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Characterization of dysferlin domain-containing peroxins
in lipid droplet biogenesis

Abstract

Lipid droplets (LDs) are ubiquitous organelles of crucial importance in cell biology,
understanding of human diseases and biotechnology because they are cellular reservoirs of neutral
lipids for energy production or membrane synthesis and act as hubs for metabolic processes.
Despite continued efforts, the molecular mechanisms of LD biogenesis are not completely
understood. Recent reports indicated that LD biogenesis and formation of pre-peroxisomal vesicles,
which are involved in peroxisomes biogenesis, occur at the same endoplasmic reticulum (ER) sites,
suggesting that these sites are specific and distinct from bulk ER. Moreover, the ER budding of
both these structurally unrelated organelles involves cooperation between Seipin and Pex30p,
since, in absence of these proteins, budding of these organelles is inhibited. However, the
molecular mechanisms regarding this cooperation remain elusive. Since no peroxin of pex30p
family - dysferlin domain-containing peroxin family - has been described before as involved in LD
biogenesis, it is unclear how Pex30p is localised to the LDs in absence of the Seipin complex. It is
also unknown what is the central function of Pex30p in LD budding and whether other peroxins of
the same family of Pex30p are also involved in LD biogenesis.

In the present work, we show that all dysferlin domain-containing peroxins accumulate at LDs
in absence of the Seipin complex. However, Pex28p, Pex29p, Pex31p and Pex32p do not exert the
same function as Pex30p in LD budding. Nevertheless, we demonstrate that some of these
peroxins seem to regulate and target Pex30p to other organelles in specific metabolic conditions.
We also found the novel role of dysferlin domain as essential for Pex30p localisation at the LDs
and this propriety is conserved among some of the dysferlin domain-containing peroxins. We
propose that the dysferlin domain-containing peroxins associate in a protein complex and act in
concert to define their localisation and function in response to the metabolic conditions. Such a
complex may then regulate intracellular communication among several organelles in which
dysferlin domain-containing peroxins play several functions, contributing to coordinate organelle

biogenesis and, consequently, cell homeostasis.

Keywords: LD biogenesis, LD budding, Saccharomyces cerevisiae, Seipin, Pex30, Peroxins,

Dysferlin domain, Reticulon-homology domain
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Caracterizacao das peroxinas com dominio disferlina
na biogénese de particulas lipidicas

Resumo

Particulas lipidicas (PLs) sdo organelos ubiquos de crucial importancia em biologia celular, na
compreensao de doencas humanas e em biotecnologia, uma vez que sao reservatorios celulares
de lipidos neutros para producao de energia e sintese de membranas, assim como atuam como
centro dos processos celulares metabdlicos. Apesar de esforcos continuos, o mecanismo
molecular de biogénese de PLs nao & completamente compreendido. Publicacdes recentes
indicaram que a biogénese de PLs e a formacdo de vesiculas pré-peroxissomais, que estdo
envolvidas na biogénese de peroxissomas, ocorre nos mesmos locais do reticulo endoplasmatico
(RE), sugerindo que estes dominios sao especificos e distintos do restante RE. Para além disso, o
budding destes organelos estruturalmente distintos envolve cooperacao entre Sejpin e Pex30p.
Contudo, os mecanismos moleculares relativos a esta cooperacdo continuam desconhecidos. Visto
gue nenhuma peroxina da familia de Pex30p - peroxinas com dominio disferlina - foi antes descrita
como envolvida na biogénese de PLs, nao é claro como é que Pex30p se localiza nas PLs na
auséncia do complexo Sejpin. A funcao central de Pex30p também é desconhecida, assim como
se outras peroxinas da mesma familia também estdo envolvidas na biogénese de PLs.

Neste trabalho foi observado que todas as peroxinas com dominio disferlina acumulam-se nas
PLs na auséncia do complexo Sejpin. Contudo, Pex28p, Pex29p, Pex31p e Pex32p nado exercem
a mesma funcdo que Pex30p no budding de PLs. Porém, foi demonstrado que algumas destas
peroxinas parecem regular e definir a localizacdo de Pex30p em condicdes metabdlicas
especificas. Também foi examinado que o dominio disferlina é essencial para a localizacao de
Pex30p nas PLs e esta propriedade é conservada entre algumas das peroxinas da sua familia.
Deste modo, é proposto que as peroxinas com dominio disferlina associam-se num complexo
proteico e atuam em conjunto para definir a sua localizacao em resposta ao estado metabdlico da
célula. Este tipo de complexo pode regular a comunicacao intracelular entre diversos organelos
em que as peroxinas com dominio disferlina realizam diversas funcdes, contribuindo para

coordenar a biogénese de organelos e, consequentemente, a homeostasia celular.

Palavras-chave: Biogenese de PLs, Budding de PLs, Saccharomyces cerevisiae, Seipin,

Pex30, Peroxinas, Disferlina, Dominio reticulon-homology
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1. Introduction



1.1. Lipid droplet

Lipids are ubiquitous signalling and regulatory molecules involved in the control of cellular
physiology and metabolism, which similarly play as structural components of the cell membrane
and membranes of organelles, and as an energy source. Since new energy sources are not always
available, the ability to store energy in form of lipids within the cell is often crucial for survival. In
addition, the ability to buffer and store excess of lipids in an inert form also prevents cells from
lipotoxicity and cell death. Therefore, to package lipids efficiently, cells convert them into neutral
lipids (NLs) and deposited them into specialized intracellular organelles called lipid droplets (LDs).

Originally viewed as dull organelles that simply store lipids because of lipid overflow, lipid
droplets are now recognized as key components in the cell that exert a variety of relevant functions
in multiple tissues (Hashemi & Goodman, 2015; Walther & Farese Jr, 2012). Given the diverse
functions of the encased lipids, LDs lie at the crossroads of membrane biology and energy
metabolism and are important organelles in maintaining cell homeostasis. Specifically, with their
role in lipid storage, LDs figure prominently in common pathologies linked to lipid accumulation,
including obesity, diabetes, and atherosclerosis (Shimeng Xu, Zhang, & Liu, 2017), and in industrial
applications, such as efforts to produce triacylglycerols (TAG) for food, and hydrocarbons more

generally, as biofuel (Andrianov et al., 2010).

1.1.1. Lipid droplet structure

Lipid droplets are organelles present virtually in all eukaryotic cells and some prokaryotic cells
(Fujimoto & Ohsaki, 2006; Waltermann et al., 2005), which are structurally distinct from most
other organelles. These dynamic cytoplasmic organelles consist of a neutral lipid core, mainly of
triacylglycerols and steryl esters (SE), encased in a unique phospholipid monolayer instead of the
typical bilayer, which segregates their hydrophobic neutral lipid core from the aqueous cytosol
(Walther & Farese Jr, 2012). The composition of the hydrophobic core is variable because,
depending on the cell type, the relative amounts of TAG and SE varies, and it can also include
retinyl esters, waxes, and ether lipids, which are derived from peroxisomes (Bartz et al., 2007). For
instances, yeast LDs store a mix of SE and TAG, but the LDs of adipocytes contain primarily TAG
(Bartz et al., 2007).

The LD surface comprises polar, amphipathic lipids, mostly phosphatidylcholine (PC), which is

important in emulsifying the membranes (Krahmer et al, 2011), followed by



phosphatidylethanolamine (PE) and phosphatidylinositol (Tauchi-Sato, Ozeki, Houjou, Taguchi, &
Fujimoto, 2002). Compared with other membranes, the LD monolayer is deficient in
phosphatidylserine and phosphatidic acid, but enriched in lysoPC and lysoPE (Bartz et al., 2007).

In addition, the LD membrane exhibits association with numerous proteins which, not
surprisingly, exert functions in lipid synthesis and degradation, integration of nutrient signals and
contribute to the biogenesis, maturation and stability of LDs (reviewed in Kory, Farese Jr, & Walther,
2016; Yang et al., 2012). The ability to isolate LDs to high purity, together with the modern
techniques of proteomics, has allowed the elucidation of the LD proteome under different
experimental conditions. Given that the LD proteome varies between cell and tissue type, as well
as cell condition, this has yielded maps of the ‘housekeeping’ proteins of LDs (reviewed in Bersuker
& Olzmann, 2017), as well as unexpected insights into their possible interactions with other
organelles (Bersuker et al., 2018). However, how proteins target LDs is a major question in the
field because unlike proteins targeted to other organelles, there are no targeting consensus
sequences in LD-resident proteins. Since the interior of LDs is hydrophobic, it is devoid of proteins
and integral proteins are embedded into the monolayer by adopting a monotopic topology, exposing
all soluble domains to the cytosol (Thiele & Spandl, 2008). Although the protein structure that LD-
resident proteins adopt within the membranes is unknown, these proteins were organized into two
different classes (class | and class Il), because this generalization provides a conceptual framework
for discussing how proteins associate with the LD monolayer (Kory et al., 2016). Proteins with a
hydrophobic hairpin (HP) and produced at the endoplasmic reticulum (ER) belong to class I, while
proteins with an amphipathic helix synthesized at the cytosol are designed as class Il. Several HP
proteins exhibit a dual steady-state localisation to LDs and the ER and are first integrated into the
cytoplasmic leaflet of the ER membrane before localising to LDs (Klemm, Spooner, & Ploegh, 2011;
Olzmann, Richter, & Kopito, 2013; Stevanovic & Thiele, 2013; Wilfling et al., 2013; Zehmer et al.,
2009). Even though the HP domains of these proteins are necessary and sufficient for this dual
localisation, the molecular machinery by which HP proteins are directed to and inserted into ER or
LD membranes is unclear. There are reports that at least some HP proteins require factors involved
in peroxisomal membrane protein targeting (Schrul & Kopito, 2016), supporting a link between LD
and peroxisome biogenesis (Joshi et al., 2018; S. Wang et al., 2018) (see section 1.2.2.). The
class Il proteins are characterized by their amphipathic or hydrophobic sequences, which made

them bind directly to the LD membrane after translation in the cytoplasm. Some examples include



the perilipin family of proteins (Rowe et al., 2016) and cell death activator CIDE-A (CIDEA) (Barneda
etal., 2015).

Lipid droplets can present a wide range of sizes, from tens of nanometres (nm) to several
micrometres (um) in diameter among different cell types, among individual cells of a population or
even within a single cell. Moreover, the LD size and abundance varies dynamically and rapidly in
response to cellular signals. For instances, oleate loading of Drosophila S2 cells increases the LD
mean diameter nearly threefold within hours (Krahmer et al., 2011). In contrast, within hours the
diameter of LDs decreases in cells with limited nutrients. In Saccharomyces cerevisiae (S.
cerevisiae), LDs are found most prominently during the stationary phase, and catabolism of LDs in
the exponential phase is coordinated with an increased need for phospholipids during cell division

(Kurat et al., 2009).

1.1.2. Lipid droplet biogenesis

Otherwise other organelles, the major mechanism of LD biogenesis is de novo formation from
the endoplasmic reticulum. However, fission of LDs has been observed in yeast (Long et al., 2012).
Despite recent findings, the molecular mechanisms of LD de novo formation are not completely
understood. According to the prevailing model (Fig. 1), neutral lipids are synthesized and organized
between the bilayer leaflets of ER until the point in which it is thermodynamically favourable to
coalesce and nucleate into a lens at specific ER membrane domains, where the lens grow until a
threshold diameter, which promotes its budding from the ER membrane. The overall process
includes three main steps after neutral lipid synthesis: nucleation, growth and budding, exactly as
in phase separation and dewetting phenomena, namely, the process of retraction of a fluid from a

non-wettable surface (Thiam & Forét, 2016).

Neutral lipid synthesis

Neutral lipids are generated by enzymes that localise to the ER, where they encounter their
substrates, namely fatty acids (FA) and glycerolipids. Before neutral lipid synthesis reactions occur,
FA, which are chemically inert, must be activated by esterification with coenzyme A (CoA). The
esterification step occurs in an ATP-dependent two-step reaction catalysed by enzymes of acyl-CoA
synthetase (ACS) protein family. Kassan and colleagues (2013) had shown that acyl-CoA
synthetase 3 (ACS3), which produces long-chain acyl-CoAs, controls the number and size of LD,

likely by activating FA. After FA activation, NL synthesis is catalysed by various enzymes (Buhman,
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Chen, & Farese, 2001). In mammalian cells, acyl-coenzyme A (acyl-CoA): diacylglycerol
acyltransferase (DGAT) enzymes, DGAT1 and DGAT2, synthesize TAG, and acyl-CoA:cholesterol
acyltransferase (ACAT) enzymes, ACAT1 and ACAT?2, produce SE (Yen, Stone, Koliwad, Harris, &
Farese, 2008). In yeast, the corresponding neutral lipid synthesis enzymes are Dgalp and Lrolp,
which synthesize TAG, as well as Arelp and Are2p, which synthesize primarily SE (Zweytick et al.,
2000). The sterols biosynthesis occurs in the ER by the mevalonate pathway, whose most enzymes
are conserved from yeast to mammals, since synthesis of ergosterol (in yeast) and cholesterol (in
mammals) only differs after production of lanosterol (Espenshade & Hughes, 2007). Then, ACAT
catalyses the covalent joining of sterols with long chain fatty acyl-CoA moieties to form the SE
(Buhman et al., 2001).

The de novo TAG synthesis is performed by the glycerol phosphate pathway, also known as the
Kennedy pathway, that starts by converting glycerol 3-phosphate into lysophosphatidic acid (LPA)
by the covalent linking with a fatty acyl-CoA. Then, LPA is converted to phosphatidic acid (PA),
which is next transformed into diacylglycerol (DAG) by lipin (Pah1p, also known as Pet10p, in yeast)
(Kennedy, 1956) and DGAT (Dgalp in budding yeast) catalyses the last reaction of the de novo
TAG synthesis, by joining DAG with a fatty acyl-CoA. Alternatively, de novo TAG synthesis can occur
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Figure 1. Current model of lipid droplet biogenesis. Lipid droplet formation starts with neutral lipids synthesis and their diffusion
within the ER bilayer, leading to their accumulation in specific sites and to the formation of a lens (1,2). The nascent LD (nLD) is
stabilized by Seipin (3) and grows asymmetrically towards the cytosol promoting deformation of the ER bilayer (4). During the
growth LDs acquire Perilipins on the cytosolic leaflet (5). When a critical size is reached, LD budding is trigger and the initial LD
(iLD) is release to the cytosol (6). In yeast, most of the LDs remain attached to the ER membrane due to contact sites between the
membranes of the two organelles, stabilised by Seipin, allowing the diffusion of proteins and lipids (7). As a result, the proteome of

the iLD changes and it continues growing converting into an expanding LD (eLD) (adapted from Henne, Reese, & Goodman, 2018).
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through the monoacylglycerol pathway, where monoacylglycerol is covalently joined with fatty acyl-
CoA to produce DAG, and consequently TAG. In yeast, TAG can also be synthesised using an acyl-
CoA-independent reaction, where phospholipids (PL) can act as the acyl donor. The reaction is
catalysed by phospholipid/diacylglycerol acyltransferase, encoded by /ro/ in yeast (Dahlqvist et al.,
2000) and found exclusively in the ER, whereas Dgalp is dually localised to LD and ER (Sorger,
2002).

Yeast lacking all enzymes of NL synthesis (Dgalp, Lrolp, Arelp and Are2p) are viable but lack
detectable LDs (Sandager et al., 2002). In mammals, knockout mouse studies show that ACAT1,
ACAT?2, and DGAT1 are not essential for life (Yen et al., 2008), whereas DGAT? is, resulting in the

lack of energy stores and skin defects related to essential FA deficiency (Stone et al., 2004).

Nucleation

The newly generated neutral lipids are deposited among the leaflets of the ER bilayer, to be
sequestered from the polar head groups of phospholipids. As their concentration increases, the
NLs laterally diffuse and coalesce to form a lens (Fig. 1), since the energy cost for interaction with
each other is less than their interaction with phospholipid acyl chains (Thiam & Forét, 2016). In
model membranes, this transition occurs when TAG concentration is in the range of 5-10mol %
(Duelund et al., 2013; Khandelia, Duelund, Pakkanen, & Ipsen, 2010). This process is hamed
nucleation and induces deformation of the membrane since the nascent LD (nLD) is formed
(Prévost et al., 2018). For many years, these lenses were maintained as hypothetical, but they
have been observed recently in yeast by electron microscopy after triggering lipid droplet formation,
consistent with the lenses being early intermediates (Choudhary, Ojha, Golden, & Prinz, 2015).
However, this biophysics process was supported by data reported over the years. Localisation
studies have found that NL synthesis enzymes are continuously distributed along the ER (Stone et
al., 2009), with the exception of DGAT2, which also localises to LDs (Kuerschner, Moessinger, &
Thiele, 2008). However, the enzymes not perfectly overlapping (Shockey, 2006), confirming that
NL are synthesised throughout the ER and then diffuse through the bilayer to the LD formation
sites, where they accumulate. Whether these subdomains form randomly throughout the ER or
preferential sites for their formation exist is still unclear. However, there are some reports both in
yeast and mammalian cells that indicate the existence of a specialized ER domain for LD biogenesis

(Jacquier et al., 2013; Kassan et al., 2013). In addition, recent reports indicated that LD biogenesis



occurs that the same sites where pre-peroxisomal vesicles (PPV), involved in peroxisomes

biogenesis, form, suggesting that these sites are specific (Joshi et al., 2018; S. Wang et al., 2018).

Lipid droplet growth

The growth of the nascent LD by addition of more neutral lipids results in significant
perturbations in the ER bilayer membrane curvature. Eventually they reach a critical size that
triggers budding of the LD, into the cytoplasm, by a mechanism similar to dewetting, basically
driven by local thermal fluctuations (Pol, Gross, & Parton, 2014; Thiam, Farese Jr, & Walther,
2013; Thiam & Forét, 2016). This growth is asymmetry towards the cytosol (Fig. 1). The regulation
of this vectorial membrane deformation is not fully understood, but recent progress has been made.
According to recent models, slight differences in surface tension between the ER leaflets are
sufficient to induce vectorial budding (Chorlay & Thiam, 2018). Specifically, lower bilayer tension
favours LD budding. Both phospholipids and proteins can influence the tension in the different
leaflets of the membrane. In particular, lipid geometry appears to be a major factor in determining
budding efficiency, since conically shaped molecules, such as DAG or PE, disfavour budding and
molecules with opposite geometry, such as lysophospholipids, promote budding (Choudhary et al.,
2018; M'barek et al., 2017). However, the molecular mechanism regulating the targeting proteins
and lipids in the nLD membrane needs to be explored. Recently, based on a new cryo—electron
microscopy structure, it was proposed that the protein Seipin controls de diffusion of lipids between

ER and LD (Sui et al., 2018).

Lipid droplet budding and ER-LD contact sites

Although the budding of vesicles from the ER requires the involvement of membrane curvature-
inducing coat proteins, such as COPII, these are not involved in budding of LDs. Instead, /n vivo,
proper LD budding requires Fat storage-inducing transmembrane (FIT) proteins (Choudhary et al.,
2015), an evolutionarily conserved family of ER integral membrane proteins (Kadereit et al., 2008).
Two highly related FIT proteins, FIT1 and FIT2, are present in mammals while other metazoan and
yeast exclusively express FIT2-related proteins (Kadereit et al., 2008). Depletion of FIT-related
proteins in yeast (Scs3p and Yft2p), worm, and mammalian cells inhibit LD budding, resulting in
the accumulation of nLD embedded in the ER membrane (Choudhary et al., 2015). However, how

FIT proteins promote lipid droplet budding remains unclear.



In yeast, LD budding is also facilitated by Pah1p, a protein related to mammalian perilipins (Gao
et al.,, 2017). In mammals, this class of proteins has a well-established function regulating LD
consumption (Sztalryd & Brasaemle, 2017) and may also facilitate LD biogenesis (Bulankina et al.,
2009) (Fig. 1). Like other perilipins, Pahlp is recruited from the cytosol to the lipid droplet
monolayer, but its LD targeting occurs at very early stages during the biogenesis process. In
addition, cells lacking pahl show a significant delay in LD budding, suggesting that it facilities
budding. How exactly Pah1p and perhaps other perilipins promote LD budding is unclear. However,
by accessing only the nLD from the cytosolic side, it may facilitate budding by changing the balance
of tension between the two membrane leaflets.

Seipin, which corresponds to the Fld1p/Ldb16p complex in budding yeast, is another protein
also crucial for efficient LD budding since mutations in Seipin lead to aberrant LD biogenesis,
morphology, and dynamics in a variety of cells. Consequently, it regulates abundance and size of
LDs (Fei et al., 2008; Grippa et al., 2015; Salo, Belevich, Li, Karhinen, Vihinen, Vigouroux, Magré,
Thiele, Holtta-Vuori, et al., 2016; H. Wang et al., 2016) (see section 1.2.).

After budding, the initial lipid droplets (iLD) can remain cytosolic or reconnect with the ER
membrane. These ER-LD contact sites allow the diffusion of lipids and proteins between the two
organelles and, consequently, it changes LDs proteome. As a result, cells can develop diverse
populations of LDs, which response to cell signals in different ways. Some of these LDs, by
acquiring enzymes for local NL synthesis continue growing, resulting in expanded lipid droplets
(eLD). In yeast, most of iLD reconnect with the ER (Jacquier et al., 2011; Mishra et al., 2016), but
at least in some cells, budded LD are found physically separated from the ER (Wilfling et al., 2013).
These cytoplasmic LDs may associate with other organelles in the cell (Gao & Goodman, 2015).

Although not completely explored, the process of LD formation seems evolutionarily conserved.
In yeast, LD biogenesis appears to be spatially coordinated with other organelles also related to
lipids and the metabolic condition. Not only the sites of LD biogenesis corresponds to the sites of
PPV formation, involved in peroxisomes biogenesis (Joshi et al., 2018; S. Wang et al., 2018), but
also are associated to ER-vacuole contact sites (nuclear membrane-vacuolar junctions; NVJ), which
physically expand in response to metabolic cues and organize membrane tether proteins and fatty
acid activating machinery for neutral lipid synthesis and lipid droplet emergence (Hariri et al.,
2017). In conclusion, by coordination of several proteins and organelles, LD biogenesis is a well-

regulated process to ensure energy homeostasis in the cell.



1.1.3. Lipid droplet: a well functionally connected organelle

Lipid droplets are dynamic organelles acting as metabolic hubs to maintain energy
homoeostasis within the cell in response to several physiological and environmental cues (Henne,
Reese, & Goodman, 2018; Pol et al., 2014; Welte, 2015). Therefore, they have diverse cellular
functions, including producing lipids (Kuerschner et al., 2008), sequestering toxic lipids (Bailey et
al., 2015; Listenberger et al., 2003) and acting as dynamic lipid storage depots that enable rapid
mobilization of fatty acids for energy (Rambold, Cohen, & Lippincott-Schwartz, 2015), membrane
biosynthesis (Chauhan, Visram, Cristobal-Sarramian, Sarkleti, & Kohlwein, 2015; Gaspar,
Hofbauer, Kohlwein, & Henry, 2011; Kurat et al., 2009), and lipid signaling pathways (Tang et al.,
2013).

Much has been explored about the function of LDs as energy storage organelles, their most
important function. However, LDs are emerging as intermediaries in other cell functions, such as,
protecting against ER stress (Fei, Wang, Fu, Bielby, & Yang, 2009), protein glycosylation (Krahmer,
Hilger, et al., 2013), and development of pathogen infection (Herker et al., 2010; Herker & Ott,
2011). For example, LDs are involved in hepatitis C virus (HCV) assembly, since this organelle
provides a location for HCV core proteins until viral assembly. Regarding protein storage, increasing
evidence has uncovered many examples of LDs recruiting proteins from other cellular
compartments, in a cell type-specific and regulated manner. Some proteins targeted to LD are
destined for destruction, whereas others are released and reused when conditions change
(Fujimoto, Ohsaki, Cheng, Suzuki, & Shinohara, 2008; Hartman et al., 2010; Olzmann et al.,
2013). For example, during embryogenesis in Drosophila, histones localise to LDs until needed for
rapid nuclear division associated with embryo segmentation (Cermelli, Guo, Gross, & Welte, 2006).
Therefore, LDs might have a general role in managing the availability of proteins, and they have
been proposed to serve as generic sites of protein sequestration. The implications of this emerging
role of LDs include regulated inactivation of proteins, prevention of toxic protein aggregates and
localised delivery of signalling molecules.

As well as their individual functions, LDs are functionally connected with other cellular
compartments through LD membrane contact sites (Barbosa & Siniossoglou, 2017; Fernandez-
Murray & McMaster, 2016; Welte & Gould, 2017). Besides the ER, LD interact dynamically with
mitochondria, peroxisome (Binns et al., 2006; Schrader, 2001), vacuole/lysosome, endosomes
(P. Liu et al.,, 2007) and the plasma membrane, by exchanging lipids and proteins (Gao &
Goodman, 2015).



Notably, dysregulation of LD homeostasis has been implicated in the pathogenesis of numerous
diseases (Greenberg et al., 2011; Krahmer, Farese Jr, & Walther, 2013; Onal, Kutlu, Gozuacik, &
Emre, 2017), including diseases associated with an excess of LDs, namely obesity, diabetes,
hepatic steatosis, arteriosclerosis and cardiovascular disease, or with a deficiency of LDs, namely
lipodystrophy and cachexia. For instances, mutations in Seipin (see section 1.2.) result in a familial
form of lipodystrophy (Fei et al., 2008; Magré et al., 2001; Szymanski et al., 2007), namely
Berardinelli-Seip lipodystrophy, the most common form of autosomal recessive lipodystrophy.
Moreover, due to the several functional associations with other organelles, malfunction of LDs has
also potential relevance to human disorders including cancer and degenerative neurologic diseases

(Lodhi & Semenkovich, 2014; H. Wang et al., 2016).
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1.2. Seipin

Seipin is a homo-oligomeric integral

Core-sequence C-domain

membrane protein with short N- and C- i A 5 1 ‘

terminal segments in the cytosol, two  hSeipin o] —————— —
transmembrane (TM) helices, and an FLD1 H

evolutionarily conserved ER luminal domain T™MD T™MD

(Lundin et al., 2006), that is present at the ER
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loop

sites (Fig. 2) (Binns, Lee, Hilton, Jiang, &

Goodma.n, 2010; Cartwright & Goodman, RRRR Rﬂmﬂ ﬂﬁﬂﬂ%ﬂ
2012; Sim, Talukder, et al., 2013). Although gggg gggg% ggg%%

its function is not completely understood,
Seipin is a central player in LD formation, Figure z.NchL ematic ciagrams of Seipin structre. a] D;}%‘?ﬂi
since mutations in Seipin lead to aberrant LD g ,cture aligned of human Seipin and yeast orthologue Fid1p. b]
biogenesis, morphology, and dynamics in a Protein structure of human Seipin with both N-and C-termini in the
variety of cells (Fei et al., 2008; Grippa et al., cytosol, two transmembrane. domains. embedded in the ER
membrane and a conserved ER Iluminal loop (adapted from Wee,
2015; Salo, Belevich, Li, Karhinen, Vihinen, yans sugi, & Han, 2014).
Vigouroux, Magré, Thiele, Holtta-Vuori, et al., 2016; Szymanski et al., 2007; C.-W. Wang, Miao, &
Chang, 2014; H. Wang et al., 2016; H. Wolinski, Kolb, Hermann, Koning, & Kohlwein, 2011).
The Seipin protein is encoded by the gene Berardinell-Seip congenital lipodystrophy type 2
(BSCL2), which was initially identified by missense mutations leading to a rare but severe form of
congenital generalised lipodystrophy (CGL) with the same name (Magré et al., 2001) (see section
1.2.1). These mutations occur mainly in the ER luminal region, suggesting that this portion of the
protein is crucial for its function. Accordingly, the gene was originally identified in mammals and
fruit fly (Magré et al., 2001), then was described in fungi and plants (Fei et al., 2008; Szymanski
et al., 2007). The Seipin homologue in S. cerevisiae is Fld1p, more recently known as Seilp (Fei
et al., 2008; Fei, Shui, et al., 2011). The orthologs share a central region of about 250 amino
acids, conserved in secondary structure, which corresponds to two transmembrane domains and
a large ER luminal loop (Fig. 2) (Agarwal & Garg, 2004; Lundin et al., 2006; C.-W. Wang et al,,
2014). However, in budding yeast, the Seipin function is only complemented when Fid1p

assembles together with Ldb16p, a transmembrane protein in the ER, producing a functional

complex (Fei et al., 2008; Szymanski et al., 2007; C.-W. Wang et al., 2014). The stability of Ldb16p

11



requires Fld1p since Ldbl6p is subjected to ER-associated degradation in absence of Fld1p. In
contrast, Fld1p is stable in absence of Ldb16p but not functional (C.-W. Wang et al., 2014).
Recently, using cryo-electron microscopy a structure of the functionally conserved luminal
domain of Drosophila melanogaster Seipin revealed that Seipin, in this model, forms a dodecamer,
with each monomer positioning a hydrophobic helix near the ER bilayer and having a 3-sandwich
domain with similarity to lipid-binding proteins, as Niemann-Pick type C2 protein (NPC2) (Sui et
al., 2018; Sujuan Xu, Benoff, Liou, Lobel, & Stock, 2007). This structure suggests a new model

for the molecular mechanisms of Seipin in LD biogenesis.

1.2.1. Seipin function on lipid droplet biogenesis

Seipin is a key regulator of LD cellular dynamics by assisting on their biogenesis and maturation
(Cartwright et al., 2015; Grippa et al., 2015; C.-W. Wang et al., 2014; H. Wang et al., 2016).
However, the specific molecular mechanism in which Seipin is involved and how is still unclear. In
yeast, fly and mammalian cells, Seipin is found at dispersed foci in the ER that are recruited to and
stabilized at sites of nascent LD formation, suggesting that Seipin contacts with the small, newly
formed LD and enable them to grow as normal (Grippa et al., 2015; Salo, Belevich, Li, Karhinen,
Vihinen, Vigouroux, Magré, Thiele, Holtta-Vuori, et al., 2016; C.-W. Wang et al., 2014; H. Wang et
al., 2016).

In absence of Seipin, cells display an aberrant LD morphology phenotype of tiny and clustered
LD aggregates, possibly due to failed growth and premature budding (Salo, Belevich, Li, Karhinen,
Vihinen, Vigouroux, Magreé, Thiele, Holtta-Vuori, et al., 2016; H. Wang et al., 2016; S. Wang et al.,
2018), or a reduce number of supersized LDs (sLD), which likely result of coalescence of smaller
LDs (Fei et al., 2008; Grippa et al., 2015; Salo, Belevich, Li, Karhinen, Vihinen, Vigouroux, Magreé,
Thiele, Holtta-Vuori, et al., 2016; Szymanski et al., 2007; H. Wang et al., 2016; H Wolinski, Kolb,
Hermann, Koning, & Kohlwein, 2011). The aberrant phenotype depends on the presence or
absence of the phospholipid precursor inositol in the media, respectively (Fei, Shui, et al., 2011).
The growth stage of cells also impacts on the relative distribution of these phenotypes since LD
aggregates predominate in dividing cells, and sLDs are found primarily in stationary phase cells. In
budding yeast, AdiA, /dbi16A and fdiIAldb16A cells exhibit the same two LD phenotypes in the
indicated conditions (Fei et al., 2008; Fei, Shui, et al., 2011; Szymanski et al., 2007; C.-W. Wang
et al., 2014). Consistent with these results, mutations in Seipin promote an increase of NL content
and alterations in phospholipid content, resulting in clustering and formation of supersized LD (Fei
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et al., 2008; Fei, Li, et al., 2011; Jiang et al., 2014; L. Liu et al., 2014; Szymanski et al., 2007;
Tian et al., 2011). In contrast, in wild-type cells, increased NL often lead to an increase in the
number but not the size of LD (Fei et al., 2008). Nevertheless, it is known that Seipin deficiency
increases PA levels, which may contribute to LD fusion (Fei, Shui, et al., 2011), explaining the
supersized LD in mutated cells.

H. Wang and colleagues (2016) experiments confirmed, using insect and human cells, that
cells lacking the Seipin protein, in addition to the supersized LDs, have a big amount of tiny dot-
like structures containing TAG, which fail to grow into normal-sized LD and accumulate near the
ER. A few of the numerous small iLD have a different proteome on their surface, promoting a
different cellular pathway of LD expansion, which turns them into abnormally large LD (H. Wang et
al., 2016). In support of this, lipid synthesis enzymes, such as GPAT4, that are normally found
only on late-forming eLD are aberrantly targeted to iLD at early time points, in Seipin-deficient cells.
This mislocalisation is crucial for the development of the supersized LD phenotype at later time
points. Grippa and colleagues (2015) observed the same results in S. cerevisiae and showed that
the Fld1p/Ldb16p complex is required for the identity of LD. In the absence of this complex,
incorporation of PL into the monolayer of growing LD is entirely dependent on the ER phospholipid
pools, leading to the generation of membrane defects and abnormal localisation of LD and other
lipid-binding proteins, as a consequence of abnormal ER-LD contact sites. The stabilisation of ER-
LD contact sites by the Fld1p/Ldb16p complex then establishes a diffusion barrier necessary for
normal LD morphology and identity, facilitating the transference of protein and lipid cargo between
LD and ER (Salo, Belevich, Li, Karhinen, Vihinen, Vigouroux, Magré, Thiele, Holttd-Vuori, et al.,
2016). Abnormal ER-LD contacts in Seipin mutants also change the type of phospholipids in the
monolayer, reduce efficient targeting of LD-specific proteins and increase the packing defects in
the LD monolayer, as detected by the unspecific recruitment of amphipathic helix-containing
proteins (Grippa et al., 2015; Salo, Belevich, Li, Karhinen, Vihinen, Vigouroux, Magré, Thiele,
Holtta-Vuori, et al., 2016; C.-W. Wang et al., 2014).

In ER-LD contact sites, Seipin also regulates the lipid metabolism (Boutet et al., 2009; Fei et
al., 2008; Fei, Li, et al., 2011; Fei, Shui, et al., 2011; Sim et al., 2013; Szymanski et al., 2007,
Tian et al., 2011; Wolinski et al., 2015). For instances, the metabolism of PA, acting as a
scaffolding protein recruiting PA-metabolism enzymes (Sim, Dennis, et al., 2013; Talukder, Sim,
O’Rahilly, Edwardson, & Rochford, 2015) as well as controlling PA levels by inhibiting GPAT (Pagac

et al., 2016). This regulation of PA levels is important because PA is a cone-shaped phospholipid
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that facilitates LD fusion (Barneda et al., 2015; Fei, Shui, et al., 2011) and could be accommodated
in the regions of negative membrane curvature associated with LD budding (Thiam et al., 2013).

Based on the recent Seipin structure, a new more detailed model for LD biogenesis was
proposed (see section 1.2.1.). In this model, Seipin forms an oligomeric complex in the ER that
moves throughout the reticular network in the absence of LDs. Seipin complexes may recognize
the phospholipid packing defects at lipid lenses by binding via their many amphipathic and
hydrophobic hairpins located at the cytoplasmic N- terminus and in the ER lumen, respectively.
Subsequently, a Seipin oligomer becomes localised to a neutral lipid lens (H. Wang et al., 2016).
As nascent LDs grow toward the cytosol, Seipin may anchor the nascent LD to the ER and allow
maintenance of the ER-LD connection to enable LD growth and prevent nascent premature
severing as found with Seipin deficiency (Grippa et al., 2015; Salo, Belevich, Li, Karhinen, Vihinen,
Vigouroux, Magré, Thiele, Holtta-Vuori, et al., 2016; H. Wang et al., 2016).

In conclusion, Seipin is crucial for proper LD biogenesis because it recognizes, is recruited to,
and stabilizes sites of nascent LD formation. During LD growth it regulates the diffusion of proteins

and lipids between the two organelles, contributing, also to LD budding.

1.2.2. Seipin and Pex30p coordinate organelle biogenesis

Given that Seipin is a crucial protein for efficient LD biogenesis, but its function remains unclear,
Carvalho and collaborators (2018) searched for proteins that would compensate for Seipin loss by
being enriched at LDs, in budding yeast. Pex30p, a dysferlin domain-containing peroxin, ER
membrane-shaping protein, and involved on peroxisome biogenesis, was identified as a
collaborator of the Seipin complex in the biogenesis of LDs since it accumulates at the proximal
LD regions in absence of Seipin. Likewise, Pex30p also localises to LDs in situations of high
demand for LD production, as upon oleate addition (S. Wang et al., 2018). In yeast, de novo
peroxisome biogenesis, like LD biogenesis, involves the budding of membrane-bound pre-
peroxisomal vesicles from specific ER domains (Joshi et al., 2016; Mast et al., 2016). These PPV-
budding sites are enriched in Pex30p but their exact composition and mechanism of formation are
unknown (Joshi et al., 2016). Curiously, the ER subdomains where Pex30p is present correspond
to sites where most nascent LDs form and where mature LDs usually remain associated with

Pex30p subdomains. Therefore, the same Pex30p subdomain can simultaneously associate with
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a LD, a PPV or a peroxisome, revealing a coordinated biogenesis of LDs and peroxisomes (Wang
et al, 2018; Joshi et al, 2018).

In the absence of Pex30p and the Seipin complex, budding of both LDs and peroxisomes is
inhibited, leading to the ER accumulation of their respective constituent molecules, such as
triacylglycerols and peroxisomal membrane proteins (S. Wang et al., 2018). Regarding LDs, the
accumulation of TAG promotes the formation of aberrant dispersed structures in the ER that
corresponds to extra ER membranes enriched in TAG in their intramembrane space. Cells in
absence of Pex30p and the Seipin complex also present a strong growth defect that cells with
Seipin deletion in conjunction with genes essential for peroxisome biogenesis, such as Pex3p and
Pex19p, did not show, indicating that the growth defect was not due to a general loss of peroxisomal
function. These double mutants exhibit dramatic lipidome remodelling, with a strong increase in
PC and PI, and to a lower extent, DAG levels (S. Wang et al., 2018). Since this phenotype can be
reversed by remodelling ER phospholipid composition, Pex30p and Seipin can be involved in LD
budding by regulating the lipids and proteins present in the ER membrane. However, neither Seipin
nor Pex30p appear to modify lipids directly, considering that individual deletions of Seipin or
Pex30p do not result in major global changes in lipid composition (S. Wang et al., 2018). By
regulating the lipids and proteins present in the membrane, the ER leaflet tension is regulated and,
consequently, the LD budding process. In conclusion, Pex30p and Seipin act in concert to organize
membrane domains permissive for organelle budding with a lipid composition distinct from the

bulk ER.
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1.3. Dysferlin domain-containing peroxins family

Peroxisomes are membrane-enclosed organelles which contain a matrix of enzymes involved in
diverse metabolic reactions, such as oxidative reactions involved in energy metabolism. Therefore,
they are highly regulated to response the cell needs and external signals (Smith & Aitchison, 2013).
However, the molecular mechanism which describes the phenomenon of peroxisomes biogenesis
is a big controversial topic. In fungi, the number of peroxisomes increases dramatically in response
to distinct carbon and nitrogen sources. This property turned out to be of key importance for the
identification of genes required for the formation and maintenance of this organelle. Using several
species of fungi, 33 genes of peroxisomal biogenesis factors, also known as peroxins (PEX) were
found. The corresponding peroxins are involved in widely distinct aspects of organelle biogenesis,
such as matrix protein import, membrane biogenesis, proliferation, and inheritance. Among them,
Yarrowia lipolytica (Y. lipolytica) Pex24p (YIPex24p) was isolated and characterized as a protein
required for peroxisome assembly (Tam, Rachubinski, & Gene, 2002). Later, Saccharomyces
cerevisiae Pex28p (Pex28p) and Pex29p were reported as its orthologs because they share
extensive similarity among their protein sequences as well a role in the regulation of peroxisome
number, size, and distribution (Vizeacoumar, Torres-guzman, Tam, Aitchison, & Rachubinski,
2003). The same happened between YIPex23p and Pex30p, Pex31p and Pex32p (Vizeacoumar,
Torres-Guzman, Bouard, Aitchison, & Rachubinski, 2004). In Y. /jpolytica, Pex23p and Pex24p,
have been shown to be essential for cell growth in the presence of oleic acid, which requires
peroxisomes for its metabolism, leading to accumulation of numerous small pre-peroxisomal
vesicles or a few enlarged peroxisomes, respectively (Brown, Titorenko, & Rachubinski, 2000; Tam
et al., 2002). Their homologues in S. cerevisiae are also associated with the number and size of
peroxisomes due to cells with single gene deletions of pexZ8, pex31, or pex32 have fewer and
slightly enlarged peroxisomes, whereas a single deletion of pex29 or pex30 results in increased
numbers of smaller peroxisome (Vizeacoumar et al., 2004, 2003).

Pex30p is the founding member of the family dysferlin domain-containing peroxins, also
including Pex28p, Pex29p, Pex31p and Pex32p. These five proteins, whose genes are dispersed
in different chromosomes, share the same protein domain and domain architecture since all
contain a reticulon-homology domain (RHD) and a dysferlin domain (DysF). All five proteins were
only identified in yeast and act together in a complex (T. Ito et al., 2001; Mast et al., 2016;

Vizeacoumar et al., 2004, 2003), known as the Pex30-anchoring complex. The reticulon-homology
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domain-containing proteins, Rtnlp, Rtn2p, and Yop1p, interact with the Pex30-anchoring complex
creating a contact site to facilitate ER-peroxisome interactions (David et al., 2013).

Regarding lipid droplet biogenesis, Pex30p cooperates with the seipin complex for efficient LD
budding, since pex304fdiA or pex304/db16A cells exhibited strong growth defect. However,
mutants with combined deletion of one of the components of the Seipin complex with pex284,
pex29A, pex31A or pex32A grow at wild-type rate. In addition, with no dysferlin domain-containing
peroxin besides Pex30p was described as involved in lipid droplet biogenesis. However, several
experiments have been reported that these proteins interact with important factors of diverse
cellular processes, such as chromosome segregation (Logan et al., 2008; Pinsky et al., 2006) or
plasma membrane composition (Miller, Zhang, Jiang, Li, & Pugh, 2018). Moreover, their function
regulating peroxisome abundance and size is quite explored, allowing to understand that their
abundance, stability and function is responsive to different nutrients or metabolic status (M. Yan,
Rachubinski, Joshi, Rachubinski, & Subramani, 2008). In S. cerevisiae Pex28p and Pex29p are
described to interact with Pex25p (Vizeacoumar et al., 2003), a nutrient-responsive transcripts

target of the major regulator of stress responses, the complex Ccr4 (Miller et al., 2018).

1.3.1. Pex30p domains

Pex30p contains a reticulon-homology domain with ER membrane-shaping properties (Joshi et
al., 2016), which is required for normal peroxisome biogenesis (David et al., 2013; Mast et al.,
2016; Vizeacoumar et al., 2004; M. Yan et al., 2008), and a dysferlin domain that may bind DAG
(Joshi et al., 2018; Vizeacoumar, Vreden, Aitchison, & Rachubinski, 2006; M. Yan et al., 2008).

Reticulon-homology domain

Proteins containing a reticulon-homology domain are present in all eukaryotic organisms, but
they were not described yet in archaea or bacteria (Nziengui et al., 2007; Oertle, Klinger, Stuermer,
& Schwab, 2003; Shibata et al., 2010; Voeltz, Prinz, Shibata, Rist, & Rapoport, 2006b). The
vertebrate proteins are designed as reticulons (RTNs) and those found in other organisms are
known as reticulon-like proteins. In mammals, there are four reticulon genes encoding proteins
with RHD, RTN1-4, while yeast contains three conserved reticulon-like proteins, Rtnlp, Rtn2p and
Yopl. Recently, Pex30p and Pex31p were described as reticulon-like proteins because a RHD was
identified and Pex30p and Pex31p restore the functions of reticulon-like proteins (Joshi et al.,

2016).
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The RHD corresponds to two hydrophobic regions, which are thought to be membrane-
embedded regions, flaking a hydrophilic loop. Although much amino-acid identity has been lost
over the course of evolution, the overall structure of this domain has been preserved from yeast to
humans. Across phyla, the second hydrophobic region of the RHD is the most highly conserved (R.
Yan, Shi, Hu, & Zhou, 2006). However, while in mammals the RHD is conserved at the carboxyl-
terminal region of the proteins, in yeast the RHD is found at the amino-terminal region of the
proteins. The topology of this domain is only partially defined, but in mammals, the RHD loop
region has been detected both on the surface of cells and intracellularly, suggesting that the two
hydrophobic regions might span the membrane or form a hairpin. Since Pex30p was described to
localized at the LDs, it may indicate that the RHD forms a hairpin in the LD monolayer.

Both in mammalian and yeast cells, the reticulons are largely restricted to the tubular ER and
are excluded from the continuous sheets of the nuclear envelope and peripheral ER. They maintain
the ER structure by stabilizing high membrane curvature in ER tubules and the edges of ER sheets
since overexpression of these proteins results in the formation of tubular membrane structures and
their absence in S. cerevisiae results in disrupted tubular ER (Voeltz, Prinz, Shibata, Rist, &
Rapoport, 2006a). In addition, the elongated hydrophobic domains predicted to form hairpins in
the outer leaflet of ER membrane may stabilize the membrane curvature (Shibata et al., 2010;
Voeltz et al., 2006a) and these proteins are proposed to form arc-shaped oligomers that scaffold

the membrane (Shibata et al., 2008).

Dysferlin domain

The name of the dysferlin domain present in Pex30p is originated from the human protein
Dysferlin. The protein has been proposed to play a role in vesicle fusion associated with the Caz-
dependent repair of microlesions of the sarcolemmal membrane in skeletal muscle and
cardiomyocytes, since malfunction of this protein is associated with a group of autosomal recessive
inherited late onset progressive muscular dystrophies called dysferlinopathies (Bansal et al., 2003;
Fuson et al., 2014; Hedrich, Sher, Cox, & Ackert-Bicknell, 2012; McNally, 2012). Dysferlin is a
two-anchored membrane protein, which is predicted to include seven C2 domains (C2A to C2G),
three Fer domains (FerA, FerB and Ferl), two DysF (inner and outer) domains, one nested inside
the other, and a C terminal transmembrane domain, but most of the protein is lying in cytoplasm

(Sula, Cole, Yeats, Orengo, & Keep, 2014).
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Dysferlinopathy causing mutations are dispersed throughout the length of the protein, but the
region of the DysF domains deserve attention (Aartsma-Rus, Van Deutekom, Fokkema, Van
Ommen, & Den Dunnen, 2006). By gene duplication, one DysF domain is inserted into other DysF
domain, producing an inner DysF domain and an two-part outer DysF domain (N terminal and C
terminal) (Ponting, Mott, Bork, & Copley, 2008). The human myoferlin, dysferlin paralogue, inner
DysF domain structure was solved by nuclear magnetic resonance and shows folding of two long
antiparallel beta strands connected by a long loop that caps the sheet edges in certain sections
(Patel et al., 2008). The high-resolution structure of human dysferlin inner DysF domain revealed
that most of the pathogenic mutations are part of aromatic/arginine stacks that hold the domain
in a folded conformation (Sula et al., 2014).

Pex30p contains a dysferlin domain equivalent to the human inner DysF, organized in two motifs
one at each terminus of the domain (designed by DysFN and DysFC) and separated by a loop.
Based on multiple sequence alignment and supported by structure prediction using PyMol software
(Rigsby & Parker, 2016), the dysferlin domain of Pex30p has a similar secondary structure to the
human dysferlin inner DysF (Fig. 3), since DysFN and DysFC correspond to the highly conserved
B-1 and B-6 strands, respectively, of the human inner DysF (Fig. 4). The major difference between
the DysF domains of the two proteins is the linking loop, namely the sequence between the short

B strands 4 and 5, that are also conserved.

Figure 3. Comparison of DysF domain structures. a] Structure of Human Dysferlin inner DysF domain by X-ray crystallography.
The amino acid sequence alignment in Figure 4 identifies the six beta strands present in this structure (adapted from Sula et al.,
2014). b| Homology model of the DysF domain of Pex29p. The model was generated for the amino acid sequence of Pex29p from
353 to 470 and based on the DysF of human Myoferlin, using the automated protein structure homology-modelling server SWISS-
MODEL (Waterhouse et al., 2018).
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Figure 4. Alignment of DysF domains. Multiple sequence alignment of inner and outer DysF domain of Human Myoferlin, Dysferlin,
Fer115; human Tecprl DysF domains; inner and outer DysF domain of C. elegans Ferl protein, and Yeast Pex30p DysF domain

(adapted from Sula et al., 2014).

1.3.2. MCTP2

The mammalian homolog of Pex30p cannot be identified by protein BLAST. However, when the
structural homology prediction program HHpred was used to identify the closest human homolog
of Pex30, the Multiple C2 domain and transmembrane region protein 2 (MCTP2), a protein
containing a reticulon-homology domain, was identified (Joshi et al., 2018). The full-length 878-
amino acid MCTP2 protein has three C2 domains (C2A-C), two transmembrane domains, and a
short cytoplasmic C-terminal tail that includes a 12-residue stretch that is identical in all species
and isoforms. Alternative splicing produces proteins with variable size of the linker between the
C2A and C2B domains and/or that lack the first transmembrane domain. The three C2 domains
share several residues among their amino acid sequences and the same predicted secondary
structure. However, while the C2B domain of MCTP2 lacks two of the five residues required to bind
calcium, C2C showed saturable calcium binding in vitro (Shin, Hau, Wang, & Siidhof, 2005).
Therefore, only C2A and C2C function as calcium binding module, but only in absence of
phospholipids.

The same observations of Pex30p in lipid droplet and peroxisomes biogenesis were made for
MCTP2 (see section 1.2.2.), proposing that sites where MCTP2 resides are relatively stable and
exist before LD biogenesis being induced. They define the sites where proteins that mediate LD
biogenesis assemble (Joshi et al., 2018). Although Pex30p/MCTP2 sites seem to facilitate LD
growth, they are not required since some LDs mature outside of these sites and elimination or

depletion of Pex30p or MCTP2 does not block LD biogenesis (Joshi et al., 2018).
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1.4. Work plan and aims

The present work was developed in the scope of my second year of the Master Course in
Molecular Genetics at the Department of Biology, School of Sciences, University of Minho, Braga.
The experimental work was performed at the Sir William Dunn School of Pathology, University of
Oxford, United Kingdom, under the supervision of the EP Abraham Professor of Cell Biology Pedro

Carvalho.

The work comprised the following tasks:

a) Determine the localisation of the dysferlin domain-containing peroxins in absence of the
Seipin complex.

b) Examine the function of dysferlin domain-containing peroxins in lipid droplet biogenesis.

c) Assess the involvement of others dysferlin domain-containing peroxins in localisation and
function of Pex30p.

d) Determine the domain of Pex30p involved on its localisation at the lipid droplets;

e) Explore, using genetic editing tools, the role of the reticulon-homology domain and the
dysferlin domain of Pex30p in its function at lipid droplets.

f) Examine the potential of MCTP2 as human homolog of Pex30p.

g) Interpret and discuss the results and evaluate the involvement of the dysferlin domain-

containing peroxins in lipid droplet biogenesis.

The main aims of this project are the determination of factors involved in the functional
difference in lipid droplet biogenesis among the dysferlin domain-containing peroxins and the
elucidation of the molecular and genetic mechanisms involved in localisation and function of
Pex30p in efficient lipid droplet budding, in budding yeast.

This should validate the involvement of dysferlin domain-containing peroxins in lipid droplet
biogenesis and contribute to the understanding of how Pex30p is localised at the lipid droplets in
absence of the Seipin complex and cooperates in lipid droplet budding. Consequently, it should
enhance the knowledge about the regulation of lipid droplet biogenesis in Saccharomyces

cerevisiae and, consequently, in humans.
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2. Material and methods



2.1. Yeast strains and growth

Standard procedures were used to maintain and generate Saccharomyces cerevisiae strains
(Dymond, 2013). All strains used in the experiments present in this document are isogenic to the
BYA741 (MAT a his3A41 leuZA0 met15A0 ura3A0) strain background, derived from the S288C
strain of S. cerevisiae, and are listed in table S1. Cells were grown at 30 °C and assessed in
exponential growth phase at an optical density at A = 600 nm (ODsy) between 0.8-1.2 or in early
stationary phase at 3-4, except when indicated. Unless otherwise stated, all data present in this
document was collect from yeast grown at least overnight in the described conditions after being
thawed from frozen stocks (-80 °C) to verify the phenotype and health of the cells prior to the
experiments.

In most of the procedures, including preparation of competent cells for transformation, prior to
freezing or sporulation, and for general nonselective growth, the strains were cultured in rich yeast
extract peptone dextrose (YPD) medium, but the carbon source, dextrose, was substituted by
glucose (1% yeast extract, 2% bactopeptone, and 2% glucose). After yeast transformation, YPD
media was supplemented with geneticin (G418) (200 pg/ml), nourseothricin (clonNAT) (100
pg/ml) and/or hygromycin (200 pg/ml) to select the transformed cells. Following the same
approach, synthetic complete (0.17% yeast nitrogen base, 5 g/liter ammonium sulfate, 2% glucose,
and amino acids) medium customized with a ‘drop-out’ mix, namely leaving out amino acids
and/or other supplements for which selective growth is required, was used to select the
transformed cells. The mentioned media were used as liquid or solid, when prepared with agar.

Endogenous protein tagging, promoter replacements, and individual gene deletions were
performed using standard polymerase chain reaction (PCR)-based homologous recombination (HR)
(Janke, Magiera, Rathfelder, Taxis, & Reber, 2004; Longtine, lii, Demarini, & Shah, 1998) and
lithium acetate transformation. Strains with multiple gene deletions or multiple genetic
modifications were generated either by PCR-based homologous recombination or by crossing
haploid cells of opposite mating types followed by sporulation and tetrad dissection using standard
protocols. In all these strains generated directly or indirectly by PCR-based homologous
recombination coding sequences for drug resistance or synthesis of an amino acid, for which cells
were previous auxotrophic, were introduced in the edited genome to select the transformed cells.
To avoid the introduction of these sequences during genome editing, a protocol using a clustered

regularly interspaced short palindromic repeats (CRISPR)-based tool was developed (see section
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2.2.1.). Using this genome editing tool, full gene and gene fragment deletions, gene fragment

replacements (designed posteriorly as chimeras) and nucleotide substitutions were performed.

2.1.1. Yeast transformation using CRISPR-based genome editing

CRISPR-Cas9 technology is an important tool for genome editing since the Cas9 endonuclease
can induce targeted DNA double-strand breaks. Targeting of the DNA break is typically controlled
by a single-guide RNA (sgRNA) - a small nucleotide guide sequence that hybridizes to the genomic
DNA target. Previous studies used CRISPR-Cas9 technology for efficient, marker-free genome
editing in S. cerevisiae, but the protocols were extensive and complex. Laughery and colleagues
(2016) developed a vector for easy and rapid cloning and utilization during yeast transformation.
In the experiments present in this document, the plasmid pML107 (Laughery et al., 2016) was
used but their methods were adapted, as described below. In general, this genome editing system
is based in the standard yeast transformation protocol with lithium acetate with homologous
recombination (H. Ito, Fukuda, Murata, & Kimura, 1983). However, the cells were transformed
simultaneously with a vector (100 ug), expressing the Cas9 machinery and specific sgRNAs, and
a homologous recombination template (5 pg). Therefore, the sgRNA indicates the /focus where
Cas9 should induce DNA double-strand breaks, which induces DNA repair by homologous
recombination. Considering that this genome editing approach does not introduce selection
markers in the genome, the transformed cells were selected through the selection marker in the

vector, that cells could lose when they were not in selection medium.

The plasmid

Initially, the plasmid pML107 was transformed into dam/dcm- competent Escherichia coli
bacteria cells to avoid methylation at Bc// digestion restriction site, and single colonies were
selected in Luria-Bertani (LB) medium supplemented with ampicillin (100 ug/mL). After DNA
extraction, the plasmid was digested with Bc//and S, following by a standard restriction digestion
protocol.

To design the guide RNA sequence, which is inserted into the vector, a 20-base par sequence
with higher off-target at the /focus of interest was selected by using the online software Benchling
(“Benchling (Biology Software),” 2018). Considering that the Cas9 encoded in the vector is from
Streptococcus pyogenes, it requires a 5-NGG-3' protospacer adjacent motif (PAM) sequence for
efficient cleavage, although 5'- NAG-3' PAM sites can be cleaved with less efficiency (Hsu et al.,
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2013; Hsu, Lander, & Zhang, 2014; Wenyan Jiang, David Bikard, David Cox, Feng Zhang, 2013).
After defining the sequence for the guide RNA, the software developed by Laughery et al., (2016)
was used to design the sgRNA fragment, since it corresponds to a chimeric RNA sequence
containing a structural segment important for Cas9 binding and the 20-base par nucleotide guide
sequence. Posteriorly, the nucleotide fragment was synthesized as double-strand and inserted into
the digested plasmid by standard DNA ligation. The resulting vector was transformed into NEB
stable competent £. co/i and the single colonies were selected in LB medium supplemented with
ampicillin (100 ug/mL). Positive colonies were selected, and the insertion of the sgRNA into the

extracted plasmid was confirmed by sequencing.

The homologous recombination template

When used for full gene or partial gene deletion, a 200-base par nucleotide, correspondent to
100-base par nucleotide sequence before and after the sequence to be deleted, was synthesized.
For single nucleotide substitution, the HR template was designed by including about 200-base par
of the /ocus of interest, making sure that the mutated nucleotide was in the centre of the template.
For gene fragment replacement, the HR template was obtained by amplification of the sequence
to be inserted into the genome with primers containing at least 65-base par of recombination with
the flanked regions of the /ocus being editing. The amplified sequence was previously obtained
from total yeast genomic DNA or complementary DNA (cDNA) obtained from other organism of
interest. Instead, this HR template can also be synthesized. When designing the HR template, it
also included a nucleotide substitution in the PAM sequence to assure that Cas9 do not continue
breaking the genomic DNA because that is lethal. For all experiments, the HR template was

amplificated by PCR to increase the DNA concentration before transformation.

2.2. Reagents

The plasmid pML107 (Laughery et al., 2016), used for CRISPR genome editing, was purchased
from Addgene. The total cDNA library of U250 glioma cell line was a kind gift from Adam Grieve
(Sir William Dunn School of Pathology, University of Oxford, United Kingdom).

The bacteria cells NEB Stable Competent £. co/i and dam-/dcm- Competent £. coli were

purchased from New England Biolabs Inc.
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The fluorescent lipid droplet dye 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-
indacene, known as Bodipy“s, was purchased from Invitrogen and used at a final concentration
of 1 ug/ml, while monodansyl pentane (MDH) was purchased from Abgent and used at 0,1 mM.

The anti-Pex30 antibody (rabbit) was a kind gift from William Prinz (National Institute of Diabetes
and Digestive and Kidney Diseases, NIH, Bethesda, United States of America), the anti-Pgkl
antibody (mouse monoclonal clone) was purchased from Life Technologies and the anti-HA
antibody (rat monoclonal clone; 3F10) was purchased from Roche. The anti-rabbit or anti-mouse

secondary antibodies peroxidase conjugated were purchased from Jackson ImmunoResearch.

2.3. Structure prediction

HHpred is a software used for automated protein homology detection and structure prediction.
When a homologous protein can be identified with known structure, this can be used as a template
to model the 3D structure of the protein of interest, since even remotely homologous proteins
generally have quite similar 3D structure (Kinch & Grishin, 2002). Using Pex30p protein sequence
as single query sequence, the reticulon-homology domain and the dysferlin domain were predicted,
based on the homology with the reticulons (Rtnlp and Rtn2p) and the human Dysferlin protein,
respectively. Posteriorly, the RHD and DysF of the remaining dysferlin domain-containing peroxins
(Pex28p, Pex29p, Pex31p and Pex32p) were predicted, based on the same proteins in addition to
Pex30p. To confirm the domains limits, the domain architecture of Pex30p was also analysed by

SMART (Letunic & Bork, 2018) and Pfam (Finn et al., 2016), two domain family resources.

2.4. Fluorescence microscopy imaging

Images from all experiments were captured using a Zeiss Cell Observer HS equipped with a
CMOS camera (Hamamatsu ORCA-Flash4.0), fitted with a Plan-APOCHROMAT 100x 1.4 objective
and controlled by 3i Slidebook 6.0 software (Intelligent Imaging Innovations, UK). BODIPY#=: and
green fluorescent protein (GFP), MDH and tandem dimer Tomato (tdTomato) signals were detected
using GFP, DAPI and RFP filters, respectively, with standard settings. All imaging was performed
at room temperature with live non-fixed cells. Moreover, for each image 11 z-planes were obtained,
but only one representative z-slide was exhibited in this document.

Before analysis of the microscopy data, the intensity signal from GFP, DAPI and RFP channels

were deconvoluted using the No Neighbours algorithm. Deconvolution is a quantitative method to
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improve the information content of a 3D image because it uses an algorithm to determine and
correct the systematic error of blur - the loss of contrast in smaller features - in optical systems
such as fluorescence microscope. By determining the expected out-of-focus light for the used
system, it redistributes the light to its points of origin in the specimen. The characterization of out-
of-focus light is based on the 3D image of a point source of light, the so-called point-spread function
(PSF) (Abraham, Allan, & Levings, 2010). No Neighbours deconvolution is a deblurring algorithm
characterized by its computing speed. It works by boosting only the higher spatial frequencies in
the specimen. After deconvolution, each channel range levels were renormalized in all images, to
allow qualitative and quantitative relative analysis. All the microscopy images treatment and
analysis were performed using 3i Slidebook 6.0 software.

The colocalization analysis of the lipid droplet signal, Bodipy, and the signal of the protein of
interest, tdTomato, was performed by manually create a signal mask defined by intensity levels
which recognize only lipid droplets of both wild-type and Seipin mutant cells in most of the z planes.
Then, by using the Mask Statistics tool of 3i Slidebook 6.0 software, the Pearson’s correlation
coefficient was calculated. This coefficient calculates the correlation of intensity between the
channels of interest and varies between -1 and 1, where 1 means complete correlation, -1 implies
anti-correlation and 0.0 signifies no matching trend in intensities (Manders, Verbeek, & Aten,
1993). In each microscopy field, the mask identified several objects and the objects correspondent
to lipid droplets were selected based on the ratio between the major and minor axis length. Only
objects with a ration between 0.8 and 1.2 were considered lipid droplets due to their spherical
form. For statistical analysis, 50 objects (one per cell) were scored per condition and genotype
from multiple microscopy fields and analysed by GraphPad Prism 7 (La Jolla, United States of
America). To confirm the Pearson’s correlation result, line intensity graph was drawn in ten cells

of each condition and genotype, but only one example was shown.

2.5. Yeast growth assays

For comparison of cell growth, after a preculture overnight, cells were grown to exponential
phase (ODge= 0.5-0.8) in YPD, diluted to OD4,0f 0.1 followed by 10-fold serial dilutions. Diluted
cells were spotted on YPD plates and incubated at 25 °C, 30 °C and 37 °C for two days.
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2.6. Whole-cell extracts and western-blot analysis

For whole-cell extracts, cells were grown to exponential phase in YPD (ODg=0.8-1.2) and 1
ODxy, units of cells were pelleted. These cells were washed with phosphate-buffered saline solution
(PBS), and the extracts were prepared by alkaline extraction (250 uL of 0.015M NaOH) on ice for
10 minutes. After centrifugation at maximum speed for 2 min at 4 °C, the pellet was resuspended
in 1x Laemmli sample buffer and heated at 65 °C for 10 minutes. Proteins were separated by
SDS-PAGE Criterion TGX™ pre-casted gels (BioRad), transferred to polyvinylidene difluoride (PVDF)
membrane and analysed with the indicated antibodies. Anti-rabbit or anti-mouse secondary
antibodies peroxidase conjugated (1:10000) were used and visualized with the Western Lightning™

Chemiluminescence Reagent Plus (PerkinElmer).

2.7. Statistical analysis

Data for all microscopy experiments were generated from at least three independent
experiments and cells were randomly selected. For colocalization analysis, the Pearson’s coefficient
between green and red intensity was measured using the 3iSlidebook 6.0 software. For each
experiment, 50 cells were scored per condition and genotype from multiple microscopy fields.
Distributions were present in box and whisker plot, where the box covers the 25» and 75
percentiles, the whispers mark the highest and lowest values and the median is also indicated.
Statistical significance and P-value were calculated in GraphPad Prism 7 using One-way ANOVA
and the multiple comparison procedure Dunnett's test. Previously, all samples were tested for
normality, using D’Agostino-Pearson and Shapiro-Wilk test, and homogeneity of variances, using
Bartlett’s test.

Growth assay data resulted from at least two independents replicates.

Protein levels data resulted from at least two independents replicates of whole cell extracts and

western-blot analysis.
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3. Results



3.1. Functional comparation of the dysferlin domain-containing peroxins in lipid

droplet biogenesis

In budding yeast, during lipid droplet (LD) biogenesis, Pex30p, a dysferlin domain-containing
peroxin with endoplasmic reticulum (ER) membrane-shaping function, cooperates with the Seipin
complex, constituted by Fld1p and Ldb16p (Joshi et al., 2018; S. Wang et al., 2018). The Seipin
complex is crucial for proper LD biogenesis, since its absence results LD aggregates or supersized
LD. Therefore, mutant cells with combined deletion of one of the Seipin complex members and
Pex30p exhibit an aberrant LD phenotype, as a result of defected LD budding (Fei et al., 2008;
Grippa et al., 2015; Salo, Belevich, Li, Karhinen, Vihinen, Vigouroux, Magré, Thiele, Holtta-Vuori,
et al.,, 2016; H. Wang et al., 2016). This phenotype corresponds to a reduced number of LDs
surrounded by highly convoluted ER membranes enriched of neutral lipids in their intramembrane
space (S. Wang et al., 2018). In addition to the LD phenotype, the combined deletion of one of the
Seipin complex members and Pex30p resulted in a cell growth defect. However, mutants with
combined deletion of Fld1p/Ldbl6p and another member of the dysferlin domain-containing
peroxin family (Pex28p, Pex29p, Pex31p or Pex32p) grow at normal rate, meaning that efficient

LD budding occurs independently of these proteins (S. Wang et al., 2018).

3.1.1. Dysferlin domain-containing peroxins concentrate at lipid droplets in

absence of the Seipin complex

The findings described above had motivated us to study the functional difference between
Pex30p and the remaining members of its protein family, since the five proteins share the same
functional domains and domain architecture (Fig. 5a). First, we hypothesized that Pex28p, Pex29p,
Pex31p and Pex32p could cooperate with the function of the Seipin complex and localise to the
LDs in absence of the Seipin complex, similarly to Pex30p (S. Wang et al., 2018). To test this
possibility, we performed fluorescence microscopy experiments to investigate the localisation of
endogenously expressed Pex28p, Pex29p, Pex30p, Pex31p and Pex32p fused to the tandem dimer
Tomato (tdTomato) fluorescent protein in wild-type (WT) and Seipin mutant cells (#dZA and
ldb164). In these experiments, LDs were detected by staining with the neutral lipid-specific dye
Bodipy. In WT cells, the five proteins localised non-uniformly throughout the ER (Fig. 5b), as
previously reported for Pex30p (S. Wang et al., 2018). In contrast, #idA and /dbi6A cells showed

the typical supersized LD phenotype with a dramatic enrichment of all tdTomato-fused peroxin
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proteins in LD-proximal regions, as demonstrated by the overlap of the intensity graphs between
Bodipy and tdTomato signals and the increase in the coefficient of Pearson's correlation (Fig. bb,
¢, and Supplementary Fig. S1). The localisation of these peroxins at the LD-proximal regions was
observed during all growth stages. Thus, in the absence of the Seipin complex, all the dysferlin

domain-containing peroxins specifically accumulates at ER-LD contacts.

3.1.2. Pex30p has a unique function at the lipid droplets among the dysferlin

domain-containing peroxins

Although the other dysferlin domain-containing peroxins showed a similar pattern of localisation
to Pex30p in the absence of the Seipin complex, they had no effect on LD budding since double
mutants of fld1/1db16 and pex28/pex29/pex31/pex32 had no defect in their growth rate (S. Wang
et al., 2018). Therefore, we speculated that this functional difference may arise from their lower
endogenous protein levels compared to the protein level of Pex30p, which is markedly higher in
cells in exponential phase (Fig. 6a). Thus, we hypothesized that these five proteins could share the
same function at the LDs, which as observed for Pex30p, in cooperating with the Seipin complex.
However, only the absence of Pex30p, but not the other peroxins, was sufficiently strong to
influence the growth rate and the LD phenotype due to its higher homeostatic protein levels. To
this end, we decided to analyse whether overexpression of Pex28p, Pex29p, Pex31p or Pex32p
would compensate for the absence of Pex30p and rescue the cell growth defect phenotype, as well
as the aberrant dispersed Bodipy structures, in pex3047dIA and pex30A/dbi6A cells. Thus, we
analysed the growth rate, by spotting assay, and the LD phenotype, by fluorescent microscopy, in
cells expressing Pex28p, Pex29p, Pex31p and Pex32p under the strong glyceraldehyde-3-
phosphate dehydrogenase promoter (GPDpr), amino-terminal (N-terminal) fused to the protein HA
(GPDpr-3HA-Pex28/Pex29/Pex31/Pex32).

In cells overexpressing Pex28p, “WT" cells and all the single mutants (#diA, /dbi6A and
pex304) strains exhibited similar growth rate as the WT cells (Fig. 6b), and the expected LD
phenotypes for the corresponding genotypes (Fig. 6d). Intriguingly, overexpression of Pex28p in
double mutant (pex3047fdIA and pex30A/db16A) cells exhibited and intermediate phenotype,
whereby these cells grew slower than the WT cells, but faster than a double mutant strain with WT
levels of Pex28p (Fig. 6b). The cell growth defect was observed at 30 °C and 25 °C and was much
exacerbated at 37 °C. However, in this case, this experimental method revealed to be inadequate
to analyse effects on growth rate, given that the spotting assay is not extremely sensitive for small
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differences in growth rate. Nevertheless, since these strains were obtained by haploids crossing,
we observed the existence of three different sizes of spores after the dissection (Fig. 6¢), which are
associated to the three different growth rates we observed: the WT size (phenotype 1), which
correspond to the wild-type and single mutant cells; the cell growth defect size (phenotype 3)
correspondent to the double mutant cells with normal levels of Pex28; and the intermediate size
(phenotype 2), which correspond to the double mutant cells overexpressing Pex28. While we
observed slight improvement in growth rate, double mutant cells overexpressing Pex28 exhibited
the aberrant Bodipy staining, typical of the double mutants (pex3047d 1A and pex304/db164) cells
(Fig. 6d), indicating that the function of Pex30p during LD budding cannot be compensated by
Pex28p. We observed the same phenotypes in the strains overexpressing Pex29p (Fig. 6d).
Nonetheless, unexpectedly the single mutants #dIA and /dbil6A overexpressing Pex29 also
showed a cell growth defect and the highly convoluted ER membranes stained by Bodipy, which is
the distinctive phenotype of a double mutant (pex30AfidIA and pex30Aldb164). Based on this
observation, we asked whether overexpression of Pex29p was affecting normal accumulation of
Pex30p at the LDs in the absence of the Seipin complex or if overexpression of Pex29p was
promoting localisation of Pex30p to another specific cell subdomain. To this end, we fused the
functional endogenously expressed Pex30p to the tdTomato fluorescent protein (Pex30-tdTomato)
in strains overexpressing Pex29p. When compared to the WT cells in exponential phase, we
observed that in cells with deletion of one of the components of the Seipin complex Pex30p was
not localised throughout the ER. In contrast, Pex30p was concentrated in a specific cell subdomain
that is not colocalised with LDs. Preliminary data (not shown) indicated that Pex30p signal may
concentrate at the nuclear membrane-vacuole junction. Therefore, overexpression of Pex29p
prevents Pex30p of localise to the LDs in Seipin mutant cells, explaining the inefficient LD budding
observed even in presence of Pex30p.

Yeast strains overexpressing Pex31p and Pex32p also exhibited similar phenotypes to the
observed in pex30A and double mutant strains of GPDpr-3HA-Pex28/Pex29 (Fig. 6b, d). However,
we were not able to obtain single mutant (pex304, fidiA and /dbi6A) strains overexpressing
Pex31p and Pex32p by haploids crossing nor genomic yeast transformation, suggesting that
overexpression of Pex31p and Pex32p in presence of Pex30p may be lethal. These phenotypes
should to be further confirmed with the statistical analysis of the proportions of each spore genotype

obtained after the haploids crossing because the small number of spores dissected was not
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enough. In conclusion, Pex30p has a specific and unique function cooperating with the Seipin

complex during LD budding that is not shared among the remaining proteins of its family.
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the strains overexpressing one of the peroxins. Figure 6. Continued on next page.
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3.1.3. Pex29p regulates the localisation of Pex30p

Although the other dysferlin domain-containing peroxins showed the same localisation
comparatively to Pex30p in absence of the Seipin complex, we showed that they do not share the
same function of Pex30p. Since previous studies have proposed that these five peroxins are
associated in a complex (David et al., 2013; Mast et al., 2016; Vizeacoumar et al., 2003), we
hypothesized that their individual localisation to the LDs was defined by Pex30p presence, and that
other peroxins rather than having an function at the LDs could regulate Pex30p localisation in
specific nutritional states, as well as the cooperation with the Seipin complex or with other
organelles in which Pex30p has also a function. To assess this idea, we explored the localisation
of endogenously expressed Pex30p fused to the monomeric Neon Green fluorescent protein
(Pex30p-mNG) in single mutant cells (pex284 /pex294 /pex31A /pex32A) and in the same mutants
with combined deletion of the proteins members of the Seipin complex. For these imaging
experiments, LDs were detected by fluorescence microscopy in cells stained with the blue
fluorescent lipid-droplet marker MDH. In cells where individual peroxins has been deleted, Pex30p-
mNG localised non-uniformly throughout the ER (Fig. 7a), which is consistent with a previous report
(S. Wang et al., 2018). When combined with Seipin deletions, the absence of these peroxins did

not affect localisation of Pex30p-mNG to the LD and there was no alteration of the characteristic
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Figure 5. Pex29p regulates localisation of Pex30p during stactionary phase. a| Localisation of endogenous Pex30p tagged with

monomeric Neon Green (Pex30-mNG) in WT, pex284, pex294, pex31A and pex32A cells in exponential and b| stationary phase.

White arrows show where Pex30-mNG is located proximal to NVJ. Bar 2 um.
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supersized LD phenotype of dIA and /adb16A cells during the exponential phase (data not shown).
However, when the same strains were analysed in stationary phase, Pex30p-mNG, which in WT
cells partially localises to the nuclear membrane-vacuole junction, exhibited a different phenotype
in pex294 cells. Only in absence of Pex29p, Pex30p-mNG was no more capable of localising and
accumulating at the NVJ in the stationary phase (Fig. 7b). This data revealed that Pex29p

contributes to the regulation of Pex30p localisation in this specific cellular metabolic status.

3.2. Functional characterization of Pex30p in lipid droplet biogenesis

3.2.1. Overexpression of Pex30p has no effect on lipid droplet number and size

Although the function of Pex30p is not completely revealed, it was recently shown to be involved
in the budding of PPVs (Joshi et al., 2016; H. Wang et al., 2016) and LDs (S. Wang et al., 2018)
from the ER, as well as in regulating the size and number of peroxisomes (Vizeacoumar et al.,
2004). Therefore, we hypothesised that Pex30p could regulate abundance and size of LDs,
particularly in the absence of the Seipin complex, since it is known that this complex regulates LD
phenotype and Pex30p cooperates with it during LD budding. To test this, we sought to analyse
the LD phenotype of cells expressing Pex30p under the strong GPD promoter, N-terminal fused to
the protein HA (GPDpr-3HA-Pex30), by Bodipy staining conjugated with fluorescent microscopy. In
both WT and #diA//db16A4 cells, the LD number and size were not affected by increasing amount
of Pex30p (Fig. 8), as described in WT cells in absence of Pex30p (S. Wang et al., 2018). In
addition, the growth rate was not changed by the overexpression of Pex30p (Fig. 8c).

3.2.2. The dysferlin and the reticulon-homology domains cooperate on Pex30p

localisation in absence of the Seipin complex

Previous studies have shown that in the absence of the Seipin complex, Pex30p localises to the
LDs (S. Wang et al., 2018). Based on this information, we hypothesized that discrete domains of
Pex30p would be required for its targeting to LDs. To study this, endogenously expressed C-terminal

truncations of Pex30p were produced, by carboxy-terminal (C-terminal) fusion with the monomeric
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Neon-Green (mNG) fluorescent protein, in WT and Seipin mutant (#dIA//dbiéA) cells. Four
truncations were produced to study the possible contribution of several portions of the protein (Fig.
9a). For studying the involvement of the reticulon-homology domain for Pex30p targeting to the
LDs, we deleted all amino acids from the residue 60 (Pex30460-523) and produced another
truncated protein in which the ER membrane-shaping function of the reticulon-homology domain
is unaffected (Pex304235-523) (Joshi et al., 2016). The protein truncations Pex304 284-523 and
Pex304410-523 were used to study the participation of the dysferlin domain and the C-terminal
portion of Pex30p, respectively, in Pex30p targeting to the LDs. The amino acids corresponding to
each domain were identified by comparison with other proteins and domain prediction using
HHpred (Fidler et al., 2016). The reticulon-homology domain was compared with other yeast
reticulons, namely Rtnlp and Rtn2p. In addition, the dysferlin domain of Pex30p was analysed
together with the human dysferlin protein. The localisation of the proteins and the resultant LD

phenotype was monitored by fluorescent microscopy and staining with MDH.
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In WT cells, all truncated proteins showed similar ER localisation as the full-length Pex30p,
expected for Pex304 60-523, which showed cytosolic localisation (Fig. 9b). This is consistent with
the fact that this truncated protein lacks an integral protein domain to be anchored at the ER
membrane. Similarly, in Seipin deletion background, this truncation protein also exhibited a soluble
distribution. In contrast, the two truncated proteins in which the dysferlin domain was deleted
(Pex304235-523 and Pex304284-523) did not localise to the LDs (Fig. 9b, c). Consistently, the
truncated Pex304410-523, which still contains the dysferlin domain, was localised to the LDs (Fig.
9a, b), confirming that the dysferlin domain is involved in the localisation process of Pex30p to the
LDs in absence of the Seipin complex.

In addition, these strains were analysed in stationary phase and none of them was able to

diffuse to the NVJ, as full Pex30p normally does, indicating that some residues in the carboxy-
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terminal sequence of Pex30p, between amino acids 410 and 523 are in some way involved in the
process of Pex30p diffusion to the NVJ (data not shown).

In conclusion, both the reticulon-homology and the dysferlin domains of Pex30p were required
to its localisation to the LDs in absence of the Seipin complex. The RHD is required for Pex30p be
anchored into the ER and LD membranes, while the dysferlin domain is required to target Pex30p

localisation to the LDs.

3.2.3. The dysferlin domain is essential for Pex30p function in lipid droplet

budding

From the previous experiments, we determined that the dysferlin domain is involved in the
localisation of Pex30p to the LDs. However, these experiments were inadequate to conclude
whether the reticulon-homology domain also participate in targeting Pex30 to the LDs because the
truncation experiment only suggested that the reticulon-homology domain was fundamental for the
protein be anchored in the membrane. To clarify whether both dysferlin and reticulon-homology
domains would be required for Pex30p targeting to LDs, the reticulon-homology domain and the
dysferlin domain were deleted in the endogenously expressed Pex30p (Pex30-red and Pex30-
aysA, respectively) in WT and Seipin mutant background (Fig. 10a). We utilised a CRISPR gene
editing technique to enable deletion of only the amino acids corresponded to the domains of
interest, ensuring that the remaining protein sequence persisted as the wild-type sequence.
Additionally, the localisation of these modified Pex30p was monitored by fluorescent microscopy
due to carboxy-terminal fusion with the tandem dimer Tomato fluorescent protein (Pex30-
tdTomato). In this experiment, LDs were detected by fluorescence microscopy by staining with the
neutral lipid-specific dye Bodipy. In WT cells, full-length Pex30-tdTomato and Pex30-dysA-tdTomato
localised non-uniformly throughout the ER (Fig. 10b), as previously reported (Joshi et al., 2016;
Mast et al., 2016). In contrast, Pex30-reid-tdTomato was not enriched in ER tubules and the edges
of ER sheets anymore instead, it was soluble, what confirms that the reticulon-homology domain
is the only integral domain in Pex30p (Fig. 10b). However, while #diA and /db164 cells showed a
dramatic enrichment of Pex30-tdTomato in ER-LD contact sites (S. Wang et al., 2018), Pex30-adys4-
tdTomato and Pex30-refd-tdTomato were not targeted to the LDs (Fig. 10b). Pex30-adysA-tdTomato
continued distributed non-uniformly throughout the ER and Pex30-reid-tdTomato remain soluble.

As a result of the failed localisation of Pex30p to the LDs, in #idIA and /db16A cells, Pex30-dysA-

42



tdTomato and Pex30-refd-tdTomato strains showed the highly convoluted ER membranes
phenotype (Fig. 10b). These localisation results were observed during all growth stages. Thus, the
reticulon-homology domain is required for the insertion of Pex30p in the ER membrane and,
consequently, for its localisation. In addition, in absence of Seipin, the dysferlin domain is essential

for Pex30p specific accumulation at ER-LD contact sites.
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3.2.4. Endoplasmic reticulum membrane-shaping proprieties of the reticulon-

homology domain of Pex30p in lipid droplet budding

Given that the reticulon-homology domain has ER membrane-shaping proprieties, we decided
to investigate whether this function could be associated with the localisation of Pex30p at the LDs.
To study this, we mutated a conserved residue that was reported as required for the ER-shape
function of any protein with a reticulon-homology domain (Joshi et al., 2016). In Pex30p, this
residue corresponds to a tryptophan in position 94, and it was mutated to cysteine in endogenously
expressed Pex30p fused to the tdTomato fluorescent protein (Pex30W94C-tdTomato). In WT cells,
Pex30W94C-tdTomato localised non-uniformly throughout the ER (Fig. 11a), as previously reported
to the full-length Pex30-tdTomato (Joshi et al., 2016; Mast et al., 2016). In Seipin mutants, the
mutated protein was able to diffuse to the LDs, as supported by the overlap of the intensity graphs
(Fig. 11a). The localised Pex30p ensured the normal supersized phenotype of LDs in a Seipin
deletion background, avoiding the formation of highly convoluted ER membranes (Fig. 11a). In
conclusion, even when the ER-shape function of this domain was comprised, Pex30p localised to
the LDs to compensate for the absence of the Seipin complex in the LD budding.

To further clarify the possible contribution of the reticulon-domain of Pex30p in its cellular
distribution in the absence of the Seipin complex, we decided to focus in the fact that Pex30p is
the only reticulon-like protein that is strongly localised to the LDs in absence of the Seipin complex
(S. Wang et al., 2018). We generated cells endogenously expressing a chimera protein in which
the reticulon-homology domain of Pex30p was substituted by the reticulon domain of Rtnlp, by
using CRISPR gene editing tool. The chimeric Pex30p variant was also fused at the C-terminal with
the tdTomato fluorescent protein for fluorescence microscopy. We hypothesised that if the
reticulon-homology domain of Pex30p was involved in the localisation at the LDs and was
functionally different from the domains of other reticulons, this chimera protein would not be
targeted to the LDs anymore. In WT cells, the chimera protein was distributed non-uniformly
throughout the ER (Fig. 11b) similarly to the full-length Pex30p. However, in #idiA and /db16A the
chimera protein remained in the ER tubules and the edges of ER sheets, suggesting that the
localisation of this chimera protein was affected. Consequently, the LD supersized phenotype was
substituted by the aberrant Bodipy structures, characteristic of double mutant
pex30AfidiA/ ldbi16A (Fig. 11b). Nevertheless, this result does not allow us to conclude the reason
for the mislocalisation. On the one hand, it could indicate that the RHD of Pex30p is different from

the RHD of the remaining reticulons-like and cooperate in the localisation. On the other hand, the
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swapping of the reticulon domains between Pex30p and Rtnlp could result in a defect in folding

of the protein, which could affect its normal behaviour.
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LDs were stained with the neutral lipid dye Bodipy. White arrows show where Pex30W401C-tdTomato is located proximal to lipid
droplets. LDs were stained with the neutral lipid dye Bodipy. Graphs to right of @14 cells show signal intensity on white line. Bar
2um. b| Localisation of endogenous Pex30p chimera in which the RHD was swapped with the RHD of Rtn1p. The chimeric protein
was tagged with tdTomato (Pex30-tdTomato) in WT and #idIA cells. The green arrows show the aberrant dispersed Bodipy

structures. LDs were stained with the neutral lipid dye Bodipy. Bar 2um. Figure 11. Continued on next page.
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Figure 11. Continued.

c| Localisation of endogenous Pex30p with a point mutation on the DysF tagged with tdTomato (Pex30-tdTomato) in WT, #idIA
and /db16A cells. The green arrows show the aberrant dispersed Bodipy structures. LDs were stained with the neutral lipid dye
Bodipy. Bar 2um. d|] Tenfold serial dilutions of cells with the indicated genotype were spotted on YPD media and incubated at

37 °C for 2 days.

3.2.5. The function of the dysferlin domain in absence of Seipin is conserved

among dysferlin domain-containing peroxins

To further study the involvement of the dysferlin domain in the localisation of Pex30p in absence
of the Seipin complex, we analysed an alignment of protein sequences of several dysferlin-like
domains from yeast to human and selected an evolutionarily conserved residue for mutagenesis
study (Sula et al., 2014). Our rationale was that a conserved residue could be involved in its
unknown function and by mutating it we could analyse the involvement of the dysferlin domain in
the localisation of Pex30p to the LDs without deleting the entire domain.

The selected residue W401 (in yeast, W1042 in human inner dysferlin) was surrounded by
evolutionarily conserved residues, which belong to the list of pathogenic missense mutations in the
inner dysferlin domain. In addition, this residue was described as crucial for the correct folding of
the domain (Sula et al., 2014). Therefore, this tryptophan was mutated to cysteine in endogenously
expressed Pex30p fused to the tdTomato fluorescent protein (Pex30W401C-tdTomato). In WT cells,
Pex30W401C-tdTomato localised non-uniformly throughout the ER tubules and edges of ER sheets,
butin #dIA and /db16A cells, there was no enrichment of Pex30p at the LD-proximal regions (Fig.
11c). Consequently, the Seipin deletion mutants exhibited the highly convoluted ER membranes
phenotype instead of the supersized LDs. As a result, these cells grew slower than WT and single
deletions of FId1 and Ldb16 with functional dysferlin domain (Fig. 11d). The cell growth defect was
observed at 30 °C and much exacerbated at 25 °C and 37 °C. These results indicate not only
that this residue participates in the unknown function of the dysferlin domain, but also confirms
the contribution of this domain in the Pex30p function in LD budding because the non-functional
domain resulted in the same phenotype of Pex30p deletion.

From earlier experiments, we have established that all the dysferlin domain-containing peroxins
were targeted to the LDs in the absence of the Seipin complex, and the dysferlin domain of Pex30p
was revealed to be essential for localisation of Pex30p to LDs and, consequently, for its function
on LD budding. These findings have let us hypothesize whether the dysferlin domain could also
affect the localisation and/or function of the other peroxins of this family. To test this, we examined

the localisation of endogenously expressed dysferlin-domain truncated variants of Pex28p, Pex29p,
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Pex30p, Pex31p and Pex32p fused to the tdTomato fluorescent protein in WT and Seipin deletion
background, by using fluorescence microscopy. The truncations were limited before the first amino
acid of each dysferlin domain. The amino acids sequences corresponded to dysferlin domain of
each peroxin were identified by comparing protein sequences of Pex30p and human dysferlin,
followed by domain prediction using HHpred (Fidler et al., 2016). In this experiment, LDs were
imaged after staining with the neutral lipid-specific dye Bodipy. Consistently, the five truncated
proteins localised non-uniformly throughout the ER in WT cells (data not shown), similarly to the
full-length proteins (Fig. 5). In #d14 and /db16A cells, the truncated versions of Pex31p and Pex32p
failed to enrich in the LD-proximal regions, consistent with our previous observations in Pex30p
with deleted dysferlin domain. Intriguingly, we observed that the truncated proteins of Pex28p and
Pex29p were able to concentrate at the LD-proximal region. Thus, this suggested that the dysferlin
domains are not required for localisation of all dysferlin domain-containing peroxins at ER-LD
contact sites in absence of the Seipin complex.

While the dysferlin domains of these peroxins may have differential requirement for LD targeting,
we thought that the dysferlin domain might be important for a conserved function among the five
proteins of this family. To test this, we analysed wild-type and #idiA/ ldb16A cells endogenously-
expressing protein chimeras of Pex30p in which the Pex30p dysferlin domain has been swapped
with the dysferlin domain from another peroxin of this family (Pex28p, Pex29p, Pex31p or Pex32p).
These chimeras were fused to the tdTomato fluorescent protein to allow fluorescence imaging. In
the WT cells, the four chimera proteins localised non-uniformly throughout the ER, similarly to the
canonical Pex30p (Fig. 12). In contrast, in #dIA and /dbi6A, while the chimera proteins with
Pex31p and Pex32p dysferlin domains exhibited typical accumulation at the LDs proximal region
(Fig. 12), Pex30p chimeras with the dysferlin domain of Pex28p and Pex29p continued distributed
throughout the ER, resulting in the highly convoluted ER membranes phenotype (data not shown).
The Pex30p chimeras with dysferlin domain of Pex31p and Pex32p exhibited only supersized LDs
and no cell growth defect (Fig. 12). This finding suggested that, the function of the dysferlin domain
is not conserved among the proteins of dysferlin domain-containing peroxins family. Nevertheless,
the dysferlin domain of Pex31p and Pex32p may have functional similarity to the dysferlin domain
of Pex30p due to their ability to rescue the characteristic phenotype of Pex30p in absence of the

Seipin complex.
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Figure 10. The function of the dysferlin domain of Pex30p in absence of Seipin is conserved in Pex31p and Pex32p. a]
Localisation of endogenous Pex30p chimeras in which the dysferlin domain was swapped with the dysferlin domain of Pex31p and
Pex32p tagged with tdTomato (Chimera-tdTomato) in WT and #d14//dbi16A cells. LDs were stained with the neutral lipid dye
Bodipy. White arrows show where the Chimera-tdTomato is located proximal to lipid droplets. Graphs to right of #id14 /Idb16A cells

show signal intensity on white line. Bar 2pum.

3.3. Characterization of MCTP2 as the human homolog of Pex30p

Previous studies have shown that the mammalian homolog of Pex30p cannot be identified by
protein BLAST. Therefore, the structural homology prediction program HHpred was used to identify
the closest human homolog of Pex30 and MCTP2, a protein with also a reticulon-homology domain,

was the selected one (Joshi et al., 2018).

3.3.1. Function of reticulon-homology domain of MCTP2 in lipid droplet budding

Overexpression of only the protein region containing the reticulon-homology domain of MCTP2

was sufficient to rescue the cell growth defect observed in pex304fidiA cells (Joshi et al., 2018).
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This data is inconsistent with the findings in this document since the dysferlin domain revealed to
be the essential domain for the function of Pex30p at the LDs.

To further explore whether MCTP2 is the true mammalian functional homolog of Pex30p, we
produced an endogenously expressed chimera protein in which the reticulon-homology domain of
Pex30p was substituted with the reticulon-homology domain of MCTP2, using a CRISPR genome
editing tool, in WT and Seipin single mutant cells (Fig. 13a). The RHD sequence of MCTP2 was
obtained from a total cDNA library of U250 glioma cell line. The localisation of this chimera protein
was analysed by C-terminal fusion with the tdTomato fluorescent protein and LDs were visualized
by staining with the neutral lipid-specific dye Bodipy. In WT cells, the chimeric Pex30p was
distributed throughout the ER and the phenotype of the LDs were the expected, suggesting that
reticulon domain of MCTP2 was properly folded and inserted in the ER membrane (Fig. 13b).
However, in 7dIA cells instead of the supersized LDs where canonical Pex30p tend to accumulate,
we observed Bodipy staining all over the cell, suggesting that the LD budding was not effective,
producing several extra membranes, because Pex30p did not diffuse to the LDs (Fig. 13a).
Intriguingly, we observed this aberrant phenotype despite the presence of functional dysferlin
domain of Pex30p. However, we cannot conclude about the function of this domain of MCTP2,
because the chimera protein folding is unknown. Indeed, we do not know whether the entire protein

was unfunctional (including the dysferlin domain) due to unsuccessful protein folding.

3.3.2. C2 domains failed to replace the function of dysferlin domain

The specific molecular mechanism in which the dysferlin domain is involved remains unknown.
However, some data suggest that this domain may bind to lipids, as DAG. The human Dysferlin
protein contains two DysF domain and several C2 domains, which are known to bind to
phospholipids or proteins, often in a calcium-dependent manner (Lek et al., 2012). In this specific
protein, the seven C2 domains are involved in calcium-mediated membrane fusion events (Davis,
Doherty, Delmonte, & McNally, 2002; Therrien, Fulvio, Pickles, & Sinnreich, 2009). In addition,
MCTP2 also contains three C2 domains. Thus, we hypothesize that the function of the dysferlin
domain of Pex30 could be related to the function of C2 domains. To test this, we produced two
chimera proteins of the endogenously expressed Pex30p in which its dysferlin domain was
substituted with the sequence of amino acids which includes the three C2 domains or by the
sequence of amino acids corresponded to the first C2 domain alone, C2A, in WT and Seipin mutant

cells (Fig. 13a) (Shin et al., 2005). The protein localisation was analysed by fluorescent microscopy
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since the protein was C-terminal fused to the tdTomato fluorescent protein, and the LDs were
visualized by staining with Bodipy. In WT cells, the chimera proteins displayed distribution
throughout the ER, as expected for canonical Pex30p. However, similar continuous distribution
throughout the ER was also observed in #d14 cells, instead of typical accumulation in LD-proximal
regions (Fig. 13c). Consistently, the LD phenotype was also compromised, and highly convoluted
ER membranes stained by Bodipy were observed. This data revealed that the function of the

dysferlin domain cannot be replaced by C2 domains.
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Figure 11. MCTP2 domains are functional different from Pex30p domains. a] The dysferlin domain-containing peroxin Pex30p

and its human homolog MCTP2 contain a reticulon-homology domain (RHD). Pex30p also contains a dysferlin domain (DysF) and
MCTP2 contains three C2 domains. We generated three chimeric proteins of Pex30p in which its domains were swapped with
MCTP2 domains. b] Localisation of endogenous Pex30p, in which its RHD was swapped with the RHD of MCTP2, with tdTomato
(Protein-tdTomato) in WT and #dIA cells. LDs were stained with the neutral lipid dye Bodipy. Bar 2um. ¢| Localisation of
endogenous Pex30p, in which its dysferlin domain was swapped with the C2A domain or the protein portion containing the three
C2 domains of MCTP2, with tdTomato (Protein-tdTomato) in WT and 774 cells. LDs were stained with the neutral lipid dye Bodipy.
Bar 2um.
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4. Discussion



Lipid droplets are ubiquitous organelles that lie at the crossroads of membrane biology and
energy metabolism, being important in the maintenance of cell homeostasis. However, the
mechanism for LD biogenesis at the endoplasmic reticulum remain elusive. In addition, this
organelle is often in close proximity to other central organelles in cellular metabolism, as the
nucleus, peroxisomes, vacuole, and mitochondria. How LDs coordinate their functions remain
unclear. Recently, in budding yeast, it was shown that LDs and pre-peroxisomal vesicles bud from
similar ER domains through a process requiring cooperation between the Seipin complex and
Pex30p (Joshi et al., 2018; S. Wang et al., 2018).

Seipin is a transmembrane protein that concentrates at ER-LD contact sites and corresponds
to the protein complex Fld1p/Ldb16p in budding yeast. Although the molecular mechanism behind
it is unclear, Seipin is a crucial protein for effective lipid droplet biogenesis because its deficiency
alters LDs phenotype, producing LD aggregates or supersized LDs. Recently it was proposed that
Seipin may recognize sites of disrupted phospholipid bilayer packing, due to the formation of
neutral lipids lens at the ER membrane. Therefore, Seipin may anchor the nascent LD to the ER
and allow maintenance of the ER-LD connection to enable LD growth. Furthermore, it is also
hypothesized that Seipin may bind lipids and, consequently, regulate the leaflet tension which
contributes to the LD budding.

In budding yeast, Pex30p is the founding member of the dysferlin domain-containing peroxins
family, that also includes Pex28p, Pex29p, Pex31p and Pex32p. All these proteins share the same
functional domains and domain architecture and since they are peroxins, they are involved in
peroxisome biogenesis (Joshi et al., 2016; H. Wang et al., 2016), regulating abundance and size
of these organelles (Vizeacoumar et al., 2004). Surprisingly, Pex30p was reported as intervenient

in LD biogenesis.

4.1. The dysferlin domain-containing peroxins cooperate in lipid storage

homeostasis

The involvement of peroxins, namely the dysferlin domain-containing peroxins in LD biogenesis
started to be explored recently when Pex30p was described as a collaborator of the Seipin complex
(FId1p/Ldb16p) in lipid droplet budding (Joshi et al., 2018; S. Wang et al., 2018). Cells with
combined deletion of the Fld1p/Ldb16p and Pex30p exhibited a cell growth defect, but mutants
with combined deletions of Fld1p/Ldb16p and another of the dysferlin domain-containing peroxins

(Pex28p, Pex29p, Pex31p or Pex32p) grew at wild-type rate (S. Wang et al., 2018). Since the cell
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growth defect phenotype was associated with an aberrant LD budding in pex30Afid1A/ldb16A
cells, we expected that cells with wild-type growth rate would exhibit effective LD budding.
Therefore, we hypothesise that Pex30p-mediated organelle budding could be independent of
Pex28p, Pex29p, Pex31p and Pex32p since budding still occurred in combined deletions of Seipin
and the other dysferlin domain-containing peroxins. However, we observed that in absence of the
Seipin complex, Pex28p, Pex29p, Pex31p and Pex32p are localised to the LDs, which is similar to
the way the localization of Pex30p changes from dispersed throughout the ER to concentrated at
the proximal LD regions. The observation is compatible with the involvement of these proteins in
organelle budding and could happen due to shared functional domains and domain architecture
within this family. Therefore, they could be regulated to concentrate at the LDs while their function
at the organelle could differ from the function of Pex30p. The concentration of all these proteins at
the proximal LD regions in absence of the Seipin complex could also result from the association of
these proteins in a protein complex (David et al., 2013; Mast et al., 2016), whose stoichiometry
and regulation are unknown. Based on the whole cell levels of these proteins, Pex30p would be
probably the protein in higher amounts in such complex, which means that it would define the
complex localisation to the LDs in situations of highly lipid droplet biogenesis or absence of the
Seipin complex. In the future, the same assays should be performed in the absence of Pex30p to
confirm its role in the localisation of the other peroxins.

Another hypothesis to explain the localisation of all dysferlin domain-containing peroxins at the
LDs in absence of the Seipin complex is that all of them have the same function. The absence of
aberrant LD budding with the loss of Pex28p, Pex29p, Pex31p and Pex32p would still be
compatible with this hypothesis if one considers that their levels are lower than Pex30p. Therefore,
we decided to analyse whether the overexpression of Pex28p, Pex29p, Pex31p or Pex32p would
compensate for the absence of Pex30p and rescue the aberrant LD budding. We observed that
none of these proteins can fully compensate Pex30p function since we continued to observe the
aberrant dispersed Bodipy structures instead of LD aggregates or supersized LDs. Nevertheless,
the cell growth defect was slightly smaller than in pex3047d14//dbi16A. The improvement of the
growth defect could be associated with other functions of Pex30p in other organelles that may be
rescued/compensated by overexpression of these peroxins. For instances, all five proteins have
been described as to be involved in regulation of size and number of peroxisomes and all the five
proteins have a reticulon-homology domain, which is involved in ER membrane-shaping. Therefore,

they may reduce cell stress and the cell growth defect by contributing to these processes. This will
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be addressed in future experiments by exploring the effects of overexpression of these peroxins in
other organelles.

Following the idea of a Pex30p-anchoring complex, we hypothesize that the other dysferlin
domain-containing peroxins, which protein levels are lower, could be important to regulate Pex30p
localisation and function at the LDs. Nevertheless, this was not observed when the deletion of
pex28, pex29, pex31 and pex32 did not alter Pex30p localisation during the exponential growth
phase. However, in stationary phase Pex29p regulates Pex30p localisation. During this metabolic
condition a portion of Pex30p concentrates at the nuclear membrane-vacuole junction, but in
absence of Pex29p, Pex30p remains only dispersed throughout the ER. In addition, overexpression
of Pex29p in single mutants of the Seipin complex (#d1A/ldb16A) revealed a cell growth defect
and aberrant LD budding as a trait of combine Pex30p and Seipin complex double mutants.
Although it needs further confirmation, this phenotype revealed that overexpression of Pex29p
alters the localisation of Pex30p probably to the nuclear membrane-vacuole junction, producing an
artificial double mutant at the LDs. It was recently reported that yeast ER-vacuole contact sites
physically expand in response to metabolic stress and serve as sites for LD production (Hariri et
al., 2017). Thus, Pex29p may recognise these signals and regulate Pex30p localisation,
contributing to the spatial coordination of the LD biogenesis at ER-vacuole contacts under
nutritional stress. Pex29p and Pex30p interact together with reticulon proteins (Rtnlp and Yop1p)
to form focal points at the ER from which new peroxisomes arise (David et al., 2013; Mast et al.,
2016). In addition, ER containing Pex29 and Pex30p dynamically associate with peroxisomes and
are more stably associated when cells are grown in the presence of oleic acid, instead of glucose.
Since upon addiction of oleic acid LD biogenesis is induced, the interaction of Pex29p and Pex30p
should also be more stable and may interfere in the regulation of several organelles.

Surprisingly, our preliminary results revealed that overexpression of pex37 and pex32in single
mutants of the Seipin complex components (#dIA/ ldb16 A) or pex30A may be lethal. Pex31p is
unstable in absence of Pex30p, but Pex30p levels show no change in pex31A (M. Yan et al., 2008).
Therefore, overexpression of pex31 can turn Pex31p unstable and induce cell stress. Since the
number of LDs increases up to several fold in yeast with cellular stress (Fei et al., 2009), the
absence of the Seipin complex may not be compensated by Pex30p resulting in more cell stress
and, consequently, in cell death. A similar molecular mechanism may happen with overexpression

of Pex32p.
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These observations suggest that the levels of the diverse dysferlin domain-containing peroxins
may regulate Pex30p localisation by increasing or decreasing its recruitment for different
organelles. In conclusion, here we present insight evidence that Pex30p is not the only peroxin of
this family being involved in lipid droplet biogenesis. We show that although these proteins have
no direct function in LD budding, they may be involved in the regulation of the cellular metabolic
status since they regulate the localisation of Pex30p, which influences the process of LD and

peroxisomes production.

4.2. Involvement of Pex30p functional domains in lipid droplet budding

It is well-established that the dysferlin domain-containing peroxins form a complex with reticulon
homology domain-containing proteins and define peroxisome contact sites at ER subdomains
(David et al., 2013; Mast et al.,, 2016). Consequently, they regulate peroxisome size and
proliferation. In contrast, their association with LD biogenesis have only recently been shown, since
in the absence of the Seipin complex, Pex30p localises to the LDs (S. Wang et al., 2018). Pex30p
contains a RHD with ER membrane-shaping properties (Joshi et al., 2016), which is required for
normal peroxisome biogenesis (David et al., 2013; Mast et al., 2016; Vizeacoumar et al., 2004;
M. Yan et al., 2008), and a dysferlin domain that may bind diacylglycerol DAG (Joshi et al., 2018;
Vizeacoumar et al., 2006; M. Yan et al., 2008). However, whether both ER membrane-shaping and
DAG-binding proprieties were involved in promoting organelle budding in Seipin mutants was
unclear. To uncover the signalling mechanisms behind Pex30p localisation to the LDs, we tried to
define the protein portion which would be required for its targeting to LDs. We explored the role of
the RHD, the dysferlin domain and, complementarily, the C-terminal portion in the localisation and
function of Pex30p and other dysferlin domain-containing peroxins. Overall, in the present work we
showed the dysferlin domain is crucial for the concentration of Pex30p at the LD-proximal regions

in absence of the Seipin complex.

Reticulon-homology domain

As stated above, the RHD has been shown to have membrane-shaping proprieties. Here, by
analysis of the localisation of the C-terminal truncated variants of Pex30p in absence of the Seipin
complex, we determined that the truncation of RHD in the Pex30460-523 variant generated a
soluble protein. In contrast, the Pex304.235-523 variant, in which the RHD was not deleted, was
still anchored in the membrane. This observation allowed us to associate this domain with insertion
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of Pex30p in the ER and LD membrane. We further validated this association by testing another
variant of Pex30p in which only the amino acids corresponding to the domain were deleted,
ensuring that the remaining protein was unaltered, and observed similar localisation. This is
consistent with previous reports whereas Pex30(1-170)p, which contains only the first half of the
hairpin of this domain, showed an almost exclusive cytosolic localisation (Vizeacoumar et al.,
2006). In addition, these results revealed that the RHD is not essential for the localisation of Pex30p
to proximal LD regions in absence of the Seipin complex, since Pex304.235-523, which contains
the entire domain, was anchored in the membrane, but it was not localised to the LDs in
fidIA/ldb16A cells. The Pex304235-523 truncated variant of Pex30p was previously shown to
retain the ER membrane-shaping function of the RHD of Pex30p (Joshi et al., 2016), which
suggests that this feature of the domain is not associated to the localisation of Pex30p in absence
of the Seipin complex. To confirm this hypothesis, we mutated the conserved residue reported as
required for the ER membrane-shape function of any reticulon-homology domain-containing protein
(Pex30W94C) (Joshi et al., 2016). The presence of Pex30W94C at the LDs in #diA/ldb16A cells
suggests that the ER membrane-shape function of Pex30p is not related to its localisation at the
LDs, nor associated with the role of Pex30p in LD budding, since #diA/ldbi6A cells with
Pex30W94C presented typical supersized LD-phenotype.

Whereas the ER membrane-shaping proprieties were not involved in the localisation of Pex30p
and LD budding in absence of the Seipin complex, we questioned whether the RHD of Pex30p was
functionally different of other RHD. To study this, we created a chimeric variant of Pex30p in which
its RHD was swapped with RHD from Rtnlp, a reticulon protein which does not localise at LDs in
absence of the Seipin complex (S. Wang et al., 2018). We observed that this chimeric Pex30p was
distributed throughout the ER even in #d1A//dbi6A cells, leading to disrupted LD budding. This
result can be interpreted in several ways. One hypothesis is that the RHD of Pex30p could have
different proprieties of the RHD of Rtnlp, since even in presence of the dysferlin domain, the
protein was not localised to the LDs. Therefore, the RHD of Pex30p may be also required for its
localisation in absence of the Seipin complex. Such requirement could mean that the RHD is
responsible for the insertion of the protein on the membrane, and that the selection of anchoring
ER membrane sites could be different between the RHD of Pex30p. Moreover, in different ER
regions the signal to alter Pex30p localisation in absence of the Seipin complex could not be
recognized. In contrast, since the folding of the chimeric protein is unknown, another hypothesis

is that the protein is not functional. For this reason, the folding of the Pex30p could be affected,
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preventing its association with the dysferlin domain-containing peroxins, or the dysferlin domain
could be affected, preventing its role in the definition of protein localisation.

MCTP2 was reported as the human homolog of Pex30p, based on their structural homology. In
addition, it was reported that overexpression of only the RHD of MCTP2 was sufficient to rescue
the defects in LD budding observed in pex3047diA/ldbi6A cells (Joshi et al., 2018). This
observation contracts with our observations in yeast. Therefore, we decided to confirm whether the
RHD of MCTP2 could substitute RHD of Pex30p, by using the same approach used previously for
Rinlp. We observed that this chimeric Pex30p failed to localise at the LD-proximal regions in
absence of the Seipin complex, promoting defected LD budding. This result contradicts our
observation because the dysferlin domain was also present in the chimeric variant of Pex30p.
However, likewise for the chimeric protein with RHD of Rtnlp, the protein folding is unknown.
Therefore, we cannot exclude the possibility that the RHD of MCTP2 is functionally different from
the RHD of Pex30p.

Dysferlin domain

We also analysed the localisation of C-terminal truncated variants of Pex30p in absence of the
Seipin complex. All the truncated variants of Pex30p, in which the dysferlin domain was deleted,
showed distribution throughout the ER, instead Pex30p accumulation at the LDs. Therefore, we
suggest that the dysferlin domain is involved in the targeting of this protein. The result was
confirmed by generation of a Pex30p mutant with the deletion of only the amino acids
correspondents to the dysferlin domain (Pex30A284-408), to ensure that the rest of the protein
was unaltered and functional. In this strain, the protein exhibited the typical ER distribution both in
WT and #diA/ldb16A cells. For further confirmation that the dysferlin domain is essential for
Pex30p localisation at the LDs in absence of the Seipin complex, we mutated an evolutionarily
conserved residue which is critical for the folding of the dysferlin domain (Pex30W401C). The
conserved residue is included in the aromatic/arginine stocks which hold the domain in a folded
conformation. As expected, Pex30W401C was not localised at the LDs in #diA/ldbi16A cells,
confirming that the dysferlin domain is crucial for targeting of Pex30p to LDs. Moreover, the folding
of this domain was shown to be essential for its function, since deletions of only the N- or C-terminal
motifs of the domain were sufficient to prevent LD localisation of Pex30p (data not shown).

After confirming the essential role of the dysferlin domain on Pex30p localisation and given that

all the dysferlin domain-containing peroxins accumulate at LDs in absence of the Seipin complex,
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we decided to explore if this role of the dysferlin domain was a conserved feature. We observed
that C-terminal truncated variants of Pex31p and Pex32p remained at the ER in #di4//dbiéA
cells, indicating that the dysferlin domain is also essential for the localisation of these two proteins
at the LDs. However, the truncated variants of Pex28p and Pex29p were localised at the LDs in
absence of the Seipin complex. This observation indicates that the dysferlin domain is not essential
for the targeting of all the peroxins of this family to LDs. Therefore, Pex28p and Pex29p might
depend on their association with other peroxins in the complex to be localised to the LDs. One can
also infer that the dysferlin domain is not involved in the interaction of dysferlin domain-containing
peroxins and that interactions between Pex28p and Pex29p and the complex occur through other
mechanisms. Then, we further explored if the role of the dysferlin domain in the function of Pex30p
was conserved. By analyzing the localisation of chimeric variants of Pex30p and correspond LD
phenotype in which its dysferlin domain was swapped with the dysferlin domains of Pex31p and
Pex32p, we confirmed the conserved role of the dysferlin domain in the localisation of Pex30p in
absence of the Seipin complex. Additionally, these two Pex30p variants exhibit effective LD budding,
suggesting that the features of localization at the LDs in absence of the Seipin complex and
cooperation on LD budding of the dysferlin domain is conserved in Pex31p and Pex32p. Overall,
these results suggest that some dysferlin domain-containing peroxins require the dysferlin domain
for proper localization and function, while others may rely on other mechanisms to localize at the
lipid droplets.

Although we discover the involvement of the dysferlin domain in this crucial step for Pex30p
role in LD budding, the molecular mechanism behind its localization and cooperation with the
Seipin complex is still unknown. However, some recent reports hypothesized that the dysferlin
domain may bind DAG. Since MCTP2, the human homolog of Pex30p, contains C2 domains which
bind to lipids, we hypothesize that the function of the dysferlin domain of Pex30 could be related
to the function of the C2 domains. To test this, we generated two chimera proteins of Pex30p in
which its dysferlin domain was substituted by the sequence of amino acids which includes the
three C2 domains of MCTP2 or by the sequence of amino acids corresponded to only the first C2
domain of MCTP2, C2A. The proteins were not localised at the LDs in absence of the Seipin
complex and, consequently, the LD budding was disrupted. In conclusion, although both domains
may bind to lipids, the lipids which may induce Pex30p targeting by interacting with the dysferlin

domain may not interact with C2 domains. Another explanation for the observed result is that the
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unknown protein folding of the chimeric proteins affected the interaction with the targeting signal,

preventing the proper localisation of the proteins.

C-terminal portion

Following up on data produced during this work, we also observed that the most C-terminal
portion of Pex30p is required for its localisation at the nuclear membrane-vacuole junction in
stationary phase, namely the amino acids 430-523. In this region, protein phosphorylation is
described to happen in some of these amino acids residues (Albuquerque et al., 2008; Holt et al.,
2010), which may be involved in the induction of the targeting. Since we observed that Pex29p is
involved in the targeting of Pex30p to the NVJ in stationary phase, Pex29p may interact with Pex30p
through these residues when phosphorylated as a response to the cellular metabolic status.

Besides the distribution throughout the ER and the accumulation at LDs and NVJ, all in different
metabolic conditions, Pex30p also targets the peroxisomes, and a small sequence of this protein
(amino acids 230-250) was found to function as peroxisomal targeting signal (Vizeacoumar et al.,
2006). Therefore, since its cellular localisation is regulated among several organelles in which plays
different roles, Pex30p reveals to an important protein to coordinate organelle function and,

consequently, maintains cell homeostasis.

4.3. Conclusion

In the present document, we determined that all the dysferlin domain-containing peroxins
localize at the LDs in absence of the Seipin complex. However, only Pex30p seems to be involved
in LD budding by cooperating with the Seipin complex since neither absence or overexpression of
the remaining dysferlin domain-containing peroxins affected LD budding. Although they do not have
the same function of Pex30p at LDs, Pex29p revealed to regulate Pex30p localisation,
consequently, the success of LD budding, during exponential phase.

Regarding the localisation of Pex30p at the LDs, the dysferlin domain is essential, which is a
conserved feature for Pex31p and Pex32p, but not for Pex28p and Pex29p. In contrast, the RHD
is fundamental for the protein be anchored in the membrane, but no essential requirement of this
domain for Pex30p localisation was observed. The same way, the ER-membrane shape proprieties
are not involved in the localisation of Pex30p nor in the LD budding.

Based on all our observations, we propose that the dysferlin domain-containing peroxins

associate in a protein complex and act in concert to define their localisation and function in
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response to the metabolic conditions. Such a complex may regulate intracellular communication
among several organelles in which dysferlin domain-containing peroxins play several functions,

contributing to coordinate organelle biogenesis and, consequently, cell homeostasis.
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6. Supplemental material

Table S1. Yeast strains used in this study.

Strain Genotype Origin
yPC1505 Mata wra3A0 his3A1 leu2A0 met15A0 BY4741
yPC8808 Mata wra3A0 his3A1 leu2A0 met15A0 pex30:.KANR Carvalho's lab
yPC8849 Mata wra3A0 his3A1 leu2A0 met15A0 pex30::KANR fid1.:NAT Carvalho's lab
yPC8851 Mata wra3A0 his3A1 leu2A0 met1 5A0 pex30.:KANR Idb16.:HYGB Carvalho's lab
yPC10657 Mata wra3A0 his3A1 leu2A0 met15A0 Pex30-mNG-HIS Wang et al, 2018
yPC10676 Mat ?  wra3A40 his3A1 leu2A0 met15A0 Pex30-mNG-HIS #d1.:NAT Wang et al, 2018
yPC10678 Mat ?  wra3A40 his3A1 leu2A0 met15A0 Pex30-mNG-HIS /dbi6::HYGR Wang et al, 2018
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yPC10784 Mata wra3A40 his3A1 leu2A0 met15A0 Pex30-tdTomato-HIS /db16::KANR Wang et al, 2018
yPC11183 Matx  wra3A40 his3A1 leu2A0 met15A0 Pex30-mNG-HIS pex29..KAN Carvalho's lab
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yPC11312 Mata wra340 his3A1 leuZA0 met15A0 Pex30(4284-523)-mNG-KANR This study
yPC11313 Mata  wra3A40 his3A1 leu2A0 met15A0 Pex30(4235-523)-mNG-KANR This study
yPC11314 Mata wra340 his3A1 leuZA0 met15A0 Pex30(4410-523-mNG-KANR This study
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Figure S1. Dysferlin domain-containing peroxins concentrate at lipid droplets in absence of the Seipin complex. Localisation of
endogenous Pex28p, Pex29p, Pex30p, pex31p and Pex32p tagged with tdTomato (Protein-tdTomato) in Idb164 cells. Graphs to

right show signal intensity of green and red fluorescence on white line. LDs were stained with the neutral lipid dye Bodipy. White
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arrows show where the peroxin-tdTomato is located proximal to lipid droplets (LD). Bar 2um.
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