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Peroxisome prognostications: Exploring the birth,
life, and death of an organelle

Fred D. Mast!®, Richard A. Rachubinski®, and John D. Aitchison™*®

Peroxisomes play a central role in human health and have biochemical properties that promote their use in many
biotechnology settings. With a primary role in lipid metabolism, peroxisomes share a niche with lipid droplets within the
endomembrane-secretory system. Notably, factors in the ER required for the biogenesis of peroxisomes also impact the
formation of lipid droplets. The dynamic interface between peroxisomes and lipid droplets, and also between these organelles
and the ER and mitochondria, controls their metabolic flux and their dynamics. Here, we review our understanding of
peroxisome biogenesis to propose and reframe models for understanding how peroxisomes are formed in cells. To more fully
understand the roles of peroxisomes and to take advantage of their many properties that may prove useful in novel
therapeutics or biotechnology applications, we recast mechanisms controlling peroxisome biogenesis in a framework that
integrates inference from these models with experimental data.

Introduction

Peroxisomes are a nexus for harnessing the production and
decomposition of hydrogen peroxide to metabolize fats and
neutralize harmful molecules in cells. A typical human cell has
102-103 peroxisomes distributed throughout its cytoplasm,
where they form contacts with other organelles, particularly
the ER, lipid droplets, and mitochondria. Peroxisomes are
typically spheroid, enclosed by a single lipid bilayer, and
densely filled with enzymes for their varied metabolic roles
(Lazarow and Fujiki, 1985; Smith and Aitchison, 2013). Sub-
strates are delivered to the peroxisome by dedicated transport
machineries, and evidence suggests that dynamic organelle
contacts play an important role in the regulation of metabolite
transfer and in the regulation of peroxisome biogenesis,
growth, division, and turnover (Platta and Erdmann, 2007;
Schrader et al., 2013; Shai et al., 2016).

Peroxisomes are essential for human vitality, health, and
longevity. Mutations in the PEX genes required for peroxisome
biogenesis result in frequently fatal genetic disorders known as
the Zellweger spectrum of peroxisome biogenesis disorders
(Lazarow and Moser, 1994; Wanders and Waterham, 2006;
Braverman et al., 2016; Waterham et al., 2016). Defects in all
facets of peroxisome biogenesis, from initial assembly to matrix
protein import, and division, motility, and turnover of perox-
isomes, impair efficient peroxisomal metabolism, especially of
very long chain fatty acids (226 C; Wanders and Waterham,

2006; Wanders and Ferdinandusse, 2012; Waterham et al.,
2016). The buildup of these fatty acids and other peroxisomal
metabolites, including branched chain fatty acids, aberrantly
esterified fatty acids, the ether lipid precursors of plasmalogens,
and the steroid acid precursors of bile, is toxic (Wanders and
Waterham, 2006). Defects in peroxisome biogenesis result in
elevated amounts of cellular reactive oxygen species with wide-
ranging pleiotropic effects (Fransen and Lismont, 2019; Lismont
et al.,, 2019). Loss of peroxisomal integrity leads to additional
cellular complications such as the mistargeting of peroxisomal
proteins to other organelles, particularly mitochondria, im-
pairing their functions (Goldfischer et al., 1973; Salpietro et al.,
2015). Accordingly, the penetrance of any given peroxisome
biogenesis disorder phenotype for any single mutant allele is
diverse, and partial or complete peroxisome dysfunction has
been linked to many additional human health concerns, in-
cluding inherited neuropathologies, aging, cancer, heart disease,
obesity, and diabetes (Espeel et al., 1995; Motley et al., 1996;
Singh, 1997; Périchon et al., 1998; Song, 2002; Depreter et al.,
2003; Klouwer et al., 2015; Braverman et al., 2016; Wangler et al.,
2018).

In addition to their metabolic roles, peroxisomes serve as
hubs for cellular signaling (Mast et al., 2015; Tripathi and
Walker, 2016). Peroxisomal signaling and metabolism are
likely integrated. For example, it has been suggested that
peroxisome-localized tuberous sclerosis complex senses peroxisomal
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reactive oxygen species and in response, negatively regulates
mammalian target of rapamycin complex 1 to promote autophagy
and improve cell survival (Zhang et al.,, 2013). Similarly, peroxisome-
localized mitochondrial antiviral signaling protein initiates a dis-
tinctive type-III interferon transcriptional response impacting innate
immunity (Dixit et al., 2010; Odendall et al., 2014). We are just be-
ginning to appreciate how the combination of peroxisomal signaling
and metabolism contributes to a variety of processes in development
and cellular immunity (Ferreira et al., 2016; Cook et al., 2019; Di Cara
et al., 2019).

Several features of peroxisomes are attractive from a bio-
technology perspective, especially with respect to their dis-
tinctive matrix protein import pathway (Cross et al., 2017).
Unlike all other protein transporters in eukaryotic cells, per-
oxisomes import fully folded and even oligomeric protein
complexes with bound cofactors into their lumen (Léon et al.,
2006; Girzalsky et al., 2010). Efficient targeting and import into
peroxisomes require only the presence of a simple tripeptide
motif, e.g., Ser-Lys-Leu, located at the extreme C terminus of a
protein (Gould et al., 1987, 1989). The ability to harness these
import features would be of immense benefit to synthetic biol-
ogy applications in which novel cocompartmentalization of
disparate enzymes would support the creation of new, indus-
trially useful metabolic pathways. An additional second perox-
isomal targeting sequence can be attached to the N terminus of a
protein to add an additional layer of regulation into the synthetic
design of these metabolic networks (Swinkels et al., 1991). Such
synthetic metabolic networks could be used in the production of
drugs, flavor molecules, and other exotic compounds currently
extracted using environmentally questionable practices (Gidijala
etal., 2009; Stehlik et al., 2014; Hanko et al., 2018; Gao and Zhou,
2019).

In this review, we discuss exciting new insight into the initial
steps required to form import-competent peroxisomes. In-
creasingly, it is clear that these steps are fundamental to all
aspects of peroxisome biology, impacting metabolic function,
matrix protein import, and peroxisome dynamics, including
division, motility, inheritance, and turnover. Recent evidence
suggests that the regulation of peroxisomal dynamics and
function is also controlled by contact between peroxisomes and
organelles, including the ER, mitochondria, and lipid droplets.
In the case of lipid droplets, not only is contact with perox-
isomes important but also features shared between perox-
isomes and lipid droplets for membrane protein import and
their sites of formation on the ER have been revealed.

The architecture of peroxisome biogenesis

Peroxisome proliferation and turnover influence their number
and size, which can change dramatically and rapidly in response
to stimuli or stressors. Following cytomegalovirus infection,
human fibroblasts triple their number of peroxisomes within
96 h (Jean Beltran et al., 2018), while increases in peroxisome
number and size are observed in rodent hepatocytes following
treatment with xenobiotic peroxisome proliferators (i.e., sub-
stances foreign to the biological system; Hess et al., 1965). In the
methylotrophic yeast Komagataella pastoris, formerly named
Pichia pastoris, methanol dramatically increases the size of
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peroxisomes until they dominate the cytosolic volume (Gould
et al., 1992); yet when this yeast metabolizes fatty acids, it is
primarily the numbers of peroxisomes that are increased
(Gould et al., 1992; Yan et al., 2008). To account for this plas-
ticity, the cell must integrate and coordinate peroxisome
growth and expansion of its membrane with processes con-
trolling peroxisome abundance.

The number of any given organelle in a cell is controlled by
biogenic and degradative processes. These include the following:
de novo synthesis from component parts made elsewhere in the
cell; fission of existing organelles to produce two or more
smaller organelle progeny; homotypic fusion of two or more
individual organelles, which reduces organelle copy number and
increases organelle size; heterotypic fusion, whereby one or-
ganelle receives vesicles originating from another different
organelle to facilitate the transfer of cargo but which also
influences organelle size; maturation, where biochemical
changes at the organelle convert it from one form to another;
organelle segregation during cell division, a dilutive process
that, when regulated, is known as organelle inheritance; and
turnover, which is either by general and nonspecific, or by
targeted and selective, autophagy (Nunnari and Walter, 1996;
Warren and Wickner, 1996; Marshall, 2016). Many of the
qualities that make each organelle distinct can be attributed to
the unique combination of these processes underlying its
steady-state distribution in the cell.

Peroxisomes do not synthesize their own biogenic material;
proteins are posttranslationally incorporated into the peroxi-
some, and the synthesis of membrane lipids does not occur lo-
cally at the peroxisome. The lipid composition of the mammalian
peroxisome is similar to that of the ER, being rich in phospha-
tidylcholine and phosphatidylethanolamine, and lacking in car-
diolipin (Fujiki et al., 1982; Hardeman et al., 1990). In addition to
vesicle fusion, peroxisomes acquire membrane through non-
vesicular transport mechanisms. Contacts and nonvesicular
membrane exchange between the ER and peroxisomes have
been reported, although the process of nonvesicular membrane
exchange between these two organelles appears to be highly
inefficient under the experimental conditions explored
(Raychaudhuri and Prinz, 2008). Such transfer mechanisms
are likely critical for the efficient transfer of lipid metabolites
to or from peroxisomes and for coordinating different aspects
of peroxisome dynamics, as is discussed below.

Peroxisomes can be made by the templated replication of
existing peroxisomes (Lazarow and Fujiki, 1985; Motley and
Hettema, 2007; Menendez-Benito et al., 2013). A single peroxi-
some becomes elongated, and its membrane and matrix con-
stituents are apportioned between the two or more resulting
“daughter” peroxisomes. To sustain replication, the peroxisome
grows with the import of new matrix proteins and by the ex-
pansion of the peroxisomal membrane that is replenished by
heterotypic fusion of preperoxisomal vesicles (PPVs; Hoepfner
et al., 2005; Titorenko and Mullen, 2006). PPVs were first ob-
served in now classic experiments that enriched for distinct
populations of these vesicles by isopycnic density gradient
subcellular fractionation (Titorenko et al., 2000). Pulse labeling
of newly synthesized proteins with [3°S]methionine enabled
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Figure 1. PPVs. (A) An electron micrograph of PPVs isolated from Y. lip-
olytica. Scale bar, 200 nm. (B) A schematic of preperoxisomal vesicles re-
vealing the different morphologies observed within and between different
PPVs. The different diameters of the membranes are proposed to reflect the
asymmetric distribution of different classes of peroxisomal membrane
proteins.

tracking of the formation of these PPVs and their fusion with
and maturation into functional peroxisomes (Titorenko and
Rachubinski, 1998; Titorenko et al., 2000). Isolated PPVs have
diverse morphologies with asymmetric spherical profiles ~80
nm in diameter connected to, and by, ~20-nm-diameter tu-
bules (Titorenko et al., 2000). These morphological features are
suggestive of an asymmetric distribution of membrane protein
and lipid constituents within the PPV that partition and seg-
regate to these different membrane regions (Fig. 1).

What are PPVs?

At least two populations of PPVs have been described and shown
to bud from the ER during de novo peroxisome biogenesis. En-
richment of these two PPV populations by subcellular fraction-
ation in the dimorphic yeast Yarrowia lipolytica confirmed
the ER origin of both populations as they contained N-linked
core-glycosylated peroxins Pex2 and Pex16 (Titorenko and
Rachubinski, 1998; Titorenko et al., 2000). In Saccharomyces
cerevisiae, Pex13 and Pex14 travel in vesicles separate from Pex10
and Pex12 from the ER to peroxisomes (van der Zand et al., 2012).
In K. pastoris, these two populations of PPVs were observed by
fluorescence microscopy and also produced by an in vitro bud-
ding assay (Agrawal et al., 2016). Protein segregation within the
two PPV classes is thought to prevent premature assembly of
peroxisome components, e.g., the matrix protein importomer
and metabolite transporters, in the ER (van der Zand et al., 2012).
Evidence suggests additional PPV subtypes also exist (Knoops
et al., 2014; Wréblewska et al., 2017).

The mechanism of PPV formation has been partially dis-
sected through use of an in vitro budding assay that re-
capitulates aspects of peroxisomal membrane protein (PMP)
loading into nascent PPVs and budding of these PPVs from the
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ER (Lam et al., 2010; Agrawal et al., 2011, 2016; Mast et al., 2016,
2018). Analogous to the formation of COPII vesicles on the ER,
cytosolic factors are recruited to the ER membrane surface, and
energy consumption is required to sustain production of PPVs
(Lam et al., 2010). However, unlike for COPII vesicle formation,
PPV production uses ATP and not GTP hydrolysis, and PPVs are
not coated.

While peroxisomes receive and fuse with PPVs, it is thought
that mature peroxisomes do not fuse with each other. Assays
that readily revealed mitochondrial fusion gave negative results
for peroxisomes (Motley and Hettema, 2007; Motley et al., 2008).
Still, pulse-chase experiments demonstrated that peroxisomes
are a composite of old and new proteins, including membrane
proteins (Motley and Hettema, 2007; Menendez-Benito et al.,
2013). This finding reinforces the view that peroxisomes are
formed by templated replication of the organelle. Because
peroxisomes acquire protein content posttranslationally, this
finding also suggests that PMPs must come from somewhere
else, including such processes as vesicular transport or a ded-
icated posttranslational membrane protein import pathway. In
the absence of peroxisomes, new peroxisomes can be formed by
the same PPVs that support growth and division (Motley and
Hettema, 2007; Motley et al., 2015; Mayerhofer et al., 2016).
The fusogenic machinery for PPVs with themselves and with
peroxisomes has not yet been identified. The asymmetric
morphology of PPVs compared with the spherical morphology
of peroxisomes may offer clues as to the sorts of proteins in-
volved in PPV fusion.

The process of de novo peroxisome biogenesis from PPV
precursors is comparatively inefficient, taking ~4 h in yeast, and
is typically not observed in cells containing functional perox-
isomes (Hoepfner et al., 2005; Motley and Hettema, 2007; Mast
et al., 2016, 2018). In human cells, de novo-formed peroxisomes
have been observed by visualizing Pex16 tagged with photo-
activatable GFP; new peroxisomes arising not only from fission
but also from de novo biogenesis were detected in cells 24 h after
transfection with the photoactivatable Pex16-GFP construct
(Kim et al., 2006). De novo biogenesis has also been visualized in
yeast cells deficient in peroxisome inheritance (Chang et al.,
2009; Munck et al., 2009). Complementation of mutations that
cause defects in peroxisome biogenesis can also reestablish the
peroxisome compartment de novo in both mammalian and yeast
cells (Brul et al., 1988; Hoepfner et al., 2005; Aranovich et al.,
2014).

A one-way endosomal sorting complex required for transport
(ESCRT) out of the ER

We recently discovered a novel role for ESCRT-III in PPV bio-
genesis (Mast et al., 2018). ESCRT-III, composed of Vps20, Snf7,
Vps24, Did4, Istl, Vps60, Did2, and Chm?7 in yeast, is evolu-
tionarily ancient and is a primary effector complex of membrane
remodeling and vesicle/membrane scission in a host of contexts
(Henne et al., 2011; Schéneberg et al., 2017; Vietri et al., 2020).
Genetic screens had identified ESCRT-III mutants as being de-
fective in peroxisome biogenesis (Smith et al., 2006; Saleem
et al., 2010), but these findings were initially set aside because
ESCRT-III mutants also exhibit growth defects on fermentable
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carbon sources (Smith et al., 2006). Furthermore, ESCRT-III
deletion mutants also have import-competent peroxisomes, al-
beit at reduced numbers compared with the wild-type situation,
and this fact was not initially reconciled with a role for ESCRT-
Il in peroxisome biogenesis (Saleem et al., 2010; Mast et al.,
2018).

New quantitative phenotyping methodology for yeast cell
fitness was necessary to separate the role of ESCRT-III in per-
oxisome biogenesis from its myriad other functions in cells
(Mast et al., 2018). High-resolution, time-lapse microscopy of
microcolony growth from populations of single yeast cells en-
abled a comparison across deletion strains of their standardized
measures of cell growth parameters, and the fitness of any given
mutant could be quantified as generally pleiotropic or condition
specific (Herricks et al., 2017). In this analysis, ESCRT-III dele-
tion strains showed severe growth phenotypes when exposed to
a carbon source requiring peroxisome function over and above
the general growth defects expected for such a widely engaged
protein complex (Mast et al., 2018). De novo biogenesis was
quantitatively assayed by controlled reintroduction of PEX19, an
essential biogenesis factor. These studies, demonstrated a re-
quirement for ESCRT-III components Vps20, Snf7, Did4, and
Vps24 in the formation of functional peroxisomes from the ER
(Mast et al., 2018). Genetic interactions between PEX19 and these
ESCRT-III subunits positioned the function of ESCRT-III down-
stream of Pex19 in de novo peroxisome formation. Snf7 and Did4
dynamically localize to sites of de novo peroxisome biogenesis
together with ER-localized Pex3, the master controller of de
novo peroxisome biogenesis. Finally, in cell-free experiments,
Vps20 and Snf7, with Pex19, were shown to be required for the
release of Pex3-containing PPVs from the ER (Mast et al., 2018).
Intriguingly, the energy requirement for PPV release was shown
to be subsequent to the actual scission event, implicating its role
in the recycling of scission components.

These findings suggest that ESCRT-III functions directly in
the scission of PPVs by being corecruited with ER-localized
peroxins acting in de novo peroxisome biogenesis. In this
model, ESCRT-III would assemble at the PPV bud neck, poly-
merizing around its circumference to constrict the membrane
for PPV scission (Fig. 2). Such a model is consistent with cryo-
EM images of purified mammalian ESCRT-III components IST1
and CHMPIB, showing these proteins are capable of deforming
and stabilizing membranes for normal-topology scission
(McCullough et al., 2015). However, as this model is inconsistent
with the canonical function of ESCRT-III in reverse-topology
membrane scission (Schoneberg et al., 2017), other potential
mechanisms of ESCRT-III function, acting directly or indirectly
at the ER, may be at play in PPV budding, e.g., through an as-of-
yet undiscovered novel topology for the canonical ESCRT-III
proteins. Alternatively, the function of ESCRT-III could be in-
direct, e.g., by acting as an adaptor to recruit a different scission
factor to the PPV exit site.

Several questions remain as to how ESCRT-III is recruited to
the incipient PPV bud site. This process is likely regulated, as
colocalization of Snf7 or Did4 with Pex3 was only increased
under conditions favorable for the de novo biogenesis of per-
oxisomes (Mast et al., 2018). Recently, native Vps20, an ESCRT-
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Il component, was shown to localize and enrich on ER
membranes (Heinzle et al., 2019). Vps20 is myristoylated and
required for the initiation of ESCRT-III polymerization (Henne
et al., 2011; Schéneberg et al., 2017). Thus, Vps20 localization
and/or myristoylation may play a role in the regulatory steps
that initiate ESCRT-III recruitment to the budding PPV.

Deciphering the roles for peroxins in early
peroxisome biogenesis
Peroxins are encoded by PEX genes and are responsible for the
life cycle of the peroxisome (Distel et al., 1996). To date, 37
peroxins have been characterized. They are typically either
peroxisomal membrane proteins or cytosolic chaperones, al-
though a few are also residents of the ER (Farré et al., 2019). Any
one given peroxin may have a myriad of molecular functions,
presenting research conundrums (e.g., see Hettema et al., 2014;
Costello and Schrader, 2018; Jansen and van der Klei, 2019). Of
all the peroxins, Pex3 is most exemplary of this challenge.

Pex3 has been implicated in every step of the peroxisome
biogenic cascade and is present in every organism where the
presence of peroxisomes has been experimentally validated
(Gabaldén et al., 2006; Schliiter et al., 2006; Mast et al., 2012).
This situation was recently confirmed in the kinetoplastid par-
asite Trypanosoma brucei, where a highly divergent Pex3 was
discovered and shown to be required for the biogenesis of per-
oxisomes, also known as glycosomes, in this organism (Banerjee
etal., 2019; Kalel et al., 2019). Pex3 is critical for the biogenesis of
the peroxisome, as cells lacking Pex3 lack any vestige of per-
oxisomes (Hettema et al., 2000; Shimozawa et al., 2000;
Hoepfner et al., 2005). From processes of PMP synthesis and
topogenesis in the ER (Schmidt et al., 2012) to the formation of
PPVs (Mast et al., 2016, 2018), the stability of the peroxisome
importomer (Baerends et al, 2000; Hettema et al., 2000;
Wréblewska et al., 2017), peroxisome motility and inheritance
(Chang et al., 2009; Munck et al., 2009), peroxisome-ER teth-
ering (Knoblach et al., 2013), peroxisome-vacuole tethering (Wu
et al,, 2019), and peroxisome turnover (Motley et al., 2012), Pex3
seems to play a central role. So, what is Pex3 and what does it do?

Pex3 proteins are type-III transmembrane proteins (Fig. 3;
Hohfeld et al., 1991). They possess a single transmembrane-
spanning a helix near their N terminus that is anchored in the
lipid bilayer by a stop-transfer sequence. The portion of Pex3
found on the lumenal side of the lipid bilayer contains a track of
conserved basic amino acids that are important for its correct
targeting to the ER (Baerends et al., 2000; Fakieh et al., 2013).
Mutation of these basic residues results in mistargeting of Pex3
and its import into mitochondria (Fakieh et al., 2013). The por-
tion of Pex3 found on the cytosolic side of the lipid bilayer, and
which makes up most of the length of Pex3, is made up by a
series of 10 a-helical segments that assemble into a helical
bundle (Sato et al., 2010; Schmidt et al., 2010). Hydrophobic
segments composed of amino acids from the first N-terminal a
helix, located near the base of the cytosolic domain of Pex3,
interact with the membrane and are important for Pex3 function
(Schmidt et al., 2010; Chen et al., 2014).

The steady-state localization of Pex3 is at the peroxisome,
and Pex3 serves as a marker of peroxisomes in cells (Hettema
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Figure 2. A spatiotemporal model of peroxisome biogenesis and Pex3 function. Peroxisome proliferation occurs by two mechanisms: division of existing
peroxisomes through fission and de novo formation from the ER. Peroxisomes are formed de novo from the ER through budding and then fusion of two classes
of PPV (although there may be more). This mechanism separates RING finger and docking components of the import complex into different vesicles, which are
not import competent until after fusion and assembly of a complete and functional import complex. Once mature, these peroxisomes can multiply by growth
and incorporate proteins and membranes from the ER. These two arms of the biogenic cascade are mediated by Pex3, which has different functions depending
on its location. (1) Pex3 facilitates PMP insertion into membranes, either with assistance of a membrane translocon, or, for a subset of membrane proteins,
direct insertion into the membrane. (2) Pex3 chaperones PMPs, protecting them from quality control systems such as ER-associated protein degradation
(ERAD), and assisting in their lateral sorting through the ER to sites of PPV formation. (3) Pex3 and Pex19 define sites of PPV budding and recruit the scission
machinery, ESCRT-II, to release them from the ER. (4) Additional functions of Pex3, such as peroxisomal tethering to the ER, are mediated by its binding

proteins, such as Inpl.

et al, 2000; Hoepfner et al., 2005). Under peroxisome-
proliferating conditions, the levels of Pex3 slowly increase
over time, but its transcription remains stable (Erdmann and
Blobel, 1995; Smith et al.,, 2002; Knoblach and Rachubinski,

Pex3

Pex19

lipid bilayer

Figure 3. A model for Pex3 and Pex19 topology and chaperone function.
Pex3 is a type-lll transmembrane protein. It interacts with peroxisomal
membrane proteins through binding sites located along the side of its cyto-
solic helical bundle. This interaction is initiated by Pex19, which first binds the
PMP in the cytosol and then brings it into the proximity of Pex3.

Mast et al.
The birth, life, and death of peroxisomes

2010). Overexpression of Pex3 results in both general and
organism-specific phenotypes. In S. cerevisiae, overexpressed
Pex3 accumulates at the ER (Hoepfner et al., 2005; Breker et al.,
2013), whereas in mammalian cells overexpressed Pex3 has
been observed at the ER and mitochondria (Schmidt et al., 2012;
Aranovich et al., 2014; Sugiura et al., 2017). In Y. lipolytica,
overexpressed Pex3 proliferates and clusters peroxisomes and
enhances class V myosin-directed transport of peroxisomes
into growing daughter cells (Chang et al., 2009). In mammalian
cells, the overexpression of Pex3 can also stimulate peroxisome
turnover followed by the formation of new peroxisomes
(Sugiura et al., 2017). Pex3 therefore marks peroxisomes and
their sites of biogenesis. Without Pex3, peroxisomal membrane
proteins are unstable and targeted for degradation; as a result,
the peroxisomal compartment collapses and cannot be sus-
tained (Ghaedi et al., 2000).

Pex3 is a critical receptor and partner for Pex19; together
they chaperone most peroxisomal membrane proteins for in-
sertion into the organelle (Fang et al., 2004; Matsuzaki and
Fujiki, 2008). Pex19 surveils the cytosol for newly synthesized
PMPs and binds to a hydrophobic membrane peroxisomal
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targeting sequence (mPTS) located near the transmembrane
domain of most PMPs (Sacksteder et al., 2000; Jones et al.,
2004). Sequence conservation of the mPTS is poor but has
the general characteristic of a short hydrophobic a helix located
next to a transmembrane segment (Rottensteiner et al., 2004).
Lack of additional information to specify an mPTS likely stems
from the fact that PMPs come in a variety of topologies from
single-spanning to multispanning to C-terminally anchored
membrane domains. Interestingly, Pex3 does not contain an
mPTS and interacts with Pex19 through other mechanisms
(Matsuzaki and Fujiki, 2008), as is discussed below.

Pex19 is composed of an unstructured N-terminal domain and
a structured and globular C-terminal domain (Emmanouilidis et
al,, 2017). The N-terminal domain is highly flexible with un-
folded disordered domains interspersed by five segments capable
of forming amphipathic o helices (Schmidt et al., 2010; Chen
et al., 2014). Almost all Pex19 proteins have a C-terminal farne-
sylation CAAX motif. When the motif is farnesylated, a hydro-
phobic pocket that forms part of the mPTS binding site
incorporates the farnesyl moiety (Emmanouilidis et al., 2017).
Farnesylation induces structural rearrangements within the
C-terminal globular domain of Pex19, increasing its rigidity and
enhancing its affinity for the mPTS of PMPs (Rucktischel et al.,
2009). These rearrangements have been proposed to function as
an allosteric regulator of Pex19 binding of PMPs (Emmanouilidis
et al., 2017). However, once Pex19 binds a PMP, it is not known
how PMP release from Pex19 is mediated or coordinated with
Pex19 function. Loss of the CAAX box impairs, but does not
completely abolish, Pex19 function, as peroxisomes can still be
formed in Pex19 CAAX mutants (Rucktischel et al., 2009).

The interaction between Pex3 and Pex19 is dynamic. A high-
affinity interaction between the first amphipathic segment of
the N-terminal domain of Pex19 and the top of the helical bundle
of Pex3 is essential for peroxisome biogenesis (Sato et al., 2008,
2010; Schmidt et al., 2010, 2012). A stretch of hydrophobic
amino acids in the Pex3 interaction site of Pex19 induces and
stabilizes the amphipathic segment of Pex19 to adopt a stable
a-helical conformation (Schmidt et al., 2012). Pex19 can also
associate with Pex3 through a second, lower affinity interaction
that occurs between the fourth amphipathic helix of the
N-terminal domain Pex19 and a groove located between two a
helices near the base of the helical bundle of Pex3 (Chen et al.,
2014). This two-step binding process reorients the C-terminal
domain of Pex19 and its bound PMP cargo into close apposition
with the hydrophobic base of Pex3 and the lipid bilayer to which
Pex3 is anchored (Chen et al., 2014; Emmanouilidis et al., 2017).
While this interaction is necessary for PMP topogenesis, it is
hotly debated whether it is sufficient to orient the bound
transmembrane domain of the PMP cargo protein for proper
insertion into and translocation across the lipid bilayer. It re-
mains difficult to understand how Pex3 and Pex19 function as a
translocon in the classical sense, as these proteins lack any in-
dication of the capability of forming a channel in membranes.
Yet, it is conceivable that Pex3 and Pex19 could function as a
membrane protein insertase for a subclass of membrane pro-
teins either at the peroxisomal membrane (Liu et al., 2016), or at
the ER, as discussed below. Data from systems-level experiments

Mast et al.
The birth, life, and death of peroxisomes

QO

[¢

(3

2 JCB

J

suggest that many PMPs are synthesized on ER-bound ribo-
somes (Jan et al., 2014; Kaewsapsak et al., 2017). Thus, while
Pex3 and Pex19 are necessary for PMP integration into the
membrane, whether they are sufficient for this process remains
to be established. The sequential two-step amphipathic re-
cruitment of Pex19 and the hydrophobic nature of the portion of
Pex3 directly apposed to the lipid bilayer have been proposed to
work together to overcome the energy barrier inherent in
properly inserting a membrane protein (Chen et al., 2014).
Both Pex3 and Pex19 engage in promiscuous physical inter-
actions with other PMPs. Pex3 engages with many PMPs
through interactions mediated by grooves on the lateral sides of
its helical bundle (Motley et al, 2012; Fakieh et al., 2013;
Knoblach et al., 2013; Chen et al., 2014). Peripheral membrane
proteins such as Inpl and Atg36 bind to distinct surfaces on
Pex3, and single point mutations in Inpl and Atg36 that disrupt
their binding to Pex3 ablate their functions in peroxisome in-
heritance and turnover, respectively (Munck et al., 2009;
Motley et al., 2012; Knoblach et al., 2013). Likewise, the disor-
dered N-terminal domain of Pex19 also interacts with other
PMPs. In particular, the second amphipathic segment of Pex19
interacts with an FXXXF motif in Pexl4 (Chen et al., 2014).
Mutational analyses demonstrated that the separate functions of
the N- and C-terminal domains of Pex19 can be, remarkably,
reconstituted via bridging interactions between Pex3 and two
other peroxins, Pex2 and Pex25 (Agrawal et al., 2017). This
myriad of activities suggests a model in which Pex3 function is
dependent on its location and local concentration (see text box).

A nested coherent feedforward loop controls

peroxisome proliferation

As previously proposed, the peroxisome biogenesis circuit re-
sembles a coherent, nested, feed-forward network motif (Fig. 4;
Mast and Aitchison, 2018). Network motifs define spatiotem-
poral relationships between cellular components that can be
used for predicting the dynamics of their behavior. Here, the ER,
PPVs, and peroxisomes are represented as the points, or nodes,
of the network with the direction of flow for membrane and
membrane proteins the connecting lines, or edges. The ER
serves as source material for peroxisomal membrane and as a
site for PMP insertion and maturation. PPVs that bud from the
ER can form peroxisomes de novo or fuse with existing perox-
isomes in the growth and division cycle of the organelle, thus the
nested topology motif. As defined, an OR logic gate must control
the switch between the de novo and the growth and division
arms of the peroxisome biogenic pathway (Alon, 2006; Mast and
Aitchison, 2018). However, the molecular players and mecha-
nisms controlling this logic gate await discovery, although there
are candidates (Saleem et al., 2008; Mast et al., 2016). In other
settings, this simple network motif confers several distinctive
features on the system. The first is the ability to rapidly control
the proliferation response from “off/basal” to “on/induced” by
increasing the production of peroxisome-destined membrane
transport originating at the ER. Increased PPV production would
increase peroxisome numbers by two mechanisms, either by
enhancing the growth and division mechanism or by initiating
the formation of peroxisomes de novo through fusion and
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A spatiotemporal model for Pex3-mediated peroxisome biogenesis

From the perspective of any given Pex3 molecule, we posit that its myriad functions can be delineated and accounted for by consideration of two parameters:
concentration and location (Fig. 2). Thus, we propose that Pex3 first functions at its point of synthesis in the ER as a receptor for Pex19, assisting in the topogenesis
of newly synthesized PMPs either directly or in association with other membrane protein insertion complexes including the Sec61 translocon, the Guided Entry of
Tail-anchored proteins complex, or the ER membrane complex. Once a PMP has been inserted, Pex3 functions as a chaperone to traffic the PMP laterally within the
ER to sites of PPV formation (Fakieh et al,, 2013). The association of the PMP with Pex3 protects the PMP from quality control machinery such as ER-associated
protein degradation at the ER and the ATAD/MSP1 complex at the peroxisome (Weir et al., 2017). This association is predicted to also prevent the assembly of a
functional matrix protein translocation machinery at the ER through contact-dependent protein-protein inhibition. Finally, the PMP cargo, by its association with
Pex3, is efficiently loaded into budding-competent PPVs. Fusion of distinct types of PPVs leads to rearrangement and assembly of the matrix protein importomer
and the RING finger and retrotranslocation machinery associated with the translocon, liberating Pex3 to attract new binding partners for its additional roles at this
new location. These include the role of Pex3 in peroxisome inheritance together with the peroxisome-anchoring protein Inpl (Munck et al., 2009); its role in
autophagy through interaction with Atg36 (Motley et al,, 2012); and, e.g,, its role in protecting some PMPs such as Pex15 from quality surveillance by the ATAD/
MSP1 AAA-ATPase (Weir et al., 2017).

This model allows for several predictions, one being that both the global and local relative concentrations of Pex3 impact its function. Pex3 is not an
abundant protein and, as described, is a chaperone for PMPs and a scaffold that nucleates peroxin and PMP complexes. Therefore, the numerous functions ascribed
to Pex3 may result from its association with other peroxins. Altering Pex3 levels would alter the stoichiometry of the resulting complexes in a spatiotemporal
manner. For example, overproduction of Pex3 would initially stimulate early steps in peroxisome biogenesis until the existing pool of PMPs in the ER is exhausted.
Upon exhaustion of PMPs at the ER, excess Pex3 would become involved in other functions such as peroxisome motility via interaction with a class V myosin or
degradation of peroxisomes via association with Atg36. Overproduction of Pex3 is known to lead to its mistargeting and the mistargeting of other peroxins to
mitochondria, as the import and transport pathway for PMPs becomes overloaded (Aranovich et al., 2014). By comparison, an accumulation of Pex3 under
conditions in which the levels of Pex3 and all of its binding partners increase stoichiometrically should lead to a more robust peroxisome biogenic response without
accompanying pleiotropic effects.

A second prediction is that different pools of Pex3 in different membrane compartments associate with different binding proteins to affect the different
spatiotemporal functions for Pex3. Different pools of Pex3 exist along a trafficking route that begins at the ER and ends at the peroxisome destined for degradation
via autophagy (Aranovich et al.,, 2014; Mast et al., 2016; Mayerhofer et al., 2016). The function and stability of many PMPs depend on their physical association with
Pex3 (Hettema et al.,, 2000; South et al,, 2000; Weir et al., 2017). Thus, Pex3 at the ER fulfills a chaperone function by helping to laterally sort nascent PMPs from
their site of synthesis or site of membrane insertion to sites of PPV egress (Fakieh et al., 2013). At the peroxisome, Pex3 protects PMPs; participates in additional
processes, such as the recruitment of peroxisome motility proteins; and likely functions to assemble and organize higher order assemblies of peroxins involved in
protein translocation, metabolite transfer, and import of a subclass of PMPs.

A third prediction is that mistargeting Pex3 to other membranes will result in an attempt by the cell to carry out the various processes of peroxisome
biogenesis from that membrane. Peroxisome biogenesis “extra locum normalem” from the mitochondria, i.e., at a location where it does not normally occur, is
initiated by forcing the direct targeting of Pex3 to the mitochondrial membrane (Rucktéschel et al., 2010). Pex3 is able to recruit Pex19, and even peripheral
membrane proteins such as Inpl, when targeted to mitochondria (Rucktéschel et al., 2010; Knoblach et al., 2013). Pex3-laden vesicles have also been visualized
budding from mammalian peroxisomes under conditions where Pex3 is overexpressed (Sugiura et al., 2017).

Many aspects of the pathways and functions of peroxins proposed in this model remain under-explored and in need of investigation. While we have
specifically focused here on the roles of Pex3 to elaborate this spatiotemporal model of peroxisome biogenesis, additional peroxins are likely involved. For example,
Pex16 and its homologues may also contribute to peroxisome biogenesis in a mechanism analogous and complementary to that of Pex3 in chaperoning, protecting,
and reorganizing PMPs (Kim et al., 2006; Aranovich et al., 2014; Farré et al., 2017). Furthermore, roles for other peroxins in de novo biogenesis need to be further
defined. For example, Pex11, and/or its orthologues, has been proposed to have a role in de novo peroxisome biogenesis in addition to its role in peroxisome
division (Knoblach and Rachubinski, 2010; Huber et al., 2012; Chang et al., 2015).

This spatiotemporal model also highlights how care must be taken in interpreting data and peroxisome phenotypes arising from experiments that involve
the manipulation of peroxin levels, in particular, even moderate overexpression of Pex3. This point is especially important when considering caveats for a purported
role for mitochondria in peroxisome biogenesis. First, PMPs have only been observed on the outer mitochondrial membrane under conditions in which they are
overexpressed or in which peroxisome biogenesis is defective due to mutation of one or more peroxins (Goldfischer et al., 1973; Aranovich et al.,, 2014; Sugiura
et al.,, 2017). Second, the observed mitochondrial trafficking route of PMPs to peroxisomes is dispensable, as forcing overexpressed Pex3 into the ER by addition of
an ER signal sequence to its N terminus still results in the complementation of the peroxisome biogenesis defects due to the absence of Pex3, and in the trafficking
of Pex3 to peroxisomes (Toro et al., 2009; Aranovich et al., 2014; Sugiura et al., 2017). These observations demonstrate that the ER is necessary and sufficient for
peroxisome biogenesis. However, as suggested by Sugiura et al. (2017), there may also be functional relevance for Pex3 or other peroxins at the mitochondrion in
the mammalian system.

maturation. Thus, the basal level of peroxisome biogenesis can
be up-regulated rapidly in response to conditions requiring the
organelle. The degree to which one pathway is used over the
other would impact the heterogeneity of the protein content
within the peroxisome population in cells. The second feature of
the OR feed-forward network motif is robustness. In tran-
scriptional networks, an OR input function serves as a filter by
introducing a time delay to a noisy transcriptional induction
signal supporting mRNA production in the absence of a signal
for up to the equivalence of one cell division (Mangan and Alon,
2003). This rapid “on” and delayed “off” is consistent with ex-
perimental observations of peroxisome biogenesis (Saleem et al.,
2008; Perry et al., 2009; Mast et al., 2016, 2018). To balance
the combined de novo and division-based proliferative capacity
of peroxisomes, peroxisome numbers are also controlled by
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dilutive and degradative processes (Fagarasanu et al., 2010;
Motley et al., 2015).

Regulatory mechanisms of peroxisome formation and
function: Control by interorganellar contacts
Membrane contacts between peroxisomes and other organelles
have long been thought to function in the efficient inter-
organellar transport of metabolites. In a global analysis of the
organelle interactome, spectral imaging of lysosomes, mito-
chondria, ER, peroxisomes, the Golgi, and lipid droplets revealed
that peroxisomes associate most frequently with the ER, fol-
lowed by mitochondria, lipid droplets, the Golgi, and lastly ly-
sosomes (Valm et al., 2017).

Specific machineries responsible for facilitating the interac-
tions between peroxisomes and other organelles involved in
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Figure 4. A nested feedforward network motif in peroxisome biogenesis. Network motifs describe the distinctive features of the relationship of cellular
components that enable predictions of their behavior when stimulated or repressed. Here, the production of peroxisomes occurs not only by growth and
division but also de novo biogenesis. Because the de novo biogenesis pathway feeds into the growth and division pathway, leading to the further proliferation
of peroxisomes, this arrangement resembles a nested coherent feedforward network motif. See text for further details. (A) The nested feed-forward network
motif regulating peroxisome biogenesis. (B) The biogenesis pathway of peroxisomes and their life cycle, spatially arranged to illustrate the topology of the

nested feed-forward network motif.

the B-oxidation of fatty acids have been discovered for
peroxisome-lipid droplet contacts and peroxisome-mitochondrion
contacts. Peroxisomal ABCD] interacts with an isoform of the AAA-
ATPase Spastin (M1-Spastin) to tether peroxisomes to lipid droplets
and to recruit an ESCRT-III subcomplex composed of IST1 and
CHMPIB (Chang et al., 2019). This contact site helps facilitate fatty
acid transfer from the lipid droplet to the peroxisome and reduces
the levels of peroxidated lipids in lipid droplets. In yeast,
peroxisome-mitochondrion contact sites are mediated by
either Fzol or Pex34 (Shai et al., 2018). Disruption of these
contact sites by genetic perturbation reduced cellular fitness and
mitochondrial ATP and CO, production arising from fatty acid
B-oxidation occurring in the peroxisome. Genome-wide screen-
ing using a split-Venus fluorescence protein tag strategy impli-
cated additional peroxisomal and mitochondrial proteins in
contact formation between these two organelles (Shai et al., 2018).

In addition to improving the metabolic flux between perox-
isomes and other membrane-bound compartments, contact sites
can also dynamically regulate peroxisome biogenesis. In mam-
malian cells, contacts between the peroxisome and ER are sta-
bilized by peroxisome-localized ABCD5 and ER-localized VAP
(Costello et al., 2017; Hua et al., 2017). One consequence of this
interaction is contact-regulated transfer of phospholipids from
the ER to the peroxisome that controls the expansion of the
peroxisomal membrane and subsequent growth of peroxisomes
(Costello et al., 2017). Thus, contact sites between the ER and
peroxisomes can control the growth and division cycle of per-
oxisomes and the concentrations of peroxins on individual
peroxisomes.

Membrane contacts can also directly impact peroxisome in-
heritance. Peroxisome anchoring in budding yeast ensures that
the mother cell retains peroxisomes. Part of this anchoring
mechanism is mediated by interaction between Pex3 proteins, in
trans, bridged by the peripheral peroxisomal membrane protein
Inpl (Knoblach et al, 2013). Interestingly, this anchoring
mechanism also impacts the levels of free Pex3 by sequestering
both peroxisomal and ER Pex3 into anchoring complexes
(Fig. 2). Thus, in addition to anchoring peroxisomes for
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retention by the mother cell, this contact site could serve to
buffer local Pex3 levels at both the ER and peroxisomes.
Pex3-Inpl-Pex3 complexes between the ER and peroxisomes in
trans could therefore serve as a store of Pex3 to couple per-
oxisome biogenesis to the ebb and flow of total cellular levels of
peroxisomes and Pex3 during the cell cycle.

Finally, the effect of ER architecture and architecture-
forming proteins on peroxisome biogenesis is also mediated by
interorganellar contact. Pex29 and Pex30 are membrane pro-
teins that reside in distinct domains of the ER where they
function to negatively regulate peroxisome biogenesis (Yan
et al., 2008; Mast et al., 2016). Pex29 and Pex30 physically as-
sociate with each other and with the ER-shaping reticulon
proteins Rtnl and Yopl; members of the ER-plasma membrane
tether/phosphatidylinositol 4-phosphate pathway, Scs2 and
Tcb3; and Dpml, the ER docking factor for the phosphatidylin-
ositol 4-phosphate phosphatase Sacl (David et al., 2013; Mast
et al., 2016). The ER subdomains that these interacting pro-
teins define form dynamic contact sites with peroxisomes that
are stabilized when cells are grown in the presence of oleic acid,
a carbon source requiring functional peroxisomes for its me-
tabolism. Mutant cells lacking reticulon proteins or Pex29/30
have increased production of PPVs and exhibit greater numbers
of peroxisomes per cell (Mast et al., 2016). Thus, the separate
arms of the peroxisome biogenic program, de novo formation
and growth and division, are likely coordinated and regulated by
interorganellar contacts initiated by this subclass of ER-shaping
membrane proteins.

Peroxisomes and lipid droplets: A shared beginning
Since the earliest electron micrographs revealed the bewildering
complexity and meshwork of tightly juxtaposed membranes in
eukaryotic cells, cell biologists have speculated about the shared
spatial and functional roles of what Novikoff and Novikoff
(1982) termed “a constellation” of organelles involved in lipid
homeostasis.

Lipid droplets and peroxisomes function in tandem to bal-
ance the flux of fatty acids in the cell. Recently, the role of Pex3
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and Pex19 in regulating the topogenesis of PMPs has been ex-
tended to include additional classes of membrane proteins, in-
cluding the lipid droplet protein Ubx8 (Schrul and Kopito, 2016).
Pex19 interacts with newly synthesized Ubx8 in the cytosol and
recruits it to ER-localized Pex3 (Schrul and Kopito, 2016). Ad-
ditionally, Pex19 and Pex3 have been implicated in the topo-
genesis of hairpin-containing membrane proteins, and this class
of membrane proteins is frequently found on lipid droplets,
which are enclosed by only a monolayer of phospholipid (hemi-
membrane) surrounding a neutral lipid core (Yamamoto and
Sakisaka, 2018).

A further intersection between lipid droplets and perox-
isomes is a shared site for their biogenesis. Recent evidence from
yeast suggests that the budding of lipid droplets and the budding
of PPVs occur from subregions of the ER enriched for seipin
components Fld1 and Ldb16 and the reticulon homology domain
(RHD)-containing peroxin Pex30 (Joshi et al., 2016, 2018; Wang
et al,, 2018). Dysregulation of peroxisome and lipid droplet bi-
ogenesis is toxic to cells (Lockshon et al., 2007), and the subunits
of seipin exhibit synthetic lethality with Pex30 (Joshi et al., 2018;
Wang et al., 2018). Cells lacking Pex30 in combination with the
absence of either Fld1 or Ldbl6 have altered ER phospholipid
metabolism and exhibit an overproliferation of ER membranes
(Wang et al., 2018). Adjusting the phospholipid composition of
the ER by removal of genes involved in these metabolic path-
ways reverses the defects in lipid droplet and peroxisome bio-
genesis. Thus, seipin and Pex30 work cooperatively to organize
subregions of the ER permissive for the budding of nascent lipid
droplets and peroxisomes (Joshi and Cohen, 2019). Similarly, the
RHD-containing protein MCTP2 functions analogously to Pex30
in regulating lipid droplets in mammalian Cos7 cells and in the
worm Caenorhabditis elegans (Joshi et al., 2018).

These findings suggest that the ER is partitioned by distinct
classes of RHD-containing proteins to spatially segregate the ER
for its different functions; one such RHD subfamily coordinates
the biogenesis of peroxisomes and lipid droplets (Joshi and
Cohen, 2019). These findings are appealing not only because
lipid droplets and peroxisomes must coordinate metabolic
functions but also because PPVs need to bud from sites devoid of
ER matrix proteins, which are likely excluded by the high-
curvature ER tubules mediated by the reticulons. In Y. lip-
olytica, the Pex30 homologue Pex23 is essential for peroxisome
biogenesis and the metabolism of fatty acids (Brown et al., 2000).
Loss of Pex23 results in the overproduction and accumulation of
PPVs. Pex23, like Pex30, also localizes to the ER (Mast, 2013).

Pex23 proteins in metazoans and yeast share homology
through their RHD (Mast et al., 2011; Joshi et al., 2016, 2018). In
Drosophila, knockdown of the candidate Pex23 led to an increase
in the number of peroxisomes per cell, but lipid droplets were
not studied (Mast et al., 2011), whereas MCTP2 depletion in
mammalian cells led to altered lipid droplet numbers and mor-
phologies (Joshi et al., 2018). In addition to these roles, these
RHD-containing proteins have been implicated in other cellular
functions arising from ER contact with organelles such as en-
dosomes and in coupling this contact to organelle motility and
innate immune sensing (Joshi and Cohen, 2019). Understanding
the dynamics of these RHD-containing proteins, individually
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and in concert with other proteins, in the context of peroxisome
and lipid droplet formation is an important avenue for future
research.

Conclusions and future directions

Understanding the complexity of the mechanisms of peroxisome
biogenesis is not an unravelable Gordian knot (Costello and
Schrader, 2018) but is actually an experimentally tractable and
ultimately achievable goal. However, in pursuing this goal, we
must remain mindful of the dynamics of the system with the
influences of an ever-changing cellular environment on organ-
elle dynamics. Furthermore, changes in both the stoichiometry
of individual peroxins and their interacting partners will have
oftentimes unexpected effects on the overall process of peroxi-
some biogenesis. This will necessitate robust quantitative
methods that enable the study of peroxisome dynamics in re-
sponse to defined and reproducible perturbations. These meth-
ods should ideally be combined with modeling approaches
(Ratushny et al., 2012; Mast et al., 2014). Effective modeling of
peroxisome biogenesis will incorporate large-scale global mod-
eling approaches like those developed to model transcriptional
regulation (Danziger et al., 2014). Beyond the immediate fun-
damental insights into peroxisome biogenesis, this integrated
approach of modeling with systems cell biology will provide new
opportunities for manipulating peroxisome biogenesis for
therapeutic benefit and for harnessing the biotechnological po-
tential of peroxisomes.
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