of Pex29p-pA from wild-type cells and cells deleted for
PEX3 was performed. We chose Pex29p-pA because it was more dynamic protein than other
complex members (Figure 3-12C-F). Both Rtnlp and Yoplp strongly enriched with Pex29p-pA
under wild-type conditions when peroxisomes are present (Figure 3-13). Yop|p enrichment was
2-fold greater than when peroxisomes were absent. Interestingly, the association of Pex29p with
Dpmlp was enriched 2-fold when peroxisomes were absent reinforcing the view that layers of
regulation exist over the association of proteins within the complex.

We next assessed the effect of the loss of peroxisomes on Pex30p subcellular localization
with immunofluorescence microscopy (Figure 3-13B). Quantification of Pearson’s coefficients
calculated from images collected from wild-type and pex3A strains showed a loss of stability for
Pex30p localization within the ER (Figure 3-13C). However, ER-shift assays performed using
lysates from pex3A cells or pex!9A cells demonstrated that both Pex30p and Pex29p remained in

the ER (Figure 3-13DE.

3.10 Peroxisome biogenesis is altered in cells lacking RTNI, RTN2 and YOPI
To further investigate a potential role for Rtnlp and Yop | p in peroxisome biogenesis and function,
we asked whether growth of cells on oleic acid medium requires RTN/, YOP| and/or RTNZ2, which
was included based on its established role in ER structure and because transcriptional upregulation
of the RTN2 locus occurs upon loss of RTN/| (Voeltz et al., 2006). Because growth on oleic acid is

dependent on functional peroxisomes, this is a common assay used to evaluate peroxisome
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Figure 3-13. The stability of the peroxin-reticulon complex is dependent on the presence of
peroxisomes. (A) Endogenously expressed Pex29p-pA was immunopurified from wild-type and
pex3A yeast whole cell lysates under conditions that promote the capture of integral membrane
proteins. Shown is the comparative enrichment of members of the reticulon-peroxin complex
plotted on a Log, scale. (B) Loss of peroxisomes alters the localization of Pex30p within the ER.
Unlabeled wild-type and pex3A cells were grown in glucose and processed for
immunofluorescence microscopy using affinity purified antibodies to Pex30p and antibodies to
Kar2p. Shown are a maximum intensity projection of all optical sections. Pearson’s coefficients
were calculated for the deconvolved data sets using the JACOP plugin for Image | (NIH) and the
data from a representative experiment of 10 images per strain are shown by interquartile box and
whisker plots. (C) pex3A yeast lysates from cells grown in the presence of oleic acid were
prepared in buffer containing either 5 mM EDTA or 0.5 mM EDTA. Cofractionation of Pex30p
and Pex29p with the ER marker, Secélp, is observed. (D) Similar to (C) but with pex/9A yeast

lysates.
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biogenesis and function. As discussed earlier, yeast cells carrying single or double deletion(s) of
PEX29 and PEX30 exhibit an increased number of peroxisomes per cell and a decreased average
peroxisome volume when grown in oleic acid-containing medium; however, neither deletion
affects the viability of yeast cells during growth in glucose- or oleic acid-containing medium
(Vizeacoumar et al., 2003; 2004). Similarly, no detectable growth defect was observed on oleic
acid-containing medium for cells deleted for RTN/, YOP/and RTNZ2 (Figure 3-14).

We next asked if Rtn1p, Yop | p and Rtn2p directly or through the establishment of tubular ER
structures contribute to the de novo biogenesis of peroxisomes. Specifically, we measured the
kinetics of de novo peroxisome biogenesis in wild-type and mutant strains. To monitor de novo
peroxisome biogenesis, we made strains in which the expression of PEX/9, a gene essential for
peroxisome biogenesis, was tightly regulated. This system is similar to a previously described
system used to investigate de novo peroxisome biogenesis (Hoepfner et al., 2005), but instead of
regulating gene expression by a galactose inducible promoter, we used the regulatable TetO-
promoter (Hughes et al., 2000; Mnaimneh et al., 2004).

To visualize peroxisome biogenesis, we introduced an endogenously expressed Gpd|p-GFP
into both wild-type and triple null, rtnl A/rtn2A/yop I A, strains in which PEX |9 expression is under
the control of the TetO; promoter. The rationale behind using the peroxisomal matrix protein,
Gpd|p, was to facilitate visualization of mature peroxisomes capable of importing matrix proteins,
thereby providing a measurement of functional peroxisomes. With this system, we could assess
the temporal dynamics of peroxisome biogenesis in individual cells. After prolonged culturing in
the presence of doxycycline, repression of PEX[9 expression led to the absence of detectable
peroxisomes (Figure 3-15A). Upon removal of doxycycline, PEX|9 expression resumed and led to
the time-dependent reappearance of detectable peroxisomes. Temporal analysis of the percentage
of cells in which peroxisomes were detectable following the release of PEX|9 repression showed

that peroxisome reappearance occurred more quickly in rtnl A/rtn2A/yop | A cells relative to wild-
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Figure 3-14. Triple deletion of RTNI, RTN2 and YOP| does not abrogate the ability of cells to
grow on medium containing oleic acid as the sole carbon source. Cells dividing logarithmically in
glucose-containing medium were washed to remove glucose, serially diluted in water and spotted
onto YPBO-agar plates. Shown are colonies formed after incubation at 30°C for 3 days are shown.
pex3A cells serve as a negative control for this assay because they lack peroxisomes and exhibit
reduced growth on this medium. Wild-type cells serve as the positive control. Cells of two
independently isolated rtn/A/rtn2A/yop | A strains were tested, and neither strain exhibited a

growth defect when presented with oleic acid as the sole carbon source.
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Figure 3-15. Deletion of RTNI, RTN2 and YOPI| increases peroxisome formation and the
prevalence of cells containing peroxisomes. The genomically encoded copy of PEX|9 was placed
under the control of a tetracycline repressible TetO7 promoter to allow regulatable peroxisome
production in wild-type and rtnlA/rtn2A/yop A triple null cells expressing Gpdlp-GFP as a
peroxisomal marker. (A) Gpd | p-GFP localization is presented as maximum intensity projections of
z-stack sections through wild-type (left) and rtn/A/rtn2A/yop A (right) cells. In both strains,
peroxisomes are present when cells are grown in the absence of doxycycline (Untreated) and
absent in the most cells after overnight culturing in medium containing doxycycline (0 h). Release
of PEX|9 repression by removal of doxycycline from medium results in a partially penetrant, time-
dependent reappearance of peroxisomes in cells of both the wild-type and triple null strains. Scale
bar, 5 pm. (B) Quantification of the percentage of cells in which peroxisome could be observed at
the indicated time points after removal of doxycycline for the wild-type (solid line) and
rtnl A/rtn2A/yop | A (dashed line) strains. Relative to the wild-type control, triple null cells exhibited
a more rapid reappearance of peroxisomes and also an overall increase in the total percentage of
cells containing peroxisomes throughout the timecourse. At least 200 cells were counted for each
time point. Error bars represent the standard deviation between two independent biological

replicates.
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type cells (Figure 3-15B). Furthermore, despite observing a plateau in the percentage of cells with
detectable peroxisomes for both strains, peroxisome reemergence was more penetrant in the
rtn| A/rtn2A/yop | A strain, as this triple null mutant reached a higher plateau. We interpret these
data to suggest that the dynamics of peroxisome formation are accelerated in the mutant cells
compared to wild-type cells and demonstrate a role for the ER resident proteins Rtnlp and Yop|p

in peroxisome biogenesis.

3.11 Egress of preperoxisomal vesicles is enhance in deletion mutants of the
reticulon-peroxin complex

Our preceding experiments suggested to us a role for the reticulon-peroxin complex in regulating
preperoxisomal vesicle egression from the ER. To function as regulators of peroxisome-destined
vesicular flow from the ER is consistent with the observed ER localization of the reticulon-peroxin
complex and its dynamic association with peroxisomes. To test this hypothesis we reconstituted
peroxisome biogenesis in vitro. A preperoxisomal vesicle budding assay has been previously
shown to require the presence of Pex3p in the ER and Pex|9p in the cytosol (Lam et al., 2010).
ATP hydrolysis is required for successful budding to occur and in addition to Pex3p, additional
peroxins, such as Pex|5p and Pex| | p, have been shown to be present in the vesicles (Agrawal et
al., 201 1; Lam et al., 2010).

Vesicle egression was enhanced in cells deleted for PEX29 and PEX30 and also for cells
deleted for RTN/I, RTN2, and YOPI| as compared to the control (Figure 3-16A). As reported
previously, the reaction was dependent on the presence of ATP and could be slowed by
incubation at 4°C.

We imaged the strains used to prepare donor membranes for the in vitro reactions.

Surprisingly, Pex3p-GFP localized to discrete puncta in pex ! 9A/pex29A/pex30A, and
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Figure 3-16. Egression of preperoxisomal vesicles is enhanced in reticulon-peroxin deletion
strains as shown by a cell-free in vitro budding assay. Permeabilized yeast cells (PYCs) prepared
from pex |94, pex!90/pex29A/pex30A and pex|9A/rtnlA/rtn2A/yop I A cells expressing Pex3p-
GFP were incubated with wild-type cytosol for 90 min at room temperature in the presence of an
ATP-regenerating system (lanes 5, 7 and 8, respectively). Controls included incubating the PYCs
alone (lanes 1,2 and 3), with cytosol but no ATP (lane 4, pex!/9A PYCs only), or with cytosol and
ATP, but at 4°C (lane 6, pex/9A PYCs only). At the end of the budding reaction, samples were
centrifuged at 13,000 X g for 2 min to pellet the PYCs. The supernatant was collected and the
subjected to centrifugation at 200,000 X g for | h. The pellet was resuspended in sample buffer
and separated by SDS-PAGE. Immunoblotting for the presence of Pex3p-GFP was performed with
affinity purified antibodies to Pex3p. (B) Cells from wild-type, pex29A/pex30A, rtnl A/ rtn2A/yop | A
pex|9A, pex|9N/pex29A/pex30A and  pex|9A/rtnlA/rtn2A/yop | A strains  endogenously
expressing Pex3p-GFP were grown in the presence of glucose and imaged by 3D confocal

microscopy. Shown is a maximum intensity projection of all optical sections.
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pex|9A/rtn I A/rtn2A/yop | A cells suggesting that the loss of these proteins removed an inhibition to

sort into packageable vesicles (Figure 3-16B).

3.12 Discussion
Pex30p and Pex29p are integral membrane proteins that have been shown to regulate peroxisome
proliferation in the yeast S. cerevisige. In this study, we show that these proteins are ER resident
proteins that form a complex with the ER resident proteins Rtnlp and Yoplp. Both Rtnlp and
Yoplp play roles in ER membrane curvature and establishing the peripheral ER, a site where de
novo peroxisome biogenesis is proposed to occur (Tam et al,, 2005). The absence of Rtnlp,
Rtn2p and Yoplp results in disruption of the peripheral ER (Voeltz et al., 2006), and we
demonstrate here that the absence of these proteins also leads to the dysregulation of de novo

peroxisome biogenesis.

3.12.1 The ER in peroxisome biogenesis
The suggestion that peroxisomes are derived from the ER was based initially on electron
microscopy that revealed close apposition of peroxisomes and specialized domains of the ER in
guinea pig kidney cells (Novikoff et al., 1972). However, protein trafficking between the ER and
peroxisomes was not evident in these studies, and most peroxisomal proteins examined, including
membrane proteins, were shown to be synthesized on free cytosolic polysomes and to be
imported directly from the cytosol into the peroxisome (Goldman and Blobel, 1978)(Goldman
and Blobel, 1978; Robbi and Lazarow, 1982). Nonetheless, biochemical fractionation of ribosomes
engaged in translation, and characterization of the associated mMRNA and nascent proteins,
demonstrated that the site of synthesis of at least one peroxisomal rat membrane protein, PMP50,
was on ER-bound polysomes, lending credence to the idea that ER is the site of membranes
destined to mature into peroxisomes (Bodnar and Rachubinski, 1991). Since these early studies, an

increasing number of PMPs have been shown to traffic through the ER during their biogenesis



164
(Nuttall et al., 201 |; Titorenko and Rachubinski, 2009). Indeed, 16 PMPs in S. cerevisiae have been

shown to traffic through the ER prior to their incorporation into peroxisomes (van der Zand et al.,
2010). Most of the proteins examined require the functional Secé|p complex for integration into
the ER, while Get3p is especially required for the efficient trafficking of the tail-anchored protein,
Pex|5p (Schuldiner et al., 2008). Moreover, various studies have since shown that the integral
membrane protein, Pex3p, routes through the ER. Release of Pex3p from the ER is required for
subsequent peroxisome formation (Hoepfner et al., 2005; Tam et al., 2005). These studies have
led to a model where Pex3p-containing nascent peroxisomes are formed from the ER in a Pex|9p-
dependent manner (Hettema et al., 2000; Hoepfner et al., 2005; Lam et al., 2010). A role for the
ER in de novo peroxisome biogenesis explains the long established observation that peroxisomes
can form in the apparent absence of preexisting peroxisomes, albeit very inefficiently in S. cerevisiae
(Motley and Hettema, 2007). This is observed in yeasts where mutations lead to a lack of
peroxisomes, yet functional peroxisomes reform by the introduction of the appropriate wild-type
PEX gene (Matsuzono et al., 1999). Similarly, heterokaryons formed from peroxisome-deficient
fibroblasts isolated from Zellweger patients of different complementation groups rapidly form new
peroxisomes (Brul et al., 1988). Thus, the axiom “omnis membrana e membrana” (every
membrane from a membrane), as stated by Giinter Blobel, is not violated by the peroxisome

(Blobel, 1980).

3.12.2 Regulation of peroxisome proliferation: the role of the ER
The molecular mechanisms of ER-mediated peroxisome biogenesis remain to be defined; however,
comprehensive analyses including morphological, proteomic and genetic techniques, as shown
here, combined with the recent development of an in vitro biochemical assay to produce
peroxisome-like vesicles from microsomal fractions (Figure 3-16)(Agrawal et al., 201 |; Lam et al,,

201 1) promise to reveal the molecular requirements of this fundamental process. To date,
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components the DSLI complex are the only ER resident proteins that are linked to peroxisome
biogenesis per se, as opposed to ER translocon proteins required for protein import into the ER
(Perry et al., 2009). However, COP components have been detected in fractions of purified
peroxisomes (Marelli, 2004) and are thought to play a role in rat liver peroxisome biogenesis
(Passreiter et al,, 1998). Inhibition of Copl expression also affects peroxisome numbers in S.
cerevisiae (Perry et al., 2009). In the yeast Hansenula polymorpha, Pex25p and Rho | p were recently
shown to be required for the biogenesis of peroxisomes when peroxisome biogenesis is
controlled by the synthesis of Pex3p, presumably from the ER (Saraya et al., 201 ). Pex25p and
Rholp are thus thought to play a role early in biogenesis. In S. cerevisiae, Rholp is recruited to
peroxisomes under conditions that induce the organelle (oleic acid) and, with Pex25p, regulates
actin dynamics on peroxisomes (Marelli, 2004). Recent evidence also suggests a role for these
proteins in peroxisome biogenesis in S. cerevisiae (Huber et al., 2012; Tower et al,, 201 |). Mutants
in PEX25 contain a heterogeneous population of small peroxisomes. While earlier studies in S.
cerevisiage did not determine a specific temporal role for Pex25p and Rholp in biogenesis, the
phenotype was interpreted to suggest a role for Pex25p and Rho | p late in the biogenesis program.
However, in addition to the interaction between Pex25p and Rholp, these earlier studies also
revealed an interaction between Rholp and Pex30p (Marelli, 2004). Taken together, it appears
that, like Pex29p and Pex30p, Pex25p and Rholp may be involved in biogenesis at the ER. While
deletion of PEX25 causes fewer and larger peroxisomes and pex29A and pex30A mutants exhibit
increased numbers of smaller peroxisomes (Vizeacoumar et al., 2003; 2004), it seems clear that
defects in regulating peroxisome biogenesis from the ER can manifest in the accumulation of
smaller or larger peroxisomes. These discoveries establish the ER as a master regulator of
peroxisome proliferation.

Negatively regulating peroxisome biogenesis at the ER seems to be at least one of the

functions of the reticulon-peroxin complex. Cells lacking these proteins, and the second reticulon
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Rtn2p, produce peroxisomes more quickly upon reintroduction of Pex|9p in the genetic system
we used here (Figure 3-15). Deletion mutants also led to enhanced egress of Pex3p containing
vesicles (Figure 3-16). Why would cells need to regulate biogenesis at the ER? As noted above,
several PMPs transit through the ER and, as with other proteins transiting through the ER,
assembly must be controlled (Braakman and Bulleid, 201 1). One simple mechanism to achieve this
control, and to prevent the premature assembly of peroxisomal membrane complexes, is to
segregate PMPs within the ER. Distinct membrane protein-containing vesicles might then bud from
the ER, and subsequent fusion would lead to the formation of import-competent organelles.
Similar models have previously been suggested based on biochemical fractionation of distinct
peroxisomal populations from the yeast Yarrowia lipolytica (Titorenko et al,, 2000). Here, we
monitored peroxisome formation using only a limited set of peroxisomal marker proteins, namely
Pex3p, Mdh2p, Potlp and Gpdlp. Thus, while it is clear that peroxisomes in rtn/A/rtn2A/yop | A
cells can import Gpdlp with improved kinetics over wild-type, it is not clear whether the
peroxisome population is homogeneous. It would be expected that inappropriate preperoxisomal

vesicle release from the ER could lead to an aberrant vesicle population.

3.13 A conserved mechanism for reticulon proteins in ER-derived organelle
biogenesis?

A role for Rtnlp and Yoplp in organelle biogenesis is not unique to peroxisomes. Rtnlp also
interacts with YIl023p, which has been renamed as Pom33p. Similar to the results shown here for
peroxisomes, it appears that Pom33p is required for NPC assembly and transiently interacts with
Rtnlp during NPC biogenesis (Chadrin et al., 2010). As in peroxisome biogenesis, Rtn|p does not
form part of the NPC but rather transiently interacts with Pom33p to form normal NPCs. Similarly,
Pex29p and Pex30p appear to interact transiently with Rtnlp and Yoplp, and the latter two

proteins do not assemble into mature peroxisomes. We also found Pom33p in immunoisolations
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containing Pex29p, Pex30p, Rtnlp and Yoplp. Whether Pom33p plays a role in peroxisome

biogenesis in this context is not known. The roles Rtnlp and Yop|p play in NPC and peroxisome
biogenesis are likely related to their capacity to induce and maintain membrane curvature
(Dawson et al., 2009), and such bending mechanisms may represent a common mechanism for the
biogenesis of additional ER-derived organelles.

De novo peroxisome biogenesis has long been debated in the field. Our findings, taken
together with the likelihood of a conserved function of Rtnlp and Yoplp as mediators of
membrane curvature in organelle formation/biogenesis, have led us to propose a model in which
the emergence of preperoxisomal vesicles from the peripheral ER is controlled by members of the
reticulon-peroxin complex, and that this control demands a functionally and spatially defined ER.
These results are the first demonstration of a direct role for ER resident proteins in the de novo
synthesis of peroxisomes, which establishes a foothold for the further dissection of the molecular

events of this process at the ER.
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4 The evolution of the Pex23p/Pex30p family of peroxins
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4.1 Overview
The discovery of a reticulon-peroxin complex involved in the regulation of peroxisome
proliferation by regulating the flow of vesicular traffic from the ER to the peroxisome raises some
interesting questions. Is this mechanism and the reticulon-peroxin complex members conserved? If
so, to what extent are they conserved?

A previous comparative genomic and phylogenetic analysis of the reticulon family identified
orthologs in fungi, metazoans and members of the archaeplastida, as well as in Leishmania sp.,
Mastigamoeba balamuthi and Dictyostelium discoideum (Oertle et al., 2003). The reticulon family has
undergone extensive genetic rearrangements and multiple emergences of novel domain regions
leading the authors to propose a complex intron-rich ancestor and highly variable pattern of gene
evolution in each of the different eukaryotic lineages.

Initial comparative genomic analysis of peroxins concluded that Pex30p and Pex29p are fungal
innovations (Kiel et al., 2006; Schluter, 2006). Pex30p is the ortholog of Y. lipolytica Pex23p and
the Pex23p/Pex30p family includes Pex23p/Pex30p, Pex3 | p and Pex32p. Pex29p is a homolog of
Y. lipolytica Pex24p and the Pex24p family includes Pex24p/Pex28p, and Pex29p. We therefore
decided to readdress the evolution of these fungal proteins given the availability of many newly
sequenced eukaryotic genomes and also the adoption of more powerful homology searching

algorithms (Eddy, 2009).

4.2 A comparative genomic analysis of the Pex23p/Pex30p family in
Opisthokonts

To explore the conservation of the Pex23 family of proteins we surveyed 4| complete, or nearly

complete, databases from publicly available genome sequencing projects to identify putative

proteins homologous to Pex23 and its family members (Figure 4-1). This list of organisms spans

the available genomic diversity of the fungal and metazoan lineages and samples major branch
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Figure 4-1. Comparative genomic survey of the Pex23p/Pex30p family in opisthokonts. Results
from the comparative genomic survey. Each column, labeled at the top, represents Pex23p or
Pex24p. Individual species from the survey are color coded as (B) and grouped according to
established taxonomic classification. A circle indicates the presence of a protein as verified by
BLAST and hidden Markov model searches. Black denotes a greater than 50% max similarity score
in BLAST searches with the B. dendrobatidis Pex23p homolog, whereas grey denotes a max
similarity score of less than 50%. Multiple circles under a protein column indicate multiple putative
orthologs for that protein in the indicated species. (B) A tree illustrating the relative evolutionary
relationships of lineages with genome sequences available in the fungi and metazoans with
additional taxa including Choanozoa and Filasterea from the base of the Opisthokonta supergroup

(http://www.ncbi.nim.nig.gov/taxonomy/; James et al. 2006). The dotted line to Apusozoa

denotes the uncertainty of their evolutionary position. (C) An example HMM and reciprocal
BLAST score for the Pex23p ortholog in B. dendrobatidis. B. dendrobatidis Pex23p is also the
ortholog of the Pex24p family as demonstrated by HMM and reciprocal BLAST scores for Pex24p.

(D) Reciprocal BLAST scores between B. dendrobatidis Pex23p and human TecPRI.
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points in the opisthokont supergroup (Figure 4-1B). The summary of this comparative analysis can
be found in Figure 4-1A.

Initial BLAST queries with S. cerevisiae readily identified the functionally characterized
homolog in Pichia pastoris and Yarrowia lipolytica, as has been described previously (Brown et al.,
2000; Vizeacoumar et al., 2004; Yan et al., 2008). These three homologs were chosen as a starting
point for building a more sensitive search strategy based on hidden markov models (HMM) (Eddy,
2009), and were sufficient for identifying Pex23p homologs in the Saccharomycotina. Iteratively
adding verified homologs to the HMM allowed for the identification of Pex23p homologs down to
the base of Opisthokonts and into the metazoan branch of the supergroup as well. Notable
absences in the taphrinomycetes Schizosaccharomyces japonicas and Pneumocystis carinii are
consistent with reports of the taxa being highly divergent from sister ascomycete lineages (Liu et al.,
2009). However, in addition to these taxa, an absence in Sphaeroforma arctica, Salpingoeca rosetta,
and Fugu rubripes is consistent with a noted absence of Pex3p (Chapter 5 of this thesis), and may
reflect the loss of peroxisomes in these organisms.

The addition of putative Pex23p homologs from chytridiomycetes to the HMM resulted in the
appearance of Pex24p family members in searches designed to validate the new HMM.
Furthermore, and in particular, the putative Pex23p homolog identified in Batrachochytrium
dendrobatidis returned all Pex23p and Pex24p family members in reciprocal BLAST searches into
both Yarrowia lipolytica and S. cerevisiae (Figure 4-1C). We therefore decided to also carry out
independent comparative analyses of the Pex24 family (Figure 4-1A). Interestingly, these searches
identified an uncharacterized homolog of Pex24 in Y. lipolytica, which returned Pex29p in S.
cerevisige as its best hit.

While a HMM based on Pex23p homologs identified putative metazoan Pex23 proteins, a
HMM based solely on Pex24p homologs did not. Inspection of the alignments generated in these

searches revealed that the primary region of sequence similarity between fungal Pex23 proteins
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and the putative metazoan Pex23 proteins was the presence of a dysferlin motif, which is lacking in
Pex24p family members. The dysferlin motif is named after the dysferlin protein where it was first
discovered (Lek et al., 2012). However, our searches consistently picked up proteins distinct from
the dysferlins and a similar comparative analysis of dysferlin genes failed to pick up the putative
metazoan Pex23 proteins or yeast Pex23 proteins, despite also recognizing the presence of
dysferlin domains in yeast Pex23 family members (Lek et al., 2010).

To differentiate between those proteins identified only by similarity to the dysferlin motif and
those proteins with more extensive sequence similarity, we sorted putative homologs with
reciprocal BLAST searches using the putative B. dendrobatidis Pex23, as query as shown for Homo
sapiens (Figure 4-1D). Homologs with max identity scores greater than 50% were labeled with a
black dot and those with scores less than 50% were labeled with a grey dot (Figure 4-1A). This
analysis revealed the presence of a single putative Pex23p homolog sharing conserved protein
topology with the fungal Pex23 proteins in Capsaspora owczarzaki. We also searched in outgroup

apusozoa and amoebozoa species but did not detect any Pex23 homologs.

4.3 Drosophila Pex23 is involved in peroxisome biogenesis
To test the validity of the putative Pex23p homologs in metazoan lineages we performed dsRNA
interference (RNAI) knockdown (Foley and O'Farrell, 2004) of the putative Drosophila Pex23 in S2
cells expressing a fluorescent peroxisomal matrix protein, GFP-SKL (Kural et al., 2005). RNA|
knockdown of Drosophila Pex23 resulted in increased numbers of smaller peroxisomes, a
phenotype similar to loss of Pex23 proteins in yeast (Figure 4-2). We therefore conclude that
Pex23 homologs are present across the diversity of eukaryotes and are notably present in
metazoans. Furthermore, our comparative analysis demonstrates for the first time a shared
ancestry between the Pex23 and Pex24 families, which had been hinted at previously (Kiel et al.,

2006).
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Figure 4-2. Drosophila Pex23 (DmelPex23) is involved in peroxisome biogenesis. S2 cells
constitutively expressing the fluorescent peroxisomal reporter protein GFP-SKL (Kural et dl.,
2005) were treated with dsRNA to the putative DmelPex23 gene, mock-treated, or treated with
dsRNA targeting Dredd, which has no known role in peroxisome biogenesis or peroxisome
function. GFP-SKL in S2 cells targets to punctae characteristic of peroxisomes. Mock-treated cells
and cells treated with dsRNA targeting Dredd exhibited punctae like control cells. Cells treated
with dsRNAs to DmelPex23 exhibited increased heterogeneous peroxisomal numbers and
decreased volume as assessed by quantification of the 3D data sets with the Imaris (Bitplane) spot

algorithm. Bar, 5 ym.
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4.4 A phylogeny of the Pex23p family in Saccharomycotina

We next evaluated the relationship between the Pex23 proteins in the Saccharomycotina. To gain
a broader taxonomic sampling, we performed additional comparative genomic analyses in an
expanded list of organisms from this group (Figure 4-3B). Most of the Saccharomycotina genomes
searched had two or three putative homologs, whereas Yarrowia lipolytica had one. We
determined the phylogenetic relationships between these putative homologs and included
homologs from Neurospora crassa, Magnaporthe grisea, Botryotinia fuckeliana, and Sclerotinia
sclerotiorum as outgroups (Figure 4-3A). The data demonstrate that all Saccharomycotina Pex23
homologs originated from a common ancestor at the base of the Saccharomycotina and are
divided into two major clades. Pex30p from S. cerevisiae and Pex23p from Y.lipolytica were present
in one clade, along with Pex30p from P. pastoris. The second clade included Pex32p from S.
cerevisiae and Pex3|p from P. pastoris. The P. pastoris Pex31p is therefore more closely related to
Pex32p from S. cerevisiae and would benefit from reclassification. Interestingly, the data suggest the
split between the major Pex30p and Pex32p branches happened before the emergence of Y.
lipolytica and therefore than ancestor of Y. lipolytica likely had a Pex32p homolog that was
subsequently lost. The emergence of Pex3Ip likely occurred with the whole genome duplication

event in the ancestor of S. cerevisiae and its closely related yeasts.

4.5 Pex23p localizes to the ER
We imaged the Pex30p paralogs in S. cerevisiage to determine if they too, localized to the ER
(Figure 4-4. Cells expressing Pex30p-GFP, Pex3|p-GFP or Pex32p-GFP were imaged in strains
expressing Pot| p-mRFP or Rtn|p-mRFP and followed over a timecourse of incubation in oleic acid
containing medium. As was expected, Pex30p-GFP partially colocalized with Rtnlp-mRFP
throughout the timecourse (Figure 4-4B) and associated with Pot| p-mRFP containing peroxisomes

when cells were grown in the presence of oleic acid (Figure 4-4A). Pex3 | p-GFP displayed an
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Figure 4-3. Comparative genomic survey and phylogenetic analysis of the Pex23p/Pex30p family
in the Saccharomycotina. (A) Phylogeny of the Pex23p/Pex30p proteins found in the
Saccharomycotina. In this phylogenetic analysis, the optimum tree topology as determined by
maximum likelihood is shown rooted on the Pezizomycotina outgroup taxa. PhyML and RaxML
bootstrap values from 100 pseudoreplicates are displayed for important branch nodes. (B) Results
from the comparative genomic survey. Individual species from the Saccharomycotina are grouped

according to established taxonomic classification (http://www.ncbi.nlm.nig.gov/taxonomy/). A

circle indicates the presence of a protein as verified by profile hidden Markov model searches.
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Figure 4-4. Subcellular localization of Pex30 paralogs in S. cerevisiae. The localization of Pex30p-
GFP, Pex3 | p-GFP and Pex32p-GFP was tracked over a 24 h incubation in oleate containing, YPBO
medium. Each paralog of Pex30p was colocalized with the peroxisomal reporter Potlp-mRFP
(ACE) or the ER localized Rtnlp-mRFP (BDF) by widefield microscopy. Shown are the

transmission, single and merged fluorescent channels from a typical field of view.
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ambiguous localization in these experiments and could sometimes be seen to partially colocalized
with both Potlp-mRFP and Rtnlp-mRFP (Figure 4-4CD). In contrast to this, Pex32p-GFP
colocalized exclusively with Potlp-mRFP under all conditions and is therefore likely a peroxisomal
protein (Figure 4-4EF).

Because of the peroxisomal localization of Pex32p-GFP we asked if the localization of Pex30p-GFP
to the ER was unique or common to Pex30p orthologs. To answer this question we imaged
Pex23p-mRFP in Y. lipolytica. Pex23-mRFP was expressed exogenously in Y. lipolytica cells
endogenously expressing Pot| p-GFP. Pex23p-mRFP appeared to localize to the ER in these strains
and cortical and perinuclear localization patterns could be detected (Figure 4-5). We therefore
concluded that the ancestral subcellular localization of Pex30p was likely the ER and that the gene
duplication giving rise to Pex32p also resulted in it targeting to peroxisomes. However, this awaits

further experimental verification.

4.6 A sensitive search algorithm identifies a putative Pex23 homolog outside
of the Opisthokonta

We next asked if Pex23p homologs could be found outside of the Opisthokonta. Our comparative
genomic analysis had failed to identify homologs in the outgroup apusozoa and amoebozoan taxa
and so we decided to use a more sensitive version of our HMM algorithm that functions akin to
PSI-BLAST searches. We used as initial query, the single B. dendrobatidis Pex23p homolog and built
an initial HMM from top hits of a pHMMer search into the NR database. This HMM identified a
single hit outside of the Opisthokonts in Tetrahymena thermophila, a paramecium member of the
SAR clade. Therefore, there may be additional homologs of Pex23p outside of the Opisthokont

clade that await further study.
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Figure 4-5. The Y.ipolytica Pex23p also localizes to the ER. The localization of exogenously
expressed Pex23p-mRFP was assessed in wild-type E34 cells endogenously expressing Pot|p-GFP.
Shown are a maximum intensity projection of all optical sections and single z-sections through the

midplane of cells
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5 Emergent complexity in myosin V-based organelle inheritance

A version of this chapter has been published.
Mast, F.D., R.A. Rachubinski and J.B.Dacks. 2013. Emergent complexity in myosin V-based
organelle inheritance. Mol Biol Evo. 29:975-984. doi:10.1093/molbev/msr264.
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5.1 Overview
Budding yeasts, and in particular Saccharomyces cerevisiae, have emerged as powerful model
organisms for the study of inheritance mechanisms because their distinctive growth via budding
allows for ready observation and manipulation of the asymmetrical partitioning of cellular
components (Fagarasanu and Rachubinski, 2007). During cell division, signaling from the Ras and
Rho family GTPases, Rsrlp and Cdc42p, recruit actin-polymerizing formins to nucleate cables of
polarized actin with their plus or ‘barbed’ ends oriented toward the incipient bud site and their
negative or ‘pointed’ ends extending deep into the mother cell (Park and Bi, 2007; Pruyne et al.,
2004). This alignment of actin along the mother-bud axis allows for the transport of secretory
components that, even while they mature, are trafficked to and deposited at the growing bud tip
(Santiago-Tirado et al., 201 1). The transport of secretory vesicles relies on the molecular motor
myosin V to power their vectorial transfer to the bud (Govindan et al., 1995). In turn, secretory
vesicles require the coupled Rab GTPases Ypt31p/Ypt32p and Sec4p to bind to the globular tail of
the myosin V motor (Lipatova et al., 2008; Santiago-Tirado et al., 201 1). The polarized actin cables
act to shuttle not only a constant supply of secretory vesicles to the growing bud site but other
cargoes as well (Fagarasanu and Rachubinski, 2007). As the bud grows, the transport of most
organelles, including peroxisomes, mitochondria, the vacuole, cortical endoplasmic reticulum and
late Golgi elements, as well as astral microtubules and some mRNAs, are similarly transported by
myosin V and organelle-specific receptors and adaptors (Fagarasanu et al., 2010) (Figure 5-1A).
The recruitment of myosin V by each of its diverse cargoes requires the presence of a diverse
array of cargo-specific adaptor protein complexes (Akhmanova and Hammer, 2010).

We wanted to determine the generality of the current model of organelle inheritance that has
emerged from studies in S. cerevisiae to see if broad insights could be derived from these studies. It
is now evident that ‘yeasts to man’ represents only a fraction of overall eukaryotic diversity

(Walker et al., 201 I). Nonetheless, the bulk of eukaryotic genome sequence information is
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Figure 5-1. Comparative genomic survey of the machinery for organelle inheritance in
opisthokonts. (A) A model for myosin V-based organelle inheritance and transport in budding
yeast. The vectorial transfer of cell components (see the figure) is dependent on a polarized actin
cytoskeleton created by bud-neck- and bud-tip-localized formins that is travelled on by class V
myosin motor complexes. In Saccharomyces cerevisiae each cargo interacts independently with a
myosin V motor, either Myo2p or Myo4p, via distinct cargo-specific proteins or protein complexes.
They are: Yptl I p for late Golgi elements; Ypt31p, Ypt32p and Sec4p for secretory vesicles; Vac8p
and Vacl7p for vacuoles; BimIp and Kar9p for astral microtubules; She2p and She3p for cortical
endoplasmic reticulum and mRNA; Mmrlp for mitochondria; and Inp2p for peroxisomes. In
Yarrowia lipolytica peroxisomes are trafficked through direct interaction between Pex3p and
myosin V. (B) A tree illustrating the relative evolutionary relationships of lineages with genome
sequences available in the fungi and metazoans with additional taxa including Choanozoa and
Filasterea from the base of the Opisthokonta supergroup

(http://www.ncbi.nIm.nih.gov/taxonomy/ (James et al. 2006)). (C) Results from the comparative

genomic survey. Each column, labeled at the top, represents a protein family that has a
characterized role in organelle inheritance in S. cerevisiae or Y. lipolytica (peroxisomes only).
Individual species from the survey are color-coded and grouped according to established
taxonomic classification. A black circle indicates the presence of a protein as verified by BLAST and
Hidden Markov Model searches, whereas a gray circle indicates the presence of a protein as
verified by reciprocal BLAST using more closely related family members for which functional data
are lacking. Multiple circles under a protein column indicate multiple putative orthologs for that
protein in the indicated species. The red box highlights all organisms that have a complete set of

organelle inheritance proteins.
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focused within this ‘opisthokont’ supergroup, which, although it is in some ways limiting, makes
our understanding of the interrelationships between the major opisthokont lineages relatively
robust (Figure 5-1B). In addition, most functional studies characterizing organelle inheritance have
been conducted in model organisms that are overwhelmingly found in this supergroup (Weisman,
2006). We have therefore performed a comparative genomic and molecular phylogenetic analysis

of the machinery responsible for organelle inheritance.

5.2 A comparative genomic survey of the organelle inheritance machinery in
budding yeast

To understand the extent of conservation of the organelle inheritance machinery functioning in
budding yeast, we surveyed 41 complete, or nearly complete, databases from publicly available
genome sequencing projects to identify putative proteins homologous to the machinery involved in
vectorial transport and inheritance in S. cerevisiae (Figure 5-1 and Table 2-15 in the Materials and
Methods). This list of organisms spans the diversity of the fungal and metazoan lineages and
samples major branch points in the opisthokont supergroup (Figure 5-1B).

The repertoire of factors that enable organelle inheritance in S. cerevisiae appears to be
restricted to a group of budding yeasts closely related to S. cerevisiae (Figure 5-1C). Of the 41|
genomes sampled, only four contained a complete set of the proteins functionally characterized as
having a role in organelle inheritance in S. cerevisiage. These four organisms have previously been
shown to represent a subgroup within the Saccharomycetaceae family and are here referred to as
the “SACK?” (S. cerevisiae, Ashbya gossypii, Candida glabrata, Kluyveromyces lactis) clade (James et al.,
2006).

Nevertheless, an interesting pattern of conservation has emerged from our studies whereby
several cargoes of myosin V couple a conserved protein found throughout the opisthokonts, with

a novel protein restricted in distribution to a small taxonomic range for their transport (Figure 5-
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| C). Conserved proteins include Vac8p, Bim|p and Pex3p, while a group composed of Vacl7p,
Kar9p, Inp2p, She3p, She2p and Mmrlp show a restricted distribution and are found only in the
Ascomycota. This division appears to be delineated along functional lines, with the conserved
group being composed of proteins possessing a core role essential for the identity and
maintenance of their respective organelle and the restricted group being composed of adaptor
proteins responsible for regulating the association of myosin V with a particular organelle or cargo
(Weisman 2006; Fagarasanu et al. 2010).

An example of a pairing between a conserved biogenic protein and an evolutionarily novel
adaptor is seen in the inheritance machinery for vacuoles. Vacuoles are linked to myosin V via a
complex composed of Vac8p and Vacl7p for their delivery to the bud (Tang et al., 2003; Wang et
al., 1998). While Vacl7p could be found only in organisms of the SACK clade, Vac8p homologs
could be identified in every organism searched, excluding Encephalitozoon cuniculi and Capsaspora
owczarzaki (Figure 5-1C). Interestingly, Vac8p has been functionally characterized only in fungal
species (Fleckenstein et al., 1998; Pan and Goldfarb, 1998; Wang et al., 1998; Weisman, 2006).
One explanation for high-scoring sequence alignments for Vac8p from metazoan species could be
that multiple armadillo repeat domains are present in Vac8p. Indeed, the presence of armadillo
repeats in other well known protein families, such as the importin-a (Herold et al., 1998) and the
B3-catenin (Huber et al., 1997) superfamilies, resulted in their inclusion in long lists of high-scoring
hits in our comparative genomic analysis. Notwithstanding this, Vac8p and its putative orthologs
consistently recognized a pair of uncharacterized, armadillo-repeat proteins in human with several
orders of magnitude improvement in E-value scores over those for B-catenin and importin-a
homologs. For example, using the putative Vac8p from Y. lipolytica as query for a BLAST search in
Homo sapiens returned armadillo repeat-containing protein 3 with an e-value of 2e-15, whereas an

importin-a ortholog returned an e-value of 2e-12, and B-catenin, 4e-09. We defined a Vac8p
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homolog as a protein sequence that would return both the S. cerevisiae homolog and its putative
human counterpart. Therefore, although functional verification is required, our analysis may have
identified putative Vac8p homologs in metazoans.

Delivery of the plus ends of astral microtubules to the daughter cell for alignment of the
mitotic spindle also relies on the interaction of a paired complex made up of Kar9p and BimIp
(Beach et al., 2000; Yin et al., 2000). Bim|p is the yeast homolog of end binding | (EBI) protein
and is responsible for the stability and polymerization of the plus ends of microtubules (Schwartz
et al,, 1997). In our study, Bimlp was the most widely distributed and retained protein across
organisms, being found in all organisms surveyed, including E. cuniculi, a parasite from the basal
Microsporidian lineage with a reduced and compact genome (Katinka et al., 2001). Curiously,
Kar9p was also the most conserved adaptor protein surveyed and was found in members of both
the Saccharomycotina and Pezizomycotina (Figure 5-1C). It is interesting to note that this list of
Kar9p-containing organisms overlaps with those fungi that employ a form of closed mitosis and for
which proper alignment of the mitotic spindle is essential for accurate nuclear and genomic
segregation (De Souza and Osmani, 2007; Stajich et al., 2009).

Functional information regarding the role of myosin V-based inheritance factors in the
transport of mitochondria and the cortical endoplasmic reticulum currently lags behind that of
other organelles. Factors implicated as adaptors for these organelles include Mmrlp for
mitochondria (Itoh et al., 2004) and a complex composed of She3p and She2p for the cortical
endoplasmic reticulum (Estrada et al,, 2003). The She3p/She2p complex has been better
characterized as an adaptor for the myosin V-based transport of mRNA complexes (Bohl et al.,
2000; Heuck et al., 2010; Miinchow et al., 1999). We found each of these proteins to be of limited
distribution and restricted to the Saccharomycotina, with She2p and Mmrlp being found only in

the SACK clade of the Saccharomycetaceae (Figure 5-1C).
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The final set of proteins examined were those responsible for peroxisome inheritance. It has
been shown that myosin V-based transport of peroxisomes in S. cerevisiae requires an adaptor
protein, Inp2p (Fagarasanu et al., 2006b; 2009). Similar to the pattern of conservation noted for
Vac|7p, She2p and Mmrlp, Inp2p was restricted to the SACK clade (Figure 5-1C). We previously
showed in the basal budding yeast Yarrowia lipolytica, which lacks Inp2p, that peroxisome
inheritance requires the peroxisome factors Pex3p and Pex3Bp, involved in both de novo
peroxisome formation from the ER, import of PMPs and delivery of peroxisomes to the daughter
cell during division (Chang et al., 2009). Our comparative genomic analysis confirmed previous
observations that Pex3p is a highly conserved protein (Schluter, 2006), here extending the depth
of sampling within the opisthokonts and confirming its presence in apusomonads (Figure 5-1C).
However, Pex3p orthologs also exhibit lower sequence similarity than their conserved
counterparts, as judged by E-values, and appear to be missing from several lineages, including
members of the taphrinomycetes, choanoflagellates and the pufferfish, Fugu rubripes (Figure 5-1C).
In those cases in which no obvious homologous candidate for Pex3p presented itself, we tried
reciprocal searches using putative homologs identified in more closely related species. This
approach was necessary to identify the candidate Pex3p ortholog in C. elegans, which failed to
retrieve S. cerevisiae Pex3p with statistical significance but did retrieve human Pex3p. Furthermore,
the lack of a Pex3p ortholog in F. rubripes was also shown to be genome/species-specific, as we

did find Pex3p orthologs in Danio rerio, another fish species (Figure 5-1C; 5-2).

5.3 Pex3 proteins in the Saccharomycotina share common ancestry with the
myosin V adaptor Pex3Bp

While Pex3p retains a peroxisome biogenic role in Y. lipolytica, Pex3Bp appears to have a

preferred role in peroxisome inheritance (Chang et al., 2009). To assess the relevance of Pex3p in

the S. cerevisiae model of organelle inheritance, we determined the relationship of the two Y.
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Figure 5-2. Phylogeny of Pex3 proteins found in opisthokonts. (A) In this phylogenetic analysis as
well as in Figure 5-3, and Figure 5-4, the best Bayesian topology is shown with the root selected
between the base of fungi and metazoans according to established opisthokont phylogeny. Node
support values are given in the order of Bayesian posterior probabilities, PHYML bootstrap
percentages and RaxML bootstrap percentages and are coded in the legend according to statistical

strength. Highlighted is the resolved branching order of the Y. lipolytica paralogs.



eo— Saccharomyces cerevisiae
: :88;328;328 -| Candida glabrata
© 0.80/50.0/50.0 L Kluyveromyces lactis
| . | o — Ashbya gossypii

D
o _QE‘—_Pichia stipitis
0.97/76.2/77.6 ¢ ‘

1.00/81.9/88.7 Pichia pastoris
Yarrowia lipolytica B
Yarrowia lipolytica
®

Neurospora crassa

Gibberella zeae

Botryotinia fuckeliana

Coccidioidies immitis

Aspergillus nidulans
Laccaria bicolor A

81— [ accaria bicolor B

— Coprinopsis cinerea

Ustilago maydis

— Puccinia graminis

Rhizopus oryzae

° fAllomyces macrogynus A

ol Allomyces macrogynus B

— ' Batrachochytrium dendrobatidus

— Spizellomyces punctatus
Thecamonas trahens

Capsaspora owczarzaki
Trichoplax adhaerens
Nematostella vectensis
Drosophila melanogaster
Strongylocentrotus purpuratus
Branchiostoma floridae
Xenopus tropicalis

Danio rerio

o Gallus gallus

o|r Mus musculus

®% Homo sapiens

I: Dictyostelium purpureum 0]

Dictyostelium discoideum -

ebaryomyces hansenii

Candida albicans

198



199

Figure 5-3. Phylogeny of Pex3 proteins found in opisthokonts. (A) This phylogenetic analysis
identical to Figure 5-2, but with outgroup removed. Topology and node values as in Figure 5-2.

Highlighted is the resolved branching order of the Y. lipolytica paralogs.
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lipolytica Pex3p paralogs, Pex3p and Pex3Bp, to the single versions of Pex3p in the
Saccharomycetaceae, as well as to Pex3p homologs in the remaining opisthokonts. Pex3p and
Pex3Bp in Y. lipolytica were paraphyletic with Pex3p orthologs in the Saccharomycetaceae,
suggesting a common shared ancestor between the Pex3p orthologs from the Saccharomycetaceae
and Pex3Bp, as opposed to an organism-specific duplication in Y. lipolytica followed by a co-option
of both proteins for myosin V-based transport (Figure 5-2; 5-3). Our findings support a role for
Pex3p in myosin V-based vectorial transfer that predates the appearance of Inp2p and justifies that
functional data in Y. lipolytica can be extrapolated to Pex3 proteins in the Saccharomycetaceae. The
involvement in organelle inheritance of a conserved protein that predates the appearance of an
adaptor is supported by independent observations that Vac8p has a role in vacuole inheritance in
Candida albicans and Pichia pastoris despite the apparent lack of a Vacl7p ortholog in these

organisms (Barelle et al., 2006) (Figure 5-1C).

5.4 Evolution and conservation of class V myosins in opisthokonts
We next assessed the distribution of class V myosins in the opisthokonts. We found class V
myosins in most of the lineages sampled (Figure 5-1C). This conservation was not unexpected, as
class V myosins were previously shown to arise from one of three ancestral myosin motor families
most likely present in the LECA (Richards and Cavalier-Smith, 2005). However, the presence of
multiple putative myosin V. homologs in chordates on the metazoan side, and in the
Taphrinomycetes, Saccharomycetes and the basal Zygomycete and Chytridiomycete lineages on
the fungal side, raised the possibility of deep paralogy and gene loss of myosin V proteins, which
would bring into question the validity of functional comparisons between different opisthokont
model systems. Our phylogenetic analysis of myosin V supports the conclusion that expansions
within this protein family are lineage-specific in opisthokonts (Figure 5-4). For example, the

duplication event that led to the myosin V split in S. cerevisiae to produce



202

Figure 5-4. Phylogeny of class V myosins found in opisthokonts. (A) Topology and node values as

in Figure 2. Lineage-specific expansions of the myosin V family are enclosed in gray boxes.
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Myo2p and Myo4p was probably due to a whole genome duplication event in S. cerevisiae’s recent
past (Scannell et al., 2006). Therefore, our data are consistent with a single myosin V giving rise to
all current myosin Vs in the opisthokonts.

With the monophyly of myosin V established, we next looked at the conservation of adaptor
binding sites on the surface of the myosin V tail (Fagarasanu et al., 2010; Heuck et al., 2010;
Pashkova et al., 2006). Interestingly, the degree of conservation of the adaptors correlated with
conservation of their binding sites on the myosin V tail. The binding regions for vacuoles and
mitochondria are less conserved than the binding regions for secretory vesicles and peroxisomes
(Figure 5-5). In particular, an asparagine at position 1307, a critical residue in the binding region for
mitochondria and vacuoles (Pashkova et al., 2006), is not conserved and is present as a histidine in
Y. lipolytica and other compared organisms (Figure 5-5). Additionally, those organisms with
conserved binding regions for vacuoles and mitochondria contain an insertion of eight amino acids

that is not found in those organisms that lack the conserved binding regions.

5.5 Recent emergence and lineage-specific novelty is a common feature of
myosin V adaptors.

Our model of a conserved factor pairing with a novel adaptor for myosin V transport and
specificity has been derived thus far from observations in members of the Saccharomycotina and
Pezizomycotina. In these fungi, the emergence of factors for organelle transport and inheritance in
S. cerevisiae follows a pattern of co-option of conserved factors followed by the appearance of
adaptors for myosin V (Figure 5-6). If this model holds true for the opisthokonts in general, one
would predict the presence of lineage-specific adaptors paired with conserved biogenic factors in
metazoans. To test this hypothesis, we turned to another functionally characterized adaptor
molecule in mammals, melanophilin, which targets myosin V to melanosomes (Provance et al.,

2002). If the emergence of adaptor proteins is a general feature of myosin V adaptors, then we
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Figure 5-5. Conservation, or the lack thereof, of receptor binding sites on class V myosins (A) A
surface representation of the globular tail domain of myosin V is depicted with functionally
characterized bindings sites for vacuoles and mitochondria pseudocolored red and the binding sites
for secretory vesicles and peroxisomes pseudocolored in shades of green (adapted from Pashkova
et al, 2006; Fagarasanu et al, 2010). (B) Sequence alignment of myosin V homologs from
Ascomycota. Amino acid sequences corresponding to the binding sites for organelle receptors in
myosin V were aligned using the program MUSCLE. Identical residues (colored black and labeled
with a colon) and similar residues (colored dark gray and labeled with a period) are indicated in
the figure. Residues with poor conservation are light gray. Similarity rules: G=A =S, A=V;V =
=L=M;I=L=M=F=Y=W;K=R=H;D=E=Q=N;and S=T = Q = N. Dashes
represent gaps. Organelle binding sites on the surface of the Myo2p globular tail domain of
Saccharomyces cerevisiae (shown at left) are colored red in the alignments. The asparagine at
residue 1307 that is not conserved but critical for mitochondrial and vacuolar trafficking by Myo2p
in S. cerevisiae is marked with an arrow. Residues marked with an asterisk are surface residues that

have been published as experimentally tested for the ability to bind to organelle receptors.
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Figure 5-6. Evolutionary history for the emergence of the organelle inheritance machinery in
ascomycete fungi. A red bar indicates the proposed appearance and co-option of the protein for
organelle transport and inheritance, while a green bar indicates co-option at the earliest node

supported by functional studies.
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would expect a limited distribution for melanophilin. Comparative genomic analysis confirmed that
melanophilin was found only in chordates, and we therefore can conclude that the adoption of
novel myosin V adaptor molecules is a mechanism that spans the breadth of the opisthokonts

(Figure 5-1C).

5.6 Discussion
Our molecular evolutionary analysis has revealed limitations in the general applicability of the
model of organelle inheritance resulting from investigations in S. cerevisiae; however, it has also
uncovered a pattern whereby conserved factors involved in organelle replication and inheritance
are paired with adaptor proteins to form complexes essential for cargo interaction with a myosin
V motor. This pattern appears to be conserved from yeasts to human and holds true for vacuoles
(Vac8p/Vacl7p) and astral microtubules (Bim|p/Kar9p/melanophilin), for which functional data
have elucidated this arrangement in both yeasts and mammals (Weisman, 2006). Here, our
phylogenetic analysis suggests this pattern also holds true for peroxisomes, as both Pex3p and
Pex3Bp were shown to be paraphyletic with Pex3 proteins in the Saccharomycetaceae. This
suggests that selective pressures exist to ensure the involvement of a key protein required for
organelle identity in the transport of that organelle. We propose that this involvement is necessary
for maintaining organelle specificity in myosin V-based transport. In the case of mitochondria,
cortical endoplasmic reticulum and mMRNA complexes, our model predicts an unappreciated role
for a conserved factor in myosin V transport and specificity. Recently, She3p and She2p have been
shown to interact with poly-A binding protein, which is an evolutionarily conserved protein that is
critical for mRNA translation and could aid in providing specificity for mRNA transport (Chung and
Takizawa, 2010). We therefore predict that the mitochondrial myosin V receptor, Mmrlp, also
works in concert with an as yet unknown conserved and essential mitochondrial protein(s) that is

also involved in the biogenesis and maintenance of the organelle. Similarly, the role of She3p and
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She2p in the inheritance of cortical endoplasmic reticulum is also predicted to be mediated
through, and by interaction with, a protein(s) involved in maintaining the cortical endoplasmic
reticulum.

This pattern of pairing a biogenic factor with an adaptor protein for specific organelle
transport is mirrored by the evolution of Rab proteins (Dacks et al., 2008; Pereira-Leal, 2008). In
both yeasts and mammals, Rab proteins have been functionally characterized as imparting identity
to various components of the secretory and endocytic pathways. The conserved Rab pair
Ypt31p/Ypt32p in S. cerevisiae has been shown to function as a molecular adaptor for Myo2p in
the transport of secretory vesicles (Lipatova et al., 2008). It is interesting to note that the pattern
of gene duplication and asymmetric gene loss seen in the fungal Ypt3 protein family (Pereira-Leal,
2008) is reminiscent of our findings in the case for Pex3 proteins in the Saccharomycotina (Figures
5-1C and 5-2). Similarly, Sec4p, another conserved Rab, also functions as a Myo2p adaptor just
before secretory vesicles are delivered to the exocyst complex for fusion with the plasma
membrane of the bud (Santiago-Tirado et al., 201 I). Interestingly, Yptl I p, a novel Rab specific to
the Saccharomycetaceae, was shown to function in the transport of late Golgi elements (Arai et al.,
2008; Rossanese et al., 2001). Yptl Ip also associates with Ret2p, the delta subunit of coatomer,
suggesting that Rabs can be viewed as either conserved identity factors or adaptors depending on
the circumstance.

One way of conceptualizing cellular function is to view cellular systems as modular. A module,
as defined by Hartwell and colleagues, is composed of molecules of different type whose
coordinated actions evoke a discrete response (Hartwell et al., 1999). The machinery involved in
organelle inheritance brings together three disparate modules of cellular machinery, each crucial
for cell survival and under its own selective constraints: organelle biogenesis and identity, the
cytoskeleton, and the cell cycle (Figure 5-7). These modules are presumably ancient, emerging

before the appearance of the LECA (Dacks and Field, 2007; Richards and Cavalier-Smith, 2005;
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Schluter et al., 2006; Wickstead et al., 2010), and because of their essential functions would exhibit
resistance to perturbation. In the case of myosin V-based organelle transport and inheritance,
where one cargo competes with other cargoes for access to a single motor, the question arises as
to how novelty and adaptability are generated in such a complex and constrained system. In our
model, the task of fulfilling the requirements of organelle inheritance is achieved via three distinct
evolutionary processes (Figure 5-7).

One way of introducing novelty and adaptability to a system of constrained modules is to
divide labor through paralogy, an established evolutionary mechanism (Dacks et al., 2009). Our
results demonstrate that myosin V underwent at least five independent and lineage-specific gene
duplications in the opisthokonts (Figure 5-4). In the case of S. cerevisiae, the emergence of Myo2p
and Myo4p from a whole genome duplication event (Byrne and Wolfe, 2005; Scannell et al., 2006)
resulted in a division of labor between the two myosins. This division of labor is unequal, with
Myo2p transporting secretory vesicles, late Golgi elements, the vacuole, astral microtubules,
mitochondria and peroxisomes, and Myo4p transporting only cortical endoplasmic reticulum and
mMRNA complexes (Fagarasanu et al., 2010). Interestingly, the She3p binding site on Myo4p was
recently shown to overlap the binding site for secretory vesicles and peroxisomes on Myo2p
(Heuck et al., 2010). Therefore, competition for the same binding site may account for retention
of both myosin V motors in S. cerevisiae through a division of the cargoes for which each motor is
responsible. Paralogy may also address the issue of organelle specificity. It is becoming apparent
that a cascade of Rab-based vesicle maturation in the secretory pathway of S. cerevisiae is
correlated with myosin V-based transport to the bud (Santiago-Tirado et al., 2011). Yptl Ip,
Ypt31p/Ypt32p and Sec4p each localize and provide identity to late Golgi elements, the trans-
Golgi network, and secretory vesicles, respectively. All these Rabs also bind directly to Myo2p and
assist in the transport of secretory components to the bud. Furthermore, paralogy can also deal

with factor specificity, as can be seen in the case of Pex3p and Pex3Bp in Y. lipolytica, for which
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Figure 5-7. A model for the evolution of myosin V-based organelle inheritance. Adaptation
through paralogy (1.) and sequence divergence of binding regions on the myosin tail (2.) provide
two well-characterized mechanisms for enhancing the interaction between the robust cellular
modules of the cytoskeleton, organelle biogenesis and identity, and cell cycle and growth
(represented by red circles). Unexpectedly, a third phenomenon, the innovation of novel cargo
adaptors (3.), functionally and sometimes physically links the three conserved modules, allowing
for lineage-specific adaptability in the process of organelle inheritance. The strength of interaction
between these modules is reflected by the thickness of the bidirectional arrows between them,
which is greatly increased by the presence of an evolutionarily novel adaptor (green shape). Depth
of the different cargoes and adaptors whose transport is facilitated by myosin V and regulated by
the cell cycle is depicted, as is the idea that each of the robust modules will be composed of

multiple individual factors, which is seen for the cytoskeleton.
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selective pressures on the necessity of having peroxisomes is greater than in other yeasts due to
the lipid-rich environment in which Y. lipolytica is naturally found. Pex3 proteins across the diversity
of eukaryotes are multifunctional proteins essential for peroxisome formation and are involved in
de novo peroxisome formation from the endoplasmic reticulum, membrane protein targeting and
organelle anchoring and retention (Ma et al., 201 1).

A second mechanism in our evolutionary model is the exploration of sequence space to
introduce additional binding sites for cargo on the surface of the myosin V tail. Functional
characterization has revealed two distinct cargo-binding sites on the surface of the globular tail
domain of Myo2p in S. cerevisiage (Pashkova et al., 2006). Here, we demonstrated a correlation
between the conservation of those residues critical for mitochondria and vacuole binding with the
emergence of vacuole- and mitochondrion-specific adaptor proteins for myosin V-based transport
(Figure 5-1C and Figure 5-5). Thus, using a greater proportion of the surface of the globular tail
domain may ease the constraints of specificity. However, the ability of myosin V motor complexes
to carry more than one cargo at a time has yet to be demonstrated experimentally.

Our findings also suggest a third and unexpected way of providing novelty and adaptability to
a system: co-option of established machinery for the novel function of organelle delivery,
combined with the emergence of novel factors (Figures 5-6 and 5-7). Within the framework of the
model, interaction among the relatively robust modules of cell cycle, organelle biogenesis and
identity, and cytoskeleton is proposed to be facilitated by evolutionarily novel adaptors. Rather
than attempt to modify robust and essential modules, it is envisaged to be advantageous for an
organism to use an evolutionarily novel and recently emerged adaptor protein to bridge these
robust modules and facilitate new phenotypes through these interactions (Hartwell et al., 1999).
Support for this scenario comes from the observation that the different cargoes appear to use the

same mechanism of attaching to myosin V despite their not having similar origins.
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Overall, our model for the evolution of organelle inheritance takes into consideration the
plasticity evident in the many ways cargo specificity and traffic are achieved (Akhmanova and
Hammer, 2010; Fagarasanu et al.,, 2010). Moreover, this model may well be applicable to the
specificity of cellular trafficking in general. In the secretory endomembrane system, the twin
aspects of specificity of vesicle formation and specificity of vesicle fusion have been shown to be
highly conserved across all eukaryotes (Dacks et al.,, 2009; Bock et al.,, 2001; Brighouse et al.,
2010). The missing link between the derivation of membranous carriers and their delivery is vesicle
transport and the selection of particular cargoes by specific motors. Whereas myosin V-based
transport has become essential for organelle inheritance in yeast, its role in cell polarity,
maturation and recycling in the secretory and endomembrane systems is more prominent in
mammalian cells (Akhmanova and Hammer, 2010; Weisman, 2006). Similar to myosin V-based
transport in yeast, transport of cargo in mammalian cells also requires the pairing of conserved
biogenic proteins, such as Rabs and EBI, with novel adaptors, such as melanophilin (Provance et al.,
2002; Weisman, 2006). Therefore, our model of multiple specificity factors competing for the
myosin V tail may be more broadly applicable to other types of myosin V-based transport.

From these observations of organelle inheritance in yeast, a larger hypothesis can be
proposed (Figure 5-7). Under conditions whereby novel functions arise from interactions between
several ancient, and therefore robust, cellular modules, there will be a bias for the incorporation
and accretion of evolutionarily novel adaptor proteins, which we term “widgets”, that lack the
exposure to negative selection pressure that is present in the components of the more ancient
cellular modules. The interactions formed between modules with these widgets could arise
through constructive neutral evolution (Lukes et al., 201 |; Stoltzfus, 1999) or could be positively
selected for because they provide a spontaneous increase in fitness to the cell.

In conclusion, the various lineages of opisthokonts have each evolved solutions to bring

conserved and robust cellular modules into communication through a combination of paralogy,
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mutation and emergence of novel adaptors. The lack of a conserved mechanism for myosin V-
based transport might be explained by the diversity of cell division and cell asymmetry exhibited by
opisthokonts. At the same time, the existence of effective and multi-approach solutions for myosin
V-based transport, that fail to constrain evolution and adaptation, could well have facilitated the
emergence of the body plan and tissue differentiation diversity observed in the opisthokonts.
These diverse strategies illustrate that the evolution of organelle inheritance may well be framed in

terms of ‘survival of the fittest’ and not necessarily 'survival of the most elegant’.
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6 A Drosophila model for the Zellweger spectrum of peroxisome

biogenesis disorders

A version of this chapter has been published.
Mast, F. D., Li, J., Virk, M. K., Hughes, S. C., Simmonds, A. J., & Rachubinski, R. A. 201 1. A

Drosophila model for the Zellweger spectrum of peroxisome biogenesis disorders. Dis Mod Mech.
4:659-672. doi:10.1242/dmm.007419.
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6.1 Overview
Although single-cell systems like yeast and mammalian cell culture have been invaluable for
identifying the proteins and basic processes involved in peroxisome biogenesis, they cannot act de
facto as models for the study of the role of peroxisomes in the development of multicellular
organisms or in the molecular mechanisms leading to the PBDs. Drosophila has been shown to be
both a valid and valuable model system for the study of normal and abnormal development of
more complex multicellular organisms, including humans. Over seventy-five percent of known
human disease genes have a recognizable match in the genome of Drosophila (Reiter et al., 2001),
and Drosophila now serves as a model for more than 20 diseases, including Huntington’s,
Parkinson’s, Alzheimer’s, fragile X mental retardation, and spinocerebellar ataxia | (Bilen and
Bonini, 2005; Cauchi and van den Heuvel, 2006; Raymond and Tarpey, 2006; Sanchez-Martinez et
al., 2006). Surprisingly, there have been few studies of the functional roles for peroxisomes in
Drosophila and until this study, none focused on the effects of peroxisome function on early
development. The longest known role of peroxisomes in flies is in the formation of eye pigments.
The rosy (ry) gene encodes the enzyme xanthine dehydrogenase (Bridges and Brehme, 1944;
Glassman and Mitchell, 1959). Xanthine dehydrogenase is targeted to peroxisomes in malphigian
tubule cells and fat cells (Beard and Holtzman, 1987). Recent studies have also suggested a role for
peroxins in the process of spermatogenesis in adult males (Chen et al., 2010). However, no study
has focused specifically on the functional roles of peroxisome biogenesis genes of Drosophila
melanogaster (DmelPex) or on the defects in early fly development arising from mutation of a
DmelPex gene and the similarity between those defects and the developmental defects observed in

PBD patients mutant for the corresponding human PEX gene.
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6.2 RNAIi analysis in S2 cells confirms that the majority of the known genes
required for peroxisome assembly are conserved in Drosophila

Fifteen putative Pex genes are predicted in the Drosophila genome. Thirteen genes are showed
sequence similarity to known human PEX genes, while two genes showed sequence similarity to
the PEX20 and PEX23 genes of the yeast Yarrowia lipolytica (Figure 6-1). These DmelPex genes
correlate with genes predicted by others as Drosophila homologs for PEX genes found in other
species (Adams et al., 2000; Chen et al., 2010). Twelve of these genes are homologous to known
human PEX genes for which mutations causing PBDs have been characterized.

Mutations in PEX genes typically result in the mislocalization of peroxisomal matrix
proteins to the cytosol and this mislocalization of matrix proteins is used along with other
biochemical lab diagnostics in characterizing a PBD (Shimozawa, 201 |; Shimozawa et al., 1998;
Steinberg et al., 2006). We performed systematic RNAi knockdown of each gene in S2 cells
constitutively expressing a chimeric reporter protein, GFP-SKL. The SKL tripeptide is the
evolutionarily conserved C-terminal peroxisome targeting signal | (PTSI) consisting of serine-
lysine-leucine (SKL) that targets specifically to peroxisomes to produce a characteristic punctate
pattern in fluorescence microscopy (Kural et al., 2005; Petriv et al., 2002). GFP-SKL expressing S2
cells were treated with dsRNAs targeting 14 individual putative DmelPexs for knockdown:
DmelPex| (CG6760), DmelPex2 (CG7081), DmelPex3 (CG6859), DmelPex5 (CG14815), DmelPexé
(CGI1919), DmelPex7 (CG6486), DmelPex!|| (CG8315), DmelPex12 (CG3639), DmelPex|3
(CG4663), DmelPex14 (CG4289), DmelPexl6 (CG3947), DmelPex!9 (CG5325), DmelPex20
(CG3696) and DmelPex23 (CG32226) (Figure 6-1). As a control for specificity of the RNAI
knockdown, we performed a mock RNAi treatment (no dsRNA), as well as a RNAi knockdown of
Dredd, which has no known role in peroxisome biogenesis or function.

Untreated GFP-SKL S2 cells exhibited a punctate pattern of fluorescence characteristic of

peroxisomes (Figure 6-2) (Kural et al., 2005). Similarly, in mock-treated and Dredd RNAi-treated
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Figure 6-1. Peroxins and their putative homologs in Drosophila. The putative Drosophila homologs
of known peroxins we identified in silico are presented. The main function in peroxisome
biogenesis of each known peroxin is given. The PBD in which a PEX gene has been implicated is
indicated in brackets. Pairwise alignment is made between the human or yeast peroxin (upper) and
the putative Drosophila homolog (lower) using the SIM alignment algorithm
(http://ca.expasy.org/tools/sim-prot.html) and visualized using Lalnview (http://pbil.univ-
lyon|.fr/software/lalnview.html). The extent of amino acid similarity between regions of two

aligned proteins is given by the Heat map at bottom. Hs, Homo sapiens; Y|, Yarrowia lipolytica
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cells, the GFP-SKL signal also appeared in punctate structures consistent with peroxisome
localization. The peroxisomes in control and untreated cells were spherical, of essentially uniform
size, and randomly distributed throughout the cell.

In S2 cells, RNAIi knockdown of many of the putative DmelPex genes we identified (Figure 6-
2C) resulted in GFP-SKL fluorescence patterns that were significantly different from the punctate
fluorescence pattern observed in untreated or control-treated cells (Figure 6-2A). We grouped
these patterns into five classes (Figure 6-2B). Class | cells exhibit a pattern of GFP-SKL
fluorescence essentially indistinguishable from that of untreated cells. Mock-treated and Dredd
RNAi-treated cells were categorized as Class |, as were cells treated with dsRNA targeting
DmelPex7. This was not unexpected, as Pex7p has been shown to function in the targeting to
peroxisomes of proteins containing a N-terminally localized PTS2 but not of proteins containing a
C-terminally localized PTSI (Lazarow, 2006), like the chimeric reporter GFP-SKL being expressed
in these S2 cells. In Class 2 cells, most of the GFP signal was excluded from punctate bodies.
Putative DmelPex genes in Class 2 include DmelPex |, DmelPex5, DmelPex |3 and DmelPex | 6. Class
3 cells show an appreciable amount of cytosolic GFP signal but contain fluorescent punctate bodies
in numbers approaching those of untreated cells and were observed in RNAi knockdown of
DmelPex2, DmelPex3, DmelPex6, DmelPex |2 and DmelPex14. Class 4 cells have a reduced number
of fluorescent punctate bodies of increased size as compared to untreated cells but show no
appreciable accumulation of GFP signal in the cytosol. RNAi knockdown of the DmelPex/ | and
DmelPex 19 genes produced a Class 4 pattern. In Class 5 cells, the average volume of punctate
bodies was less and the average number of punctate bodies per cell was greater than that of
untreated cells, and the entire GFP signal was essentially localized to punctate bodies. Cells treated
with dsRNA to DmelPex20 or DmelPex23 were categorized as Class 5.

The specificity of transcript knockdown by RNAi was verified for the case of DmelPex!| by

semi-quantitative RT-PCR (Figure 6-3A) and by immunoblotting of whole S2 cell lysates with
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Figure 6-2. Peroxisomes are absent or exhibit altered morphology in S2 cells treated with
dsRNA to putative DmelPex genes. (A) S2 cells constitutively expressing the fluorescent
peroxisomal reporter protein GFP-SKL (Kural et al., 2005) were treated with dsRNA to the
indicated putative DmelPex genes, mock-treated, or treated with dsRNA targeting Dredd, which
has no known role in peroxisome biogenesis or peroxisome function. GFP-SKL in S2 cells targets
to punctae characteristic of peroxisomes. Mock-treated cells and cells treated with dsRNA
targeting Dredd exhibited punctae like control cells. Cells treated with dsRNAs to different
DmelPexs exhibit mislocalization of the GFP-SKL peroxisomal reporter to the cytosol and/or
altered peroxisomal size and number. Cells treated with dsRNA to DmelPex7 or DmelPex20
exhibit punctate peroxisomes essentially like those of wild-type cells, as PEX7 and PEX20 affect the
targeting only of peroxisomal proteins containing a PTS2 and not of those containing PTSI, such as
GFP-SKL. Scale bar, 5 pm. (B) Quantitative description of peroxisome morphologies in S2 cells
treated with dsRNA to putative Pex genes. Images were scored for numbers of punctate bodies,
the average volume of these punctate bodies and the intensity of fluorescent signal from these

punctate bodies.
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antibody to DmelPex| protein (Figure 6-3B). The levels of DmelPex] mRNA were reduced in

GFP-SKL S2 cells by treatment with DmelPex | dsRNA but not by treatment with Dredd dsRNA or
by mock-treatment (Figure 6-3A). DmelPex| protein was reduced in lysates of S2 cells treated
with DmelPex| dsRNA but not in lysates of mock-treated S2 cells or S2 cells treated with
DmelPex7 dsRNA (Figure 6-3B). The results of our RNAI analysis in S2 cells demonstrate that loss
of function in the majority (13 of [4) of putative DmelPex genes identified in silico produces

abnormal peroxisome assembly phenotypes in Drosophila S2 cells.

6.3 Mutation of DmelPex| leads to tissue-specific defects in developing
embryos

PEX! genes in organisms from yeast to human encode members of the family of AAA-ATPases
and are essential for peroxisome assembly. Mutation of human PEX/ results in ZS and is the most
common cause of the PBDs, accounting for 70% or more of all patients (Reuber et al., 1997;
Steinberg et al., 2006). Because of the prevalence of the PEX| mutation in the PBDs, studies of
DmelPex| mutations were a natural starting point for evaluation of a Drosophila model for the
systemic effects of the PBDs, and more specifically, the ZS of PBDs.

To study the functional consequences of compromised peroxisome biogenesis in the early
development of Drosophila, we performed an in-depth phenotypic characterization of how loss-of
function mutations in the DmelPex | gene affect basic tissue patterning, survival and the functional
response of the organism in terms of altered gene expression.

Both P-element and X-ray-induced mutations in DmelPex [, I(3)70Da***® and (3)70Da’, were
characterized in terms of defects during early development. These alleles are lethal when
homozygous, in trans, or when heterozygous to a large deletion, Df(3L){z-GS|a, that removes the
chromosomal region 70D2-70E5 that includes the DmelPex | locus. However, we noted that the

genomic region encoding the 3'-UTR of the DmelPex |, I(3)70Da mRNA overlaps the genomic
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Figure 6-3. Detection of DmelPex!| transcripts by RT-PCR and DmelPex| protein by
immunoblotting. (A) The specific bands corresponding to the expression levels of DmelPex | and
the gene Rpl32 encoding an ubiquitously expressed ribosomal protein and used as a loading
control are indicated by arrows. Heterozygous /(3)70Da animals are indicated with the symbol, /+.
The mRNA isolated from [(3)70Da****® homozygotes produced no DmelPex | -specific band, while
I(3)70Da' homozygous animals showed a severe reduction in this band compared to the Rp/32
loading control. Similarly, the level of DmelPex| transcript was reduced in the dsRNA-treated S2
cells compared to untreated, mock-treated or S2 cells treated with a dsRNA that targets the
Dredd gene, which is involved in the immune response. For each set of primers, specific amounts
of the wild-type RT-reaction were analyzed to confirm that 2.5 pl of experimental sample yielded a
product within the linear range of amplification by the subsequent PCR. (B) DmelPex| protein is
reduced specifically in cells treated with dsRNA to the DmelPex| transcript. Lysates of untreated
S2 cells, mock-treated S2 cells, S2 cells treated with dsRNA to DmelPex! mRNA and S2 cells
treated with dsRNA to DmelPex7 mRNA were separated by SDS-PAGE and subjected to
immunoblotting with anti-DmelPex| protein antibodies. Reduced levels of DmelPex| protein are
observed only in the lane containing lysate of S2 cells treated with dsRNA to DmelPex| mRNA. A
protein detected nonspecifically by the antibodies to DmelPex| protein serves as a control for
protein loading. Numbers at left represent the migrations of molecular weight standards in kDa.
(C) RT-PCR confirmation of RNAi knockdown of predicted DmelPex genes. The specific primer
pairs that recognize a predicted DmelPex gene are listed in Table 2-14. KD, S2 cells expressing

GFP-SKL treated with dsRNA. Ctrl, mock-treated S2 cells expressing GFP-SKL.
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region encoding the 5'-UTR of the adjacent gene, breathless (btl) (Adams et al., 2000; Klambt et al.,
1992). The primary phenotype associated with mutation of bt/ is defective tracheal development.

#8688 or|(3)70Da’ mutants. However,

No tracheal defects were observed in homozygous I(3)70Da
to avoid the possibility of confounding phenotypes, we used only the alleles I(3)70Da***® and
I(3)70Da’, which harbor smaller mutations affecting only the 5'-region of the DmelPex| gene, for
subsequent developmental characterizations. Finally, ubiquitous expression of a UASp-DmelPex |
transgene via Tub-GAL4 in the early embryo allowed homozygous I(3)70Da***® and I(3)70Da’
mutants to survive past the second larval instar, confirming that the early larval lethality observed
in these mutants was caused by loss of DmelPex .

RT-PCR and immunoblotting confirmed specific reduction in the DmelPex! transcript and
protein expression in homozygous mutant /(3)70Da****®and /(3)70Da’ larvae 2 days after hatching
(Figure 6-3A). Heterozygous DmelPex |°*%¢® flies grew (Figure 6-4) and survived (Figure 6-5) like
wild-type flies, and within 2 hours of hatching both wild-type and heterozygous DmelPex | larvae
exhibited the same coordinated locomotory activity in their movement toward a food source.

(Figure 6-6). This is in contrast to animals homozygous for the /(3)70Da****®

allele, which grew
much more slowly than wild-type or heterozygous flies (Figure 6-4) and died at the LI or L2 stage
(Figure 6-5). These homozygous mutant larvae were consistently much smaller than wild-type or
heterozygous larvae, exhibited little or no coordinated locomotion when placed on agar plates,
failed to show effective feeding and exhibited developmental delay (Figure 6-6). There is some

s#868and I(3)70Da’ alleles, and in extreme cases,

phenotypic pleiotropy associated with the /(3)70Da
homozygous mutants were unable to fully crawl out of their eggshells and died within a few hours

of hatching. Overall, our results demonstrate that DmelPex |/, like PEX| for humans, is essential for

normal embryonic development.
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Figure 6-4. DmelPex|°**¢® homozygous larvae exhibit defects in growth. Each data point
represents the average size in mm?* of 20 randomly selected DmelPex /%3¢ homozygous (green),
DmelPex 1°*%¢% heterozygous (red) and wild-type (blue) larvae. On Day 4, the mean area
representing growth of DmelPex [°**¢¢ homozygous larvae is significantly reduced, as compared to
wild-type and heterozygous larvae (P < 0.0001). Wild-type and heterozygous larvae did not show

any statistically significant difference in growth. Error bars indicate standard deviation.
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Figure 6-5. DmelPex [****® homozygous flies have reduced lifespan. Survival curve of DmelPex |3
homozygous (green), DmelPex |***¢® heterozygous (red) and wild-type (blue) flies. All DmelPex | %%
homozygous flies died by Day 6 at pupariation. Wild-type and heterozygous larvae pupated on

Day 6. Error bars indicate standard deviation.
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Figure 6-6. DmelPex|***® homozygous larvae are smaller in size and fail to show coordinated
movement toward food. Images of 5-day old wild-type, DmelPex[***® heterozygous and
DmelPex 1°*¥¢ homozygous larvae are shown. Homozygous larvae are much smaller than
heterozygous or wild-type larvae. A histogram reporting the percentage of larvae that reach food
in a fixed period of 20 min is presented. All wild-type and heterozygous larvae, but no

homozygous larvae, were able to reach the food source in the prescribed time
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6.4 Developing DmelPex] homozygous mutant embryos do not show obvious
muscle defects

The locomotory defects observed in DmelPex|°**¢® homozygous larvae (Figure 6-6) could be
attributed to aberrations in either neuronal or muscle development (or both). We therefore
assayed the developing musculature in DmelPex [**%®® mutant larvae to determine whether the
absence of DmelPex| affects muscle development in terms of gross morpholgy. Staining with an
antibody to myosin (MACI147) showed an essentially wild-type pattern of musculature in the
homozygous mutant embryos, as both wild-type and homozygous mutant late (stage 15) embryos

exhibited an evenly repeated pattern of longitudinal and oblique muscles (Figure 6-7).

6.5 DmelPex]l homozygous mutants exhibit malformed central and peripheral
nervous systems

Patients affected with a PBD present symptoms arising from significant defects in the CNS and
peripheral nervous system (PNS), including mental retardation, seizures, muscular hypotonia and
absence of deep tendon reflexes (Steinberg et al., 2006). We therefore examined the overall
organization of the CNS and PNS in embryos homozygous for the DmelPex [**%*® mutant allele.
Stage |15 embryos were stained with antibodies that decorate specifically the CNS and PNS and
observed by immunofluorescence microscopy (Figure 6-8). Monoclonal antibody BP102 stains
axons of the CNS (anti-CNS axons) and is an excellent marker for the pattern of commissures and
connectives in the CNS of embryos. Wild-type embryos decorated with BP102 show a ventral
nerve cord (VNC) with well-organized and well-formed anterior and posterior commissures and
longitudinal connectives. In contrast, DmelPex |**** homozygous embryos showed malformation of
the VNC, with a lack of some commissures, breaks in the longitudinal connectives and the
presence of underdeveloped commissures, resulting overall in a widening of the distance between

the longitudinal connectives of the VNC (Figure 6-8).
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Figure 6-7. DmelPex|***¢® homozygous embryos exhibit an essentially wild-type musculature.
Wild-type and DmelPex****® homozygous mutant embryos (stage |5) were analyzed by
immunofluorescence microscopy using monoclonal antibody MACI47 to myosin, which
recognizes all muscle. Anterior is at right in all images. In lateral views, dorsal is up. Scale bar, 100

pm.
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Figure 6-8. The overall pattern of CNS and PNS development is abnormal in DmelPex /%%
homozygous embryos. Wild-type and DmelPex|***¢® homozygous embryos (stage |5) were
analyzed by immunofluorescence microscopy using monoclonal antibodies BP102 (anti-CNS
axons), BP104 (anti-Nrg recognizing CNS and PNS neurons) and 22C10 (anti-Futsch recognizing
neuron and axon subsets of the CNS and PNS). Anterior is at right in all images. In lateral views,
dorsal is up for BP102 and 22C10 and down for BP104. ac, anterior commissure; Ic, longitudinal

connective; pc, posterior commissure; VNC, ventral nerve cord. Scale bar, 100 um
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Monoclonal antibody BP104 (anti-Neuroglian, Nrg) stains all neurons of the CNS and PNS

and a small number of non-neuronal support cells in the PNS. We observed profound differences
in staining between wild-type and homozygous mutant embryos when using anti-Nrg antibody
(Figure 6-8). In contrast to the CNS and PNS of wild-type embryos, DmelPex [**%® homozygous
embryos exhibited a marked loss and hypoplasia of neurons in the PNS, evidence of neuronal
degeneration, disorganization of the neuronal pattern in the CNS and PNS, and severely
malformed developing eye discs.

Staining with monoclonal antibody 22CI10 (anti-Futsch) also showed dramatic differences in
the CNS and PNS of wild-type and homozygous mutant embryos (Figure 6-8). Wild-type embryos
again exhibited a well organized PNS and distinct neuron/neurite subsets within the VNC, while
homozygous mutant embryos exhibited severe disruption, disorganization and loss of both PNS

neurons and VNC neuron/neurite subsets.

6.6 Loss of DmelPex| causes disorganization in specific subsets of CNS and
PNS neurons

We used monoclonal antibodies to Even-skipped (Eve, 2B8) and Fasciclin 2 (Fas2, 1D4) to probe
more deeply the organization of the CNS and PNS in wild-type and DmelPex[**** homozygous
mutant embryos (Figure 6-9). Antibody to Eve stains the nuclei of a small subset of neurons in the
CNS, while anti-Fas2 antibody recognizes the surface of a subset of neurons and axons in the VNC,
including some motor neuron axons that innervate striated muscle cells in the periphery of the
embryo. Eve expression in the CNS of a wild-type embryo is well organized and well defined when
compared to that of the homozygous mutant embryo. However, the pattern of Eve expression in
the anal plate is well organized in both wild-type and mutant embryos. Staining of homozygous

embryos with anti-Fas2 antibody showed severe abnormalities in the VNC, extensive hypoplasia of
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Figure 6-9. CNS and PNS neurons are disorganized in DmelPex ¢ homozygous embryos. Wild-
type and DmelPex [**%*® homozygous embryos (stage |5) were analyzed by immunofluorescence
microscopy using monoclonal antibodies 2B8 (anti-Eve recognizing the nuclei of a subset of CNS
neurons), 1D4 (anti-Fas2 recognizing motor neurons and their axons in the VNC), and 2B10 (anti-
Cut recognizing the nuclei of cells of external sensory organ precursors). Anterior is at right in all
images. In lateral views, dorsal is down for anti-Eve and up for Fas 2 and anti-Cut. ap, anal plate;
asp, anterior spiracle; CNS, central nervous system; mt, malpighian tubules; psp, posterior spiracle;

VNC, ventral nerve cord. Scale bar, 100 pm.
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developing eye discs and, in the region of the brain, axon mislocalization and a reduction in the
number of motor neurons and in their organization (Figure 6-9).

Anti-Cut antibody is known to demark a subset of cells in the PNS, specifically the nuclei of
cells of external sensory organ precursors, including the malpighian tubules, which are the
Drosophila counterpart of the mammalian kidney. DmelPex [****® homozygous embryos exhibited
massive abnormalities in the structure of developing malpighian tubules and in the anterior and

posterior spiracles, together with a severe loss of neurons in the CNS (Figure 6-9).

6.7 DmelPex]l homozygous mutant embryos also show disorganized glia
Demyelination of axons occurs in the CNS of PBD patients (Steinberg et al., 2006). While
Drosophila lacks myelin, glial cells perform a similar function in flies (Freeman and Doherty, 2006).
We used monoclonal antibodies to Reversed Polarity (Repo, 8D 12) and Wrapper (10D3) to label
the glial cells of embryos (Figure 6-10). Repo is an ubiquitous glial marker found in the nuclei of all
glial subtypes and many PNS glia-support cells, but it is not expressed in the midline glia that
ensheathe commissural axons. We used anti-Wrapper antibody to recognize midline glia. A
dramatic disorganization of glia was observed in DmelPex [****® homozygous embryos compared to
wild-type embryos. Taken altogether, our data demonstrate an essential role for the DmelPex |/

gene in the development of the fly nervous system.

6.8 Tissue defects correlate with genome-wide changes in gene expression in
DmelPex| mutant embryos

Because so little is known regarding how mutations in the different PEX genes lead to the

underlying pathology of the PBDs, we reasoned that an unbiased systems level approach would be

a good starting point for elucidating new pathways and mechanisms. One strategy of potential use

is a comprehensive expression analysis of transcription using microarrays. Loss of peroxisome
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Figure 6-10. Glial cells are disorganized in DmelPex|°**¢¢ homozygous embryos. Wild-type and
DmelPex I°*¥¢¢ homozygous embryos (stage |5) were analyzed by immunofluorescence microscopy
using monoclonal antibodies 8D 12 (anti-Repo recognizing all glial cells except midline glia) and
|0D3 (anti-Wrapper recognizing midline glia). Anterior is at right in all images. In lateral views,

dorsal is up. Scale bar, 100 um.
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function is expected to result in the dysregulation of metabolic pathways that could potentially lead
to pan-genomic changes in gene expression at each of the cellular, tissue and organismal levels.
We performed a comparative genome-wide RNA expression analysis of transcription
between wild-type and DmelPex [**%*® homozygous embryos. (Figure 6-11). Microarray analysis
showed that the expression of 551 distinct protein coding genes showed a consistently greater
than 3-fold difference in expression in 48 h-old larvae homozygous for the DmelPex|
(I(3)70Da***¢®) mutation compared to wild-type larvae (Figure 6-11B). Of these genes, 396 were
upregulated (Tables 6-1) and 145 were downregulated (Table 6-2) in their expression vis-g-vis the
wild-type condition. Notably, genes that were upregulated could be clustered by their predicted
Gene Ontology (GO) annotations into several groups whose protein functions correlate strongly
with the observed phenotypes of the DmelPex| homozygous mutant (Figure 6-11CD). These
functions include neural development and activity; behavior; respiration; nucleotide biosynthesis;
peptidase function, adenylate cyclase, and GTPase activities; and cell death. Additional pathways
whose gene expression was upregulated include those involved with innate immunity, metabolism
of purines and mitotic regulation (Figure 6-11C, Table 6-1). Genes whose expression was strongly
downregulated in the DmelPex| homozygous mutant included, as expected, DmelPex| itself, as
well as genes coding for transcription factors involved in gametogenesis and proteins involved in
taste sensation, proteolysis, and vesicular transport (Figure 6-11D, Table 6-2). To test for a
potential bias of association based on GO annotation, we also clustered randomly generated lists
of genes, which typically generated fewer and sparser networks around annotations distinct from
those generated by our microarray data. However, ‘nucleus organization’ was a common
annotation that appeared in both the randomly generated lists and our list, which may indicate that

this annotation is an over-represented GO term.



247

Figure 6-11. Systems level view of changes in gene expression in DmelPex|**¢¢ homozygous
embryos. (A) Relative positive and negative changes in gene expression from an Affymetrix
GeneChip arrays done in triplicate using wild-type and DmelPex [***** homozygous embryos. (B)
Heat maps for genes with more than a 3-fold change in expression levels in DmelPex /"%
homozygous embryos. Bright red indicates a greater than |0-fold decrease in expression levels
whereas bright green indicates a greater than [0-fold increase in expression levels for genes
annotated in Flybase. (http://www.flybase.org). The three-color columns each represent the
results from an individual experiment. (See Table 6-1 and 6-2 for the list of genes for each row in
the heat map grouped by GO term.) Genes whose expression levels were increased greater than
3-fold (C) or decreased more than 3-fold (D) in DmelPex |****® homozygous embryos as compared
to wild-type are grouped according to gene ontology using the ClueGO plugin
(http:/ /www.ici.upmc.fr/cluego/ cluegoDownload.shtml) for Cytoscape

(http://www.cytoscape.org).
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Table 6-1. Genes upregulated more than 3-fold in DmelPex| homozygous mutant larvae

Clustered Gene Ontology (GO) terms Genes

GO:0007186~G-protein  coupled receptor protein | odorant receptor 82a, trehalose-sensitivity, odorant

signaling pathway receptor 24a, odorant receptor 67b, odorant receptor
GO:0007166~cell surface receptor linked signal | la, gustatory receptor 93d, odorant receptor 92a,
transduction odorant receptor 33b, gustatory receptor 39b, gustatory
GO:0007606~sensory perception of chemical stimulus | receptor 98a, odorant receptor 35a, gustatory receptor
GO:0050890~cognition 33a, rhodopsin 7, gustatory receptor 22c, odorant
GO:0007600~sensory perception receptor 85d, gustatory receptor 39a, odorant receptor
GO:0004984~olfactory receptor activity 65b, odorant receptor 2a, gustatory receptor 59%e,
GO:0007608~sensory perception of smell period, amnesiac, oskar, serendipity alpha, CG8422,
GO:0008527~taste receptor activity stardust, female sterile (1) M3, dopamine receptor 2,
GO:0050909~sensory perception of taste protein Shroom, CG32397, octopamine receptor 2, Ras-
GO:0005549~0odorant binding related protein Rab-26, CG8681, occludin-related Y,
GO:0050877~neurological system process neurotransmitter  transporter-like, ~methuselah-like 7,
GO:0005886~plasma membrane CG42313, CNG channel-like, secretory pathway calcium
GO:0031224~intrinsic to membrane ATPase, CG9270, mitochondrial import receptor subunit
GO:001602 | ~integral to membrane TOM40 homolog 2, tetraspanin 66A, stargazin-like

protein, CG17637, ripped pocket, CG5348, CGI13646,
CGI17929, (CG33234, CG7994, CG42260, bpipe,
rhomboid-6, CG18363, Down syndrome cell adhesion
molecule-like protein CG42256

GO:007001 | ~peptidase activity, acting on L-amino acid | CG2045, CGI12374, CG31661, CG32755, sina

peptides homolog, CG4439, CG31205, serine protease |2,
GO:0006508~proteolysis CGI1626, CGI6735, CG10104, CGI7988, CG31220,
GO:0004 | 75~endopeptidase activity CG6508, CG34130, CG7573, CG34171, CG33159,
GO:0008233~peptidase activity CG5909, CG32383, CGI7301, CG6592, CGI 1864,
GO:0008236~serine-type peptidase activity rhomboid-6, CG3 1840, CG7573

GO:0017171~serine hydrolase activity
GO:0004252~serine-type endopeptidase activity

GO:0019798~procollagen-proline dioxygenase activity | prolyl-4-hydroxylase-alpha NE3, CG31524,
GO:0004656~procollagen-proline 4-dioxygenase | CG31013 ,CG18233, CGI8231, guanylyl cyclase at
activity 88E, CG6969, CG33093, CG32655, scully, CG5718,
GO:003 1545~peptidyl-proline 4-dioxygenase activity CG7024, CG4716, diphenol oxidase A3, secretory
GO:003 1543 ~peptidyl-proline dioxygenase activity pathway calcium ATPase, CG31661, CGI2374,
GO:0031418~L-ascorbic acid binding CG32755, rhomboid-6, CG4439, CG31205, serine

GO:0016702~oxidoreductase activity, acting on single | protease 12, CGIl 1626, CGl6735 CGI0I04,
donors with incorporation of molecular oxygen, | CGI7988, CG31220, CG6508, CG34130, CG34171,
incorporation of two atoms of oxygen CG33159, CG5909, CG32383, CG6592, CG2045
GO:0016701 ~oxidoreductase activity, acting on single
donors with incorporation of molecular oxygen
GO:0016706~oxidoreductase activity, acting on paired
donors, with incorporation or reduction of molecular
oxygen, 2-oxoglutarate as one donor, and
incorporation of one atom each of oxygen into both
donors
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Clustered Gene Ontology (GO) terms

Genes

GO:003 1406~carboxylic acid binding
GO:0019842~vitamin binding
GO:0005506~iron ion binding
GO:0055| 14~oxidation reduction
GO:0005783~endoplasmic reticulum

GO:0007 190~activation of adenylate cyclase activity
GO:003 1281 ~positive regulation of cyclase activity
GO:0045762~positive regulation of adenylate cyclase
activity

GO:0051349~positive regulation of lyase activity
GO:0031279~regulation of cyclase activity

GO:004576 | ~regulation of adenylate cyclase activity
GO:0030799~regulation of cyclic nucleotide metabolic
process
GO:0030802~regulation of
biosynthetic process
GO:0030808~regulation of nucleotide biosynthetic
process

GO:0030814~regulation of cAMP metabolic process
GO:0030817~regulation of cAMP biosynthetic process
GO:0019932~second-messenger-mediated signaling
GO:0051339~regulation of lyase activity

GO:0006 140~regulation  of
process

cyclic nucleotide

nucleotide  metabolic
GO:0043085~positive regulation of catalytic activity
GO:0019933~cAMP-mediated signaling
GO:0019935~cyclic-nucleotide-mediated signaling
GO:0051336~regulation of hydrolase activity
GO:0044093~positive regulation of molecular function
GO:0051345~positive regulation of hydrolase activity

octopamine receptor 2, dopamine receptor 2, amnesiac,
secretory  pathway calcium  ATPase, CGI18389,
intraflagellar transport protein 57 homolog, CG32506,
CG32580

GO:0006732~coenzyme metabolic process
GO:0046356~acetyl-CoA catabolic process
GO:0006099~tricarboxylic acid cycle
GO:0009109~coenzyme catabolic process

GO:0051 187~cofactor catabolic process
GO:0009060~aerobic respiration
GO:0006084~acetyl-CoA metabolic process

GO:0051 186~cofactor metabolic process

GO:000609 | ~generation of precursor metabolites and
energy

GO:0045333~cellular respiration

GO:0015980~energy derivation by oxidation of organic

CG3875, CG5718, citrate synthase, CG4706, scully,
CG5075, CG7024, CG14909

compounds
GO:0005085~guanyl-nucleotide  exchange  factor | CG34393, CG31158, CG42378, CG32506, CG32580,
activity GTPase-activating protein RacGAP84C

GO:0051056~regulation of small GTPase mediated
signal transduction
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Clustered Gene Ontology (GO) terms

Genes

GO:0046578~regulation  of
transduction
GO:0030695~GTPase regulator activity
GO:0005083~small GTPase regulator activity
GO:0060589~nucleoside-triphosphatase
activity

GO:0005099~Ras GTPase activator activity
GO:0005096~GTPase activator activity
GO:0008047~enzyme activator activity

Ras protein signal

regulator

GO:0022836~gated channel activity

GO:00052 1 6~ion channel activity
GO:0022834~ligand-gated channel activity
GO:0015276~ligand-gated ion channel activity
GO:0022838~substrate specific channel activity
G0O:0022803~passive
activity
GO:0015267~channel activity

GO:0046873~metal ion transmembrane transporter

transmembrane transporter

activity
GO:000526 | ~cation channel activity
GO:000681 | ~ion transport

CNG channel-like, CG8681, ripped pocket, CG4587,
mitochondrial import receptor subunit TOM40 homolog
2, CG42260, pickpocket 25, secretory pathway calcium
ATPase, CG5075, CG14909

GO:00080 | 7~microtubule binding
GO:001563 | ~tubulin binding
GO:0008092~cytoskeletal protein binding

male fertility factor ki3, male fertility factor k5, nuclear
distribution protein nudE homolog, CG3237 1, serendipity
alpha, protein Shroom, alpha actinin 3

GO:0007616~long-term memory
GO:0007613~memory
GO:000761 | ~learning or memory
GO:00076 | 0~behavior

period, oskar, amnesiac, accessory gland-specific peptide
98AB, odorant receptor la, accessory gland peptide
Acp33A, pickpocket 25, insulin-like peptide 4

GO:0005 | 79~hormone activity
GO:0033057~reproductive behavior in a multicellular
organism
GO:0007617~mating behavior
GO:0051705~behavioral
organisms
GO:0007618~mating
GO:0010033~response to organic substance
GO:0019098~reproductive behavior
GO:0060179~male mating behavior
GO:0008049~male courtship behavior
GO:0007619~courtship behavior
GO:0007610~behavior

GO:0048609~reproductive process in a multicellular

interaction between

organism

GO:0032504~multicellular organism reproduction
GO:0003006~reproductive developmental process
GO:00486 | 0~reproductive cellular process
GO:0007276~gamete generation

accessory gland-specific peptide 98AB, accessory gland
peptide Acp33A, CG8422, partner of burs, insulin-like
peptide 4, amnesiac, period, pickpocket 25, CG18389,
broad, odorant receptor |a, oskar, GTPase-activating
protein RacGAP84C, dynein heavy chain 64C, female
sterile (1) M3, pipe, TBP-associated factor 30kD subunit
alpha-2, neurotransmitter transporter-like, rhino
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Clustered Gene Ontology (GO) terms

Genes

GO:0019953~sexual reproduction
GO:0048477~o00genesis
GO:0007292~female gamete generation

GO:00056 | 5~extracellular space

GO:00096 | 7~response to bacterium
GO:0042742~defense response to bacterium
GO:0006955~immune response
GO:0006952~defense response
GO:0045087~innate immune response
GO:0019730~antimicrobial humoral response
GO:0006955~immune response
GO:0006959~humoral immune response

Turandot X, Diptericin B, CG13076, CG34227, partner
of burs, Cecropin C, CG32383, amnesiac, TNF-receptor-
associated factor 4

GO:003507 | ~salivary gland cell autophagic cell death
GO:0035070~salivary gland histolysis
GO:0048102~autophagic cell death

GO:001627 | ~tissue death

GO:0007559~histolysis

GO:0012501 ~programmed cell death
GO:0022612~gland morphogenesis
GO:0007435~salivary gland morphogenesis
GO:00082 [9~cell death

GO:0016265~death

GO:0043068~positive regulation of programmed cell
death

GO:0010942~positive regulation of cell death
GO:0035272~exocrine system development
GO:000743 | ~salivary gland development
GO:0043067~regulation of programmed cell death
GO:001094 1 ~regulation of cell death
GO:0048732~gland development

GO:00069 | 5~apoptosis

GO:004298 | ~regulation of apoptosis

GO:0002 | 65~instar larval or pupal development
GO:0048707~instar larval or pupal morphogenesis
GO:0009886~post-embryonic morphogenesis
GO:000979 | ~post-embryonic development
GO:0007552~metamorphosis

CG7588, CG18389, TNF-receptor-associated factor 4,
broad, CG8364, intraflagellar transport protein 57
homolog, PDGF- and VEGF-related factor 3, scully

GO:0009190~cyclic nucleotide biosynthetic process
GO:0009 | 87~cyclic nucleotide metabolic process
GO:0009 | 65~nucleotide biosynthetic process
GO:0034654~nucleobase, nucleoside, nucleotide and
nucleic acid biosynthetic process
GO:0034404~nucleobase, nucleoside and nucleotide
biosynthetic process

GO:0007242~intracellular signaling cascade

GO:0006 | 64~purine nucleotide biosynthetic process
GO:0009 | 44~purine

nucleoside triphosphate

CG5983, guanylyl cyclase at 88E, amnesiac, CG5075,
secretory  pathway calcium  ATPase, CGI14909,
octopamine receptor 2, dopamine receptor 2, CG34393,
Ras-related protein Rab-26, GTPase-activating protein
RacGAP84C, ripped pocket, pickpocket 25
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Clustered Gene Ontology (GO) terms

Genes

metabolic process
G0O:0009205~purine
metabolic process
GO:0009199~ribonucleoside triphosphate metabolic
process

ribonucleoside  triphosphate

GO:0006 | 63~purine nucleotide metabolic process
GO:0009 141 ~nucleoside
process

triphosphate  metabolic
GO:0009124~nucleoside monophosphate biosynthetic
process

GO:0009123~nucleoside monophosphate metabolic
process

GO:0009 | 50~purine ribonucleotide metabolic process
G0O:0009259~ribonucleotide metabolic process
GO:0006754~ATP biosynthetic process
GO:0046034~ATP metabolic process

GO:004427 | ~nitrogen compound biosynthetic process

GO:0009 |145~purine nucleoside triphosphate
biosynthetic process
GO:0009206~purine  ribonucleoside  triphosphate

biosynthetic process
GO:0009142~nucleoside
process

GO:0009201 ~ribonucleoside triphosphate biosynthetic
process
GO:0009152~purine
process
GO:0009260~ribonucleotide biosynthetic process
GO:0006812~cation transport
G0O:0022890~inorganic
transporter activity

triphosphate  biosynthetic

ribonucleotide

biosynthetic

cation transmembrane

GO:0015630~microtubule cytoskeleton
GO:0030286~dynein complex
GO:0005856~cytoskeleton
GO:0003777~microtubule motor activity
GO:0003774~motor activity
GO:0007018~microtubule-based movement
GO:0005874~microtubule
GO:0044430~cytoskeletal part
GO:0005875~microtubule associated complex
GO:00070 | 7~microtubule-based process
GO:0042624~ATPase activity, uncoupled
GO:0042623~ATPase activity, coupled
GO:0016887~ATPase activity
GO:0043232~intracellular
organelle

non-membrane-bounded

GO:0043228~non-membrane-bounded organelle

CGI17150, protein Shroom, CG7051, CGI5684, male
fertility factor kI3, male fertility factor kI5, nuclear
distribution protein nudE homolog, CG17364, CG31907,
intraflagellar transport protein 57 homolog, dynein heavy
chain  64C, CG32371, uncharacterized protein
CG42248, short spindle 2, oskar, CG9270, CG33087,
CG5075, secretory pathway calcium ATPase, ribosomal
protein L10Aa, CG7045, CG18389, troponin C isoform
4, pipe, male-specific-transcript-35Ba, rhino, CG 12640,
guanylyl cyclase at 88E, CG15543, Ras-related protein
Rab-26, CG5718
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Clustered Gene Ontology (GO) terms

Genes

GO:0032553~ribonucleotide binding
GO:0032555~purine ribonucleotide binding
GO:0017076~purine nucleotide binding
GO:0030554~adenyl nucleotide binding
GO:0005524~ATP binding
GO:0032559~adenyl ribonucleotide binding
GO:0001883~purine nucleoside binding
GO:0001882~nucleoside binding

GO:00001 66~nucleotide binding

GO:0022884~macromolecule
transporter activity
GO:0015450~P-P-bond-hydrolysis-driven
transmembrane transporter activity
GO:0006626~protein targeting to mitochondrion
GO:0070585~protein localization in mitochondrion

transmembrane

protein

GO:0008320~protein  transmembrane  transporter
activity
GO:0015399~primary active transmembrane

transporter activity
GO:0015405~P-P-bond-hydrolysis-driven
transmembrane transporter activity
GO:0006839~mitochondrial transport
GO:0017038~protein import
GO:0008565~protein transporter activity
GO:0033365~protein localization in organelle
G0O:0044455~mitochondrial membrane part
GO:0006605~protein targeting
GO:0006886~intracellular protein transport
GO:00346 | 3~cellular protein localization
GO:0070727~cellular macromolecule localization
GO:0008 | 04~protein localization
GO:001503 | ~protein transport

GO:0045 | 84~establishment of protein localization
GO:0031966~mitochondrial membrane
GO:0031967~organelle envelope
GO:0031975~envelope
GO:0005740~mitochondrial envelope
GO:0005739~mitochondrion
GO:0031090~organelle membrane
GO:0046907~intracellular transport
GO:0005743~mitochondrial inner membrane
GO:0019866~organelle inner membrane
G0O:0044429~mitochondrial part

mitochondrial import receptor subunit TOM40 homolog
2, mitochondrial import inner membrane translocase
subunit Timl13, CG14690, CG5075, secretory pathway
calcium ATPase, CG9270, CG5718, dynein heavy chain
64C, oskar, Ras-related protein Rab-26, TNF-receptor-
associated factor 4, CGI18363, CG3748,
distribution protein nudE homolog, citrate synthase,
CG4706, CG31679, neurotransmitter transporter-like,
scully, dopamine receptor 2, pipe

nuclear

GO:0043565~sequence-specific DNA binding
GO:0003700~transcription factor activity
GO:0030528~transcription regulator activity
GO:0045449~regulation of transcription

CG8591, CGI5696, CG9571, CG4328, Hé-like-
homeobox,  brain-specific ~ homeobox, = CG33980,
CG6892, hormone receptor-like in 38, CG18389, 48

related |, broad, period, CGI4907, CGI4906,
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Clustered Gene Ontology (GO) terms

Genes

GO:0006355~regulation  of  transcription, DNA-
dependent

GO:0051252~regulation of RNA metabolic process
GO:0003677~DNA binding

CG1343, CG2932, TBP-associated factor 30kD subunit
alpha-2, oskar, CG7045, CG31700, male-specific-
transcript-35Ba

GO:00069 1 | ~phagocytosis, engulfment
GO:0006909~phagocytosis
GO:0016044~membrane organization
GO:0010324~membrane invagination
GO:0006897~endocytosis
GO:0016192~vesicle-mediated transport

ribosomal  protein  LI0Aa, CG4328, (CG34127,
CG18389, hormone receptor-like in 38, TNF-receptor-
associated factor 4, neurotransmitter transporter-like,
mitochondrial import inner membrane translocase
subunit Tim |13

GO:0015399~primary active transmembrane
transporter activity
GO:0015405~P-P-bond-hydrolysis-driven
transmembrane transporter activity
GO:0042623~ATPase activity, coupled
GO:0042626~ATPase activity, coupled to
transmembrane movement of substances
GO:0043492~ATPase activity, coupled to movement
of substances

GO:0016820~hydrolase  activity, acting on acid
anhydrides, catalyzing transmembrane movement of
substances

CG5075, secretory pathway calcium ATPase, CG9270,
mitochondrial import receptor subunit TOM40 homolog
2, mitochondrial import inner membrane translocase
subunit TimI3, CG14690, CGI7150, CG7051, male
fertility factor ki3, male fertility factor ki5, dynein heavy
chain 64C

GO:0046872~metal ion binding
GO:0043 | 69~cation binding
GO:00469 | 4~transition metal ion binding
GO:0043167~ion binding
GO:0008270~zinc ion binding

guanylyl  cyclase at 88E, (CG31840, CG31679,
mitochondrial import inner membrane translocase
subunit Tim|3, troponin C isoform 4, alpha actinin 3,
broad, GTPase-activating protein RacGAP84C, CG8591,
ripped pocket, sina homolog, CG4439, CGI0102,
CG31524, diphenol oxidase A3, CG33490, CGI 1041,
CG4328, CG6969, CGI3287, CG31013, CGI7770,
CG18233, hormone receptor-like in 38, TNF-receptor-
associated factor 4, CG10899, CG33087, CGI343,
CG2932, CGI1864, CGI2374, CGI1966, prolyl-4-
hydroxylase-alpha ~ NE3, ~ CG30378,  CG33093,
CG18231, senseless-2, CG5334

GO:0032990~cell part morphogenesis
GO:0000902~cell morphogenesis

GO:0048858~cell projection morphogenesis
GO:0032989~cellular component morphogenesis
GO:0030030~cell projection organization
GO:0048812~neuron projection morphogenesis
GO:0031175~neuron projection development
GO:0048667~cell morphogenesis involved in neuron
differentiation

GO:0000904~cell  morphogenesis  involved  in
differentiation

GO:0030182~neuron differentiation
GO:0048666~neuron development

CG4328, neurotransmitter transporter-like, CG14870,
capricious, intraflagellar transport protein 57 homolog,
dynein heavy chain 64C, protein Shroom, stardust, broad
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Clustered Gene Ontology (GO) terms

Genes

GO:0007052~mitotic spindle organization
GO:0051301~cell division
GO:0000226~microtubule cytoskeleton organization
GO:000705 | ~spindle organization
GO:0007010~cytoskeleton organization
GO:0000278~mitotic cell cycle

G0O:0022402~cell cycle process

G0O:0000279~M phase

GO:0022403~cell cycle phase

GO:0007049~cell cycle

short spindle 2, nuclear distribution protein nudE
homolog, dynein heavy chain 64C, serendipity alpha,
oskar, alpha actinin 3, TBP-associated factor 30kD
subunit alpha-2

Other

casein kinase Il beta2 subunit, Cecropin pseudogene |,
chibby, chorion protein ¢ at 7F, CG10124, CGI0134,
CG10486, CG10680, CG10734, CGI0919, CG10934,
CGI1125, CGI1231, CGI1322, CGI1369, CGI1373,
CG11588, CGI11598, CGI11630, CGI1983, CGI2158,
CG12250, CG12420, CGI2611, CGI2851, CGI2862,
CG12983, CGI3054, CGI3125, CGI314, CGI3186,
CGI3251, CG13299, CGI13457, CGI3541, CG13589,
CGI3653, CGI13749, CGI3771, CGI13804, CG13842,
CGI3871, CG13884, CGI13891, CGI3955, CGI13998,
CG14070, CGI14115, CG14190, CGI14246; CG14245,
CG14280, CG14309, CG14330, CGI14339, CGI14341,
CG 14448, CG14459, CG14502, CG14538, CG14579,
CGI14691, CGI4823, CG14837, CGI5035, CGI1504,
CG15233, CGI15337, CG15425, CGI15470, CG15580,
CG15594, CG15634, CG15699, CGI5734, CGI5767,
CG15800, CG15824, CG15876, CGI15878, CG16723,
CG16848, CG16853, CGI7122, CGI7319, CGI7376,
CG17380, CGI18130, CGI18301, CGI8371, CG18469,
CGI8539, CGI18628, CG2457, CG2871, CG2955,
CG30001, CG30284, CG30321, CG30350, CG30419,
CG30432, CG31088, CG31190, CG31204, CG31286,
CG31606, CG31752, CG31771, CG31790, CG31862,
CG31870, CG32118, CG32141, CG32141, CG32192,
CG32193, CG32203, CG32233, CG32235, CG32319,
CG32440, CG32602, CG32614, CG32631, CG32652,
CG32741, CG32846, CG32984, CG33287, CG33482,
CG33484, CG33507, CG33758, CG33988, CG33993,
CG34021, CG34028, CG34030, CG34139, CG34144,
CG34161, CG34169, CG34252, CG34256, CG34259,
CG34300, CG34338, CG34353, CG34353, CG34430,
CG3640, CG3687, CG3706, CG40164, CG40195,
CG40282, CG40336, CG40924, CG40924, CG41012,
CG41452, CG4198, CG42283, CG42324, CG42352,
CG42355, CG4270, CG4329, CG4829, CG4970;
CG14929, CG5111, CG5122, CG5458, CG5568,
CG5614, CG5762, CG5866, CG6138, (CG6280,
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Clustered Gene Ontology (GO) terms Genes
CG6435, CG6599, CG6761, CG6902, CG7164,
CG7325, CG7442, CG7557, CG7773, CG7975,
CG8006, CG8838, CG9173, CG9316, CG9392,
CG9525, CG9592, CG9863, CRI5821, CR40450,

CR41056, CR41056, female-specific independent of
transformer, fish-lips, | domain-containing protein, munin,
Whnt, UPF0279 protein CGI4505, ventrally expressed
gene D protein

Table 6-2. Genes downregulated more than 3-fold in DmelPex] homozygous mutant larvae

Clustered Gene Ontology (GO) terms

Genes

GO:0007186~G-protein coupled receptor protein
signaling pathway

GO:001602 | ~integral to membrane
GO:0031224~intrinsic to membrane
GO:0007166~cell surface receptor linked signal

transduction

GO:0005886~plasma membrane
GO:0007606~sensory perception of chemical stimulus
GO:0007600~sensory perception

GO:0008527~taste receptor activity
GO:0050909~sensory perception of taste
GO:0050890~cognition

GO:0050877~neurological system process
GO:0005549~odorant binding

CG32547, octopamine receptor in mushroom bodies,
gustatory receptor 59f, odorant receptor 85a, odorant
receptor 67c¢, gustatory receptor 47b, gustatory receptor
58b, methuselah-like |2, octopamine receptor beta-2R,
CG30379, CGI11262, CGI7137, CG4323, derailed 2,
goliath, CG32305, CGI1887, CG8743, tdilless, insulin-
like peptide 3, dystrophin; snoRNA: 122, odorant-binding
protein 22a, couch potato

GO:0045449~regulation of transcription
GO:0006355~regulation  of
dependent

transcription  DNA-
GO:0030528~transcription regulator activity
GO:0043565~sequence-specific DNA binding
GO:0051252~regulation of RNA metabolic process
GO:0003700~transcription factor activity
GO:0006350~transcription

GO:0003677~DNA binding

timeless, CR34648, tailless, CGI3188, goliath, tonalli,
buttonless, Pox  meso,

beta-2R,
CG9642, maternal gene required for meiosis, no hitter,

CG12936

homeobox  protein  unc-4,

gooseberry—neuro, octopamine receptor

GO:0005887~integral to plasma membrane
GO:0031226~intrinsic to plasma membrane
G0O:0044459~plasma membrane part

CG30379, derdiled 2, octopamine receptor in mushroom
bodies, CG1887, dystrophin; snoRNA: 122

GO:00052 1 6~ion channel activity
GO:0022838~substrate specific channel activity
G0:0022803~passive
activity
GO:0015267~channel activity

GO:000526 | ~cation channel activity
GO:0046873~metal ion transmembrane transporter

transmembrane transporter

CG33061, CGI1775, CGI7137, CG8743, CGI 1262
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Clustered Gene Ontology (GO) terms Genes

activity

GO:000681 | ~ion transport

GO:0008234~cysteine-type peptidase activity CGI1075,  ubiquitin  carboxyl-terminal  hydrolase,
GO:0006508~proteolysis CG32377, CG14227, CG4793, CG4017, echinus,

GO:007001 | ~peptidase activity acting on L-amino acid
peptides

GO:0008233~peptidase activity

GO:0004 | 75~endopeptidase activity

CG9868

GO:0034654~nucleobase, nucleoside, nucleotide and
nucleic acid biosynthetic process
GO:0034404~nucleobase, nucleoside and nucleotide
biosynthetic process
GO:004427 | ~nitrogen
process

compound biosynthetic

CG32305, CG3809, guanylyl cyclase at 76C

GO:0006508~proteolysis

GO:0044257~cellular protein catabolic process
GO:0051603~proteolysis involved in cellular protein
catabolic process

GO:0030163~protein catabolic process
GO:0044265~cellular
process

macromolecule catabolic

GO:0009057~macromolecule catabolic process

CGI1075, CGI4227, ubiquitin  carboxyl-terminal
hydrolase, CG4793, CG4017, echinus, CG32377,
CG9868

GO:0016044~membrane organization
GO:0010324~membrane invagination
GO:0006897~endocytosis
GO:0016192~vesicle-mediated transport

sprint, CG3 1094, peroxidasin, misfire

GO:0048232~male gamete generation
GO:0007283~spermatogenesis

GO:0007276~gamete generation

GO:0019953~sexual reproduction
GO:0048609~reproductive process in a multicellular
organism

GO:0032504~multicellular organism reproduction
GO:00486 | 0~reproductive cellular process
GO:0003006~reproductive developmental process
GO:0007292~female gamete generation

spermatocyte arrest, no hitter, misfire, sprint, octopamine
receptor in mushroom bodies, maternal gene required for
meiosis

GO:0007 | 26~meiosis

GO:0051327~M phase of meiotic cell cycle
GO:005132 1 ~meiotic cell cycle
GO:0000279~M phase

G0O:0022403~cell cycle phase
G0O:0022402~cell cycle process
GO:0007049~cell cycle

spermatocyte arrest, hold'em, maternal gene required for

meiosis

G0O:0008270~zinc ion binding
GO:00469 | 4~transition metal ion binding
GO:0046872~metal ion binding
GO:0043 | 69~cation binding

tailless, goliath, CGI 1966, dystrophin; snoRNA:122,
tonalli, maternal gene required for meiosis, CGI7329,
CG4017, CGI12362, probable cytochrome P450 313al,
peroxidasin, CG3 1094, androcam
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Clustered Gene Ontology (GO) terms Genes
GO:0043167~ion binding
GO:0005856~cytoskeleton dystrophin;  snoRNA:122,  CG33957,  CG3339,

GO:0043232~intracellular
organelle

non-membrane-bounded

GO:0043228~non-membrane-bounded organelle

spermatocyte arrest

GO:00001 66~nucleotide binding
GO:0005524~ATP binding
GO:0032559~adenyl ribonucleotide binding
GO:0032555~purine ribonucleotide binding
GO:0032553~ribonucleotide binding
GO:0030554~adenyl nucleotide binding
GO:0017076~purine nucleotide binding
GO:0001883~purine nucleoside binding
GO:0001882~nucleoside binding

derailed 2, CG32305, CGI1356, guanylyl cyclase at
76C, CG3339, RNA-binding protein Musashi homolog
Rbpé6, heat shock protein cognate I, couch potato

Other

CG12309, CGI2525, CGI3074, CGI308, CGI3310,
CGI3681, CGI3693, CGI3721, CGI4017, CG14035,
CG1409, CG1428, CGI4301, CGl4446, CGI14684,
CG14689, CG14946, CG14974, CGI5005, CGI5711,
CG15728, CGI6733, CGI791, CGI8I57, CG286,
CG30062, CG30103, CG30395, CG30469, CG31461,
CG31493, CG31647, CG31709, CG31921, CG32160,
CG32212, CG32248, CG32487, CG32694, CG32821,
CG32985, CG33060, CG33156, CG33252, CG33464,
CG33530, CG34184, CG34429, CG3927, CG3975,
CG40121, CG40164, CG40211, CG4161, CG42329,
CG42377, CG4468, (CG4582, CG5017, CG5062,
CG5644, CG5867, CG6429, CG6559,
CG6760°[I(3)70Da, DmelPexl), CG6788;
CG32496, CG6793, CG7208, CG8179; CG34318,
CG8813, nimrod C2, nuclear export factor 4, odorant
receptor 98a pseudogene, tonalli, TweedleZ, WD repeat-

containing protein on Y chromosome

6.9 Discussion

6.9.1

peroxisome assembly

Peroxisome assembly in Drosophila is mechanistically similar to human

To make robust conclusions regarding the suitability of Drosophila as a model for PBDs, compared

to other models, it was necessary to determine if the overall gene pathways required for

peroxisome biogenesis in Drosophila are largely conserved with those in humans. Our systematic



261

RNAi knockdown of 14 Drosophila genes that are homologous to mammalian and/or yeast PEX
genes in S2 cells confirmed that at least |3 are bona fide DmelPexs. Homologs of these genes have
been shown to be required for peroxisome assembly in organisms from yeast to human (Platta
and Erdmann, 2007; Schrader and Fahimi, 2008). Importantly, mutation in |2 of these genes cause
PBDs and make up 12 of the I3 known complementation groups in the PBDs. The 13"
complementation group belongs to mutations in Pex26, a gene that we and others were unable to
find in Drosophila (Schluter, 2006). Pex26p is the docking site for the AAA ATPases Pexlp and
Pex6p in humans, which are necessary for the recycling of the matrix protein receptor Pex5p
(Matsumoto et al., 2003). However, this receptor is not conserved across eukaryotes and other
unrelated receptors have been characterized in yeast (Birschmann et al., 2003; Elgersma et al.,
1997) and plants (Goto et al,, 201 1). Despite being unrelated, all three of these proteins function
similarly. Therefore, Drosophila most likely possesses a receptor for Pex|p and Pex6p that remains
to be discovered.

Cells from PBD patients typically demonstrate increased cytosolic localization of peroxisomal
matrix proteins. RNAi of DmelPex2, DmelPex6é, DmelPex |3, DmelPex |6 and DmelPex |9 dsRNA
produced clear reductions in the amounts of the corresponding mRNAs in treated S2 cells (Figure
6-3C), while RNAI of the other DmelPexs produced a less robust, yet still demonstrable, reduction
in the corresponding mMRNAs. Despite this variation in the reduction of mRNA levels, knockdown
of DmelPex |, DmelPex2, DmelPex3, DmelPex6, DmelPex |2, DmelPex |3, DmelPex 14 and DmelPex |6
reduced or eliminated the punctate structures characteristic of peroxisomes and mislocalized a
GFP-SKL reporter to the cytosol.

Although the knockdown of DmelPex5 by RNAi was somewhat variable, cells consistently
showed an exclusively cytosolic signal for the GFP-SKL reporter. DmelPex5 thus likely encodes the
PTSI receptor in Drosophila. Conversely, Pex7p functions as the receptor for proteins targeted to

peroxisomes by PTS2, independently of the PTSI(SKL) targeting sequence. This makes the
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knockdown of DmelPex7 somewhat difficult to interpret, as we would not expect a change in the
characteristic punctate pattern produced by GFP-SKL. Likewise, the presence of a putative PEX20
homolog in Drosophila would suggest that there are parallels in the peroxisomal protein import
pathways of insects and fungi. Several species of yeast have been shown to rely on the interaction
between Pex7p and a Pex20-like protein for PTS2 protein import, while mammalian cells import
PTS2 proteins via an interaction between Pex7p and a larger splice variant of Pex5p known as
Pex5L (Girzalsky et al., 2010).

Pex19 protein has been shown to be required for peroxisomal membrane formation and has
been suggested to function as the receptor for PMPs and/or as a chaperone acting to stabilize
membrane proteins at the peroxisomal membrane. Absence of Pex|19p in most organisms leads to
an inability of cells to assemble peroxisomes and an absence of identifiable peroxisomal membrane
structures (Hettema et al., 2000). Interestingly, although we could show a clear and reproducible
reduction in the mRNA of the putative Drosophila homolog of PEXI9 in RNAi-treated S2 cells
(Figure 6-3C), this nevertheless did not prevent the assembly of peroxisomes but instead led to a
reduction in the number and increase in the size of punctate structures containing GFP-SKL and
partial mislocalization of GFP-SKL to the cytosol. These differences in peroxisomal phenotype
between the cells of other organisms lacking Pex|9 protein and S2 cells subjected to RNAI for
DmelPex19 mRNA could arise for a variety of reasons: |) DmelPex!9 may not be the true
Drosophila homolog of PEX[9 in other organisms. However, the degree of sequence similarity
between human Pex|9 and DmelPex|9 (Figure 6-1) makes this unlikely. 2) DmelPex|9 protein
may have functions in peroxisome biogenesis different from those of Pex|9 protein in other
organisms. Because of the predicted multivariate nature of functions attributed to Pex|9, further
study DmelPex|9 might be able to provide a better understanding of Pex |9 function. 3) Drosophila
may have another protein whose function in peroxisome biogenesis and peroxisomal membrane

formation is redundant to that of DmelPex|9 protein. The de novo synthesis of peroxisomes from
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the ER has been shown to rely on additional proteins, such as Dsllp, Sec39p and Sec20p in S.
cerevisiae (Perry et al., 2009) and essential secretory proteins may play a more prominent role in
this process in Drosophila. Other proteins, such as the p24 family of proteins (Marelli et al., 2004;
Otzen et al., 2006) may also affect this trafficking pathway. The Drosophlia system remains an
excellent model organism for the discovery of new secretory mechanisms (Bard et al., 2006). 4)
RNAI reduction of DmelPex|9 was insufficient to give a loss-of-function phenotype. A similar
phenotype has been described for the yeast Y. lipolytica in which deletion of the PEXI9 gene
results in the accumulation of peroxisomal structures that are similar in morphology to wild-type
peroxisomes but are defective in matrix protein import (Lambkin and Rachubinski, 2001).
Together, these observations suggest that Pex|9p may participate is several aspects of peroxisome
biogenesis and be tailored for one or more aspects in individual organisms (Ma et al., 201 1).

PEXI [ is conserved among eukaryotes and controls peroxisome division and proliferation. A
loss of Pex| | protein produces cells with decreased numbers of enlarged peroxisomes (Erdmann
and Blobel, 1995). DmelPex| | probably functions similarly to PEX/ | genes in other organisms
because RNAi to PEX/ | transcript resulted in S2 cells containing few and enlarged peroxisomes
but unaffected in their ability to import GFP-SKL into peroxisomes.

DmelPex23 exhibits limited similarity to Y. lipolytica Pex23p. Nevertheless, the peroxisome
phenotype of RNAi-treated S2 cells (Figure 6-2) is consistent with a role for DmelPex23 in
peroxisome biogenesis. Interestingly, the region of highest similarity between DmelPex23 and Y.
lipolytica Pex23p is in the unique dysferlin motif that is common to all members of the Pex23
protein family. Dysferlin motifs are thought to aid proteins in binding to certain phosphoinositides
like phosphoinositide-4-phosphate. This feature is proposed to aid the Pex23 family of proteins in
their function of controlling peroxisome number and size in different yeast species (Brown et al,,
2000; Vizeacoumar et al., 2004; Yan et al., 2008). S2 cells treated by RNAi against the transcript of

DmelPex23 had increased numbers of small peroxisomes as compared to control S2 cells and no
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mislocalization of GFP-SKL to the cytosol. Therefore, notwithstanding the evolutionary distance
between flies and yeasts, Drosophila has apparently retained some PEX genes heretofore only

reported in yeasts and maintained their involvement in peroxisome biogenesis.

6.9.2 DmelPex| Mutants Mirror the Early Developmental Defects Associated
with Human PBDs

A recent study of flies harboring mutant DmelPex2 and DmelPex |0 peroxins has demonstrated a
requirement for peroxisomes in normal spermatogenesis and the control of very-long chain fatty
acid levels in adult Drosophila (Chen et al, 2010). However, it is difficult to ascertain if
gametogenosis is affected in PDB patients as mutation of the |3 PEX genes involved in the PBDs
cause early developmental defects and usually death within one year (Shimozawa et al., 2005;
Steinberg et al., 2006). Since inherited mutations of PEX/ are the most common cause of ZS
(Reuber et al., 1997; Steinberg et al., 2006), we wanted to examine the effect of DmelPex
mutations on early development. The organismal phenotype associated with loss of DmelPex|
protein is strikingly similar to the ZS phenotypic spectrum. DmelPex | mutant larvae were smaller in
size than their wild-type counterparts, failed to show coordinated movement or effective feeding
habits, and exhibited severe malformations of the nervous system, with loss and/or mislocalization
of axons and neurons in both the CNS and PNS during embryonic development. There are
additional parallels between the abnormalities exhibited by ZS patients and flies mutant in the
DmelPex| gene. ZS patients have severely demyelinated axons in both the CNS and PNS (Powers
et al., 1985; Steinberg et al., 2006). While Drosophila axons are not myelinated, DmelPex| mutant
flies have extensively disorganized glial cells, which provide support and insulation to the axons of
the CNS and PNS of flies in a manner akin to myelination in mammals (Freeman and Doherty,

2006). DmelPex | mutants also exhibit malformed malpighian tubules, whose functions are similar
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to those of mammalian kidneys. ZS patients also show structural abnormalities in the kidney
(Steinberg et al., 2006).

The use of a simple genetic model like Drosophila allows the examination of the cellular and
organismal response to loss of DmelPex | in terms of gene expression. Thus, for the first time, we
were able to evaluate the results of the loss of Pex/ at a systems level using transcriptomics
profiling. In mutant animals, the primary systemic molecular response to loss of peroxisome
function can be linked to changes in 551 of 13,767, or approximately 4%, protein coding genes.
Furthermore, the majority of these genes can be functionally grouped into relatively few genetic
pathways. However, the diversity of genetic pathways altered by loss of peroxisome function
underscores the widespread and varied responses seen in both clinical and biochemical
presentation of PBDs. Our transcriptomics data reveal large scale alterations in the expression of
genes involved in chitin metabolism and puparial adhesion. This might implicate peroxisomes in the
metabolic pathways of complex polysaccharides such as chitin or may reflect changes in the
secretory pathway through dysregulation and loss of peroxiosme function. It has recently been
demonstrated in the yeast Pichia pastoris that non-conventional secretion of acyl-CoA binding
protein requires proper peroxisome metabolism (Manjithaya, 2010). These findings underscore
our present lack of knowledge regarding peroxisome biology, which is essential for better
understanding disease progression in the PBDs. The increase in expression of genes involved in
innate immunity and humoral responses might be due to a response to increased levels of unused
peroxisomal metabolites. Plasma levels of the plasmalogen precursors di- and
trihydroxycholestanoic acid are increased in PBD patients, as is a Cy-dicarboxylic acid that is not
typically found in serum of normal individuals (Ferdinandusse et al., 2009). The accumulation of
these compounds and long chain fatty acids esterified to cholesterol (Kovacs et al., 2004; 2009)
are thought to contribute to the pleiotropic defects exhibited by PDB patients (Steinberg et al.,

2006). However, changes in expression of innate immunity genes might underlie a currently
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unexplored role for peroxisomes in immune responses. Recently, mammalian peroxisomes were
shown to function as signaling platforms for antiviral innate immunity (Dixit et al., 2010). The
upregulation of genes involved in the immune response in DmelPex| mutants suggests that
peroxisomes may also function in modulating the immune response of Drosophila.

Our profiling of changes in gene expression in response to loss of peroxisome function
provides a tractable method to monitor disease progression. It may also prove to be a suitable
tool for screening novel therapeutic drug candidates and monitoring disease regression in response
to novel therapies of the PBDs. Current attempts at finding small molecules and diet regimens that
might alleviate symptoms of PBDs require extensive and time-consuming biochemical verification
(Dranchak et al., 2010; Zhang et al., 2010). This process could be aided by transcriptomic profiling
as a way to identify treatments that return gene expression profiles back to normal levels.

Based on the multiple classes of defects observed in our RNAI analysis in S2 cells, we have
confirmed that at least |3 of the 14 known DmelPex genes are required for what are likely different
aspects of peroxisome assembly. Moreover, we have shown that specific developmental
abnormalities in the developing embryonic nervous system occur when the DmelPex| gene is
mutated. Taken together, our findings make a compelling argument for the use of Drosophila as a
valid and tractable model system with which to investigate the roles of peroxisomes and the effects

of the PBDs on a multicellular organism’s growth, development and response to the environment.
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7 Perspectives
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7.1 Synopsis

In conclusion, this thesis reports on the identification of a reticulon-peroxin complex that functions
to regulate peroxisome biogenesis and proliferation by controlling the release of preperoxisomal
vesicles from the ER in the budding yeast Saccharomyces cerevisiae. The reticulon-peroxin complex
is composed of Pex30p, Pex29p, Rtnlp and Yop|p and these proteins associate dynamically with
each other and, as a group, dynamically with peroxisomes. Pex30p and Pex29p are homologs and
have orthologs in a diversity of Opisthokont lineages. The RNAi mediated knockdown of the
Drosophila ortholog of Pex30p results in the dysregulation of peroxisome proliferation, confirming
the conservation of this mechanism in Opisthokonts. We have also gained insight into the
evolution of organelle inheritance in budding yeasts. Organelle inheritance is an emergent property
in yeast, but shares a conserved evolutionary mechanism in the utilization of novel adaptor
proteins to link myosin motors with their cargo. These observations have led to the proposal of
the Widget Hypothesis, which states a propensity will exist for the emergence of evolutionarily
novel adaptor proteins in cases where a cellular phenotype requires an interaction between
conserved and essential cellular modules. Finally, we have learned of the utility of Drosophila as a

model system for the study of ZS, the most prevalent form of PBD.

7.2 Future directions for studies on the reticulon-peroxin complex
Research on the function of the reticulon-peroxin complex is still in its infancy and many important
questions regarding it and its regulation of peroxisome biogenesis and proliferation remain to be
answered:

How is the reticulon-peroxin complex integrated into the growth cycle of the cell? Our
studies have demonstrated that peroxisome proliferation relies on cues from the growth cycle of
the cell as opposed to cell cycle cues. Presumably, the function of the reticulon-peroxin complex is

integrated into, and receives signals from, the growth cycle of the cell. Pex30p from wild-type
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whole cell lysates migrates as multiple bands in immunoblots, which may indicate that it is
regulated by posttranslational modification (Figure 3-8). It would be interesting to identify
posttranslational signaling mechanisms that exist for members of the reticulon-peroxin complex. In
vitro, Pex30p is a target for Kss|p (Ptacek et al., 2005), a mitogen activated protein kinase that is
involved in regulating filamentous growth (Cook et al., 1997). A global analysis of kinases and
phosphatases identified Ksslp as a negative regulator of peroxisome proliferation (Saleem et al.,
2008), consistent with a role for KssIp in regulating Pex30p. Furthermore, the PI4P phosphatase
Saclp was also shown to be a negative regulator of peroxisome proliferation. Our
immunoprecipitation experiments identified several linkages between Saclp and the reticulon-
peroxin complex. First, all four components interact with Dpm|p, which is required for Saclp
mediated regulation of cell secretion and growth by regulating PI4P levels at the ER (Faulhammer
et al., 2005; 2007). The reticulon-peroxin complex also interacts with Scs2p, a component of the
recently characterized ER-PM tether and an important regulator of Saclp activity by transducing
environmental cues from the PM to the ER (Manford et al., 2012; Stefan et al.,, 2013; 201 1).
Pex30p and Pex29p also interact with Tcb3, which is also a component of the ER-PM tether. It
would be interesting to investigate how dysregulation of signaling events through the Ksslp
signaling pathway, or through pathways involving Sac|p affect the function of the reticulon-peroxin
complex.

Are there additional functions for the reticulon-peroxin complex? Our subcellular localization
data indicate that Pex30p and Pex29p are ER-resident proteins that associate with peroxisome but
are also distributed throughout the cell. This suggests that the reticulon-peroxin complex functions
in other cellular processes, and this need not be mutually exclusive. One consideration is a role in
is in the regulation of lipid metabolism. Rtnlp interacts with many components involved in lipid
body biogenesis (Figure 3-9). This suggests that the reticulon-peroxin complex could be involved in

integrating diverse cellular signals regulating the metabolism or storage of lipids in the cell.
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Important metabolic connections between peroxisomes and lipid bodies have been demonstrated
in the past (Binns et al., 2006; Goldberg et al., 2009).

The human ortholog of Pex30p has recently been implicated in autophagy (Chen et al.,, 2012)
and this may suggest additional function for the reticulon-peroxin complex in autophagy or, more
specifically, in pexophagy. Its position at the interface between peroxisomes and the ER suggests
that the reticulon-peroxin complex could be regulating the entire life cycle of a peroxisome, from

its birth to its death.

7.3 Future directions for studies of de novo peroxisome biogenesis

The major hurdle in the field of peroxisome biogenesis is understanding and identifying the
molecular mechanisms and proteins involved in de novo peroxisome biogenesis. The identity of
the reticulon-peroxin complex brings us a step closer in achieving those goals. Importantly, in our
studies we did not addressed whether dysregulation of the reticulon-peroxin complex uncouples
de novo biogenesis from the growth and division of existing peroxisomes. One way to address this
question is by use of a switchable mCherry/GFP-tag (Hotz et al., 2012) and following the
progression of Pex3p tagged with it. Wild-type yeast peroxisomes should have a mix of old and
new Pex3p as they grow and divide (Menendez-Benito et al., 2013) and this can be compared to
mutants of the reticulon-peroxin complex. Evidence in favor of uncoupling de novo biogenesis
from growth and division of existing peroxisomes would be the presence of distinct red and green
Pex3p foci in the cell.

In Y. lipolytica the requirement of a reticulon-peroxin complex may be more tightly coupled to de
novo biogenesis. Cells lacking PEX23 accumulate small non-functional peroxisomal vesicles and are
unable to metabolize fatty acid carbon sources. In this yeast a well-orchestrated sequence of
events begins with the fusion of two ER-derived preperoxisomal vesicle populations (Titorenko et

al., 2000). These data therefore suggest that PEX23 may function both in the negative regulation of
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vesicle egress from the ER but also in the fusion of these preperoxisomal vesicles. Recent evidence
suggests the presence of two preperoxisomal vesicle compartments also exist in S. cerevisiae (van
der Zand et al., 2012). The metazoan protein dysferlin is involved in regulating vesicle production
and vesicle fusion with the plasma membrane to assist in repairing damaged membranes. This may
be a conserved function of proteins with dysferlin motifs irrespective of their location or molecular
function.

How positive regulators are involved in de novo peroxisome biogenesis is also an outstanding
question currently unresolved. New evidence is emerging that implicates members of the PexI |
family in de novo peroxisome biogenesis (Huber et al., 2012; Saraya et al., 201 I; Tower et al,,
201 1) but the mechanism involved or how they integrate with the negative regulation of the

reticulon-peroxin complex awaits further examination.

7.4 Future directions for the study of peroxisome evolution
With the emergence of a plethora of newly sequence eukaryotic genomes the original evolutionary
analyses of peroxisome evolution are outdated and need to be redone. A case in point is the
evolution of the Pex23 family, which was previously concluded to be restricted to certain fungal
lineages (Kiel et al., 2006; Schluter et al. 2006). Outstanding questions include: Are there Pex23
homologs outside of Opisthokonts? Was a Pex23 homolog present in the LECA? Where did the
dysferlin domain come from and what was the ancestral function of that domain? Within the
Saccharomycotina a large expansion, for a peroxin family, of the Pex23 and Pex24 families has
occurred. This usually results in a divergence of functions that may also potentially divide the
ancestral function amongst the new paralogs. What are the functions of Pex24p/Pex28p, Pex3Ip
and Pex32p? Curiously, some of these proteins appear to be peroxisomal residents and therefore
gene duplication has also brought about the evolution of targeting these genes from the ER to the

peroxisome. This presents a opportunity for determining those targeting sequences through
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comparative genomics and ancestral gene reconstruction, as has been demonstrated recently for
the Vo ATPase (Finnigan et al., 201 1).

To address the origins of peroxisome, knowledge of the factors involved in preperoxisomal vesicle
formation and scission at the ER will be essential for assigning a timeframe for the emergence of

peroxisomes in eukaryotic lineages.

7.5 Future directions for study of the widget hypothesis
Currently, the widget hypothesis is primarily an observation of shared evolutionary novelty for a
group of unrelated protein adaptors of class V myosin motors in Opisthokonts. To progress
beyond this, functional characterization of cell biological mechanisms will need to proceed at a
rapid enough pace to allow for the identification of additional applicable systems to look for these
phenomena in. One potential area for exploration is autophagy, a mechanism that conceivably
requires adaptors, or widgets, to bridge the cellular modules of organelle identity, cell cycle and
autophagosome formation and maturation (Motley et al, 2012). These requirements for
autophagy are akin to what was seen for organelle inheritance.

Another area of study is a better understanding of the origins of widget proteins, which may
come from fast evolving proteins, or de novo gene birth. Recent evidence in yeast suggests that
gene birth is more prevalent than previous proposed (Carvunis et al., 2012). But the mechanisms

of both processes are far from being understood.

7.6 Future directions for studying Zellweger Syndrome in Drosophila
The demonstration that Drosophila is a tractable model system for the study of Zellweger
Syndrome is an important stepping-stone into a better understanding of the etiology of this disease.
The finding that, as in humans, developmental programs in D. melanogaster require functional
peroxisomes was demonstrated by the gross scale malformations noted in the organization of the

central and peripheral nervous systems. A previously unappreciated contribution to disease
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appears to be the adverse regulation of gene expression for genes involved with innate immunity
and mitotic regulations. Utilization of microarray analysis for monitoring systems level changes in
gene expression is emerging as a useful way to monitor disease progression and as a way to verify
efficacy of novel treatments for PBDs. Approaches to therapeutic intervention in the PBDs have
been hampered due to the rarity of these diseases and because of the lack of a cost-effective,
model organismal system. As a result, no large-scale assay of small molecules that could alleviate
or reduce the developmental and physiological abnormalities associated with the PBDs has been
conducted. In future studies, newly hatched mutant flies could be fed a library of small molecules
to determine if a compound could be found that would alleviate the effects of mutation in a
particular Pex gene that gives rise to a PBD. Classes of molecules that suppress the PBD

phenotype in flies could be developed as potential new treatments for PBD patients.

7.7 Concluding remarks
Peroxisomes have never failed to surprise in their ability to do different things and to do things
differently — their specialized metabolic pathways, their distinctive mechanisms of growth and
division, their highly dynamic and flexible protein import machinery, and their ability to exchange
and share biogenic and metabolic factors with the ER and mitochondria. The emerging view of
peroxisomes as a stage or platform for orchestrating and organizing cellular responses to a variety
of environmental challenges promises to provide a more nuanced appreciation of the complexity
and diversity of function achievable by peroxisomes and, by extension, eukaryotic cells. Also, the
nature of the interrelationship between peroxisomes, the ER and mitochondria promises new
insights into the contribution of these organelles to cell physiology. The genetic tractability of
model organisms, such as yeasts and fungi, have continued to facilitate the identification of several

proteins involved in maintaining peroxisome populations. Discovery and characterization
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peroxisomes in organisms outside of the classical model systems promises to shed further light

onto their evolution and function.
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