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Summary

2. Summary

Mitochondria are essential organelles of most eukaryotic cells and are involved in
many important cellular activities. The viability of cells greatly depends on proper
function of mitochondria, not only because mitochondria are ‘the powerhouse of the cell’,
in fact they also play essential roles in metabolic processes and cellular signaling. Many
neurological diseases are associated with mitochondrial disorders, illustrating the need to
identify new components that participate in maintaining mitochondrial integrity.
Mitochondria harbor two membranes, the mitochondrial outer membrane and inner
membrane, which both have a characteristic phospholipid composition distinguishing
them from all other cellular membranes. Maintenance of cellular and mitochondrial lipid
homeostasis depends on membrane contact sites and the exchange of phospholipids
between organelles. In yeast, connections between mitochondria and the endoplasmic
reticulum (ER) are mediated by the ER-mitochondria encounter structure (ERMES)
which has a crucial role in many cellular processes. Defects in ERMES lead to a multitude
of phenotypes, but the precise molecular function of the ERMES complex and its subunit
Mdm10 (mitochondrial distribution and morphology 10) is still not entirely understood.
In order to shed light on this topic we searched for suppressors of the mdm10A growth
defect and found a novel mitochondrial protein which we named Mcp3 for Mdm10

complementing protein 3.

Mcp3 follows a unique biogenesis pathway. It is initially recognized by the
mitochondrial import receptor Tom70 and crosses the outer membrane via the translocase
of the outer membrane. Mcp3 is then handed over to the translocase of the inner
membrane (TIM23) and gets processed by the inner membrane peptidase. Subsequently,
mature Mcp3 is released to the intermembrane space and integrates into the outer
membrane in a process that possibly involves the mitochondrial import complex. Mcp3
is the first outer membrane protein that is reported to be processed by a peptidase of the

inner membrane and therefore follows a novel biogenesis pathway.
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3. Zusammenfassung

Mitochondrien sind essentielle Organellen der meisten eukaryotischen Zellen und
an vielen wichtigen zelluldren Prozessen beteiligt. Das Wachstum von Zellen héngt stark
von der ordnungsgeméfBen Funktion der Mitochondrien ab, nicht nur weil diese ,,die
Kraftwerke der Zelle* sind, sondern weil sie auch eine essentielle Rolle im Stoffwechsel
oder in der zelluldren Signaltransduktion spielen. Viele neurologische Erkrankungen
stehen in Zusammenhang mit Funktionsstéorungen der Mitochondrien. Dies macht die
Notwendigkeit, neue Komponenten zu identifizieren die an der Aufrechterhaltung der
mitochondrialen Integritét beteiligt sind, deutlich. Die duflere und innere Membran der
Mitochondrien hat jeweils eine charakteristische Phospholipidzusammensetzung,
wodurch sie sich von allen anderen zelluliren Membranen unterscheiden.
Membrankontakte und der Austausch von Lipiden zwischen Zellorganellen tragen dabei
mafgeblich zur Aufrechterhaltung des zelluldren und mitochondrialen Lipidhaushalts
bei. Der ERMES (Endoplasmic reticulum-mitochondria encounter structure) Komplex
bewerkstelligt Verbindungen zwischen dem endoplasmatischen Retikulum und
Mitochondrien in Hefezellen und hat eine bedeutende Rolle fiir viele zelluldre Prozesse.
ERMES Defekte fiithren zu einer Vielzahl von Anomalien, die genaue molekulare
Funktion des ERMES Komplexes und seiner Untereinheit Mdm10 (Mitochondrial
distribution and morphology 10) ist jedoch unklar. Um Einblick in die eigentliche
Funktion von Mdm10 und des ERMES Komplexes zu erhalten haben wir nach
Suppressoren des mdm 10A Wachstumsphénotyps gesucht und ein neues mitochondriales

Protein gefunden, welches wir Mdm 10 complementing protein 3 (Mcp3) genannt haben.

Mcp3 folgt einem einzigartigen Biogeneseweg. Es wird zunédchst vom
mitochondrialen Importrezeptor Tom70 erkannt und passiert dann die Aulenmembran
durch die translocase of the outer membrane. Mcp3 wird darauthin zur translocase of the
inner membrane (TIM23) iiberfiihrt und durch die inner membrane peptidase prozessiert.
Maturiertes Mcp3 wird in den Intermembranraum freigesetzt und integriert in die
AuBenmembran, in einem Prozess von dem angenommen wird, dass es den mitochondrial
import Komplex involviert. Mcp3 ist das erste beschriebene AuBlenmembranprotein,
welches von einer Peptidase aus der Innenmembran prozessiert wird und folgt demnach

einem neuartigen Biogeneseweg.
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6. Introduction

6.1 Origin, structure, and function of mitochondria

Mitochondria are essential organelles of most eukaryotic cells and play significant
roles in metabolism, energy homeostasis and other important cellular processes.
According to the endosymbiotic theory, mitochondria derive from aerobic bacteria that
were incorporated by an anaerobic ancestor. This process is considered to have increased
the chances of survival for the eukaryotic cell due to the symbionts ability to produce
ATP by oxidative phosphorylation (Cavalier-Smith, 1987). Many mitochondrial features
reminiscent of Gram-negative bacteria support the endosymbiotic theory. Mitochondria
harbor two membranes that have a characteristic phospholipid composition differing
greatly from all other eukaryotic membranes. Both membranes contain only low levels of
sterols and sphingolipids, while the mitochondrial inner membrane (MIM) stands out for
its high protein content and the presence of cardiolipin (CL). Additionally, the
mitochondrial outer membrane (MOM) contains integral B-barrel proteins that are also
found only in the outer membrane of Gram-negative bacteria and chloroplasts (Comte et

al., 1976; Zinser and Daum, 1995; Imai et al., 2011).

The intermembrane space (IMS) of mitochondria lies between the MOM and
MIM, whereas the lumen of mitochondria is referred to as matrix. Each mitochondrial
compartment has specialized functions and therefore contains a distinct set of proteins.
Some of these functions include catabolic reactions such as the tricarboxylic acid cycle
(TCC) and oxidation of fatty acids, but also anabolic pathways like lipid biosynthesis and
synthesis of several amino acids and nucleotides. Furthermore, mitochondria participate
in the biosynthesis of heme and iron-sulfur clusters (Lill et al., 1999). Moreover,
mitochondria are involved in cell signaling, cell cycle progression, autophagy and
apoptosis (Pizzo and Pozzan, 2007; Hailey et al., 2010). As a consequence, mitochondria
are linked to ageing, carcinogenesis, neurodegenerative diseases, and other disorders that

arise from mutations in mitochondrial proteins (Chan, 2006).

Mitochondria establish intimate contact sites with the endoplasmic reticulum
(ER), known as mitochondria associated ER membrane (MAM), which are required for
lipid exchange and Ca?" homeostasis. In yeast, these contact sites are mediated by the
ERMES (ER-mitochondria encounter structure) complex (Kornmann et al., 2009).
Although mitochondria are tightly integrated into the cellular physiology they retained
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Introduction

some of their autonomy, which further supports the endosymbiotic theory. Similar to a
typical bacterial genome, mitochondria harbor circular DNA, which can be transcribed
and translated inside mitochondria. Unlike the cytosolic 80S species, mitochondrial 70S
ribosomes are similar to bacterial ribosomes (Kitakawa and Isono, 1991; Graack and
Wittmann-Liebold, 1998). However, the mitochondrial DNA (mtDNA) encodes only few
proteins and most mitochondrial proteins are translated in the cytosol and need to be
imported via dedicated protein complexes within the outer and the inner membrane of

mitochondria (Gray et al., 1999; Wallace, 2005).

6.2 Protein import into mitochondria

In the course of the endosymbiotic process most genes of the mitochondrial
progenitor were transferred to the nucleus, probably to allow the cell a better regulation
of many important processes that take place in mitochondria. As a result, the nucleus
encodes about 1000-1500 mitochondrial proteins in humans and approximately 800
proteins in more simple organisms, like yeast, while the mtDNA encodes only 1% of the
mitochondrial proteome (8 in yeast and 13 in humans) (Gray et al., 1999; Sickmann et
al., 2003; Westermann and Neupert, 2003; Wallace, 2005). Hence, mitochondrial
precursor proteins are translated on cytosolic ribosomes and have to be correctly targeted

to their appropriate location.

Usually components of the translocase of the outer membrane (TOM complex),
namely the primary mitochondrial import receptors Tom20 and Tom70 establish the
initial contact of newly translated proteins with the mitochondria. Tom20 recognizes
mainly precursor proteins with an N-terminal extension which serves as a classical
targeting signal. These mitochondrial presequences typically consist of 15-55 amino acids
and bear similar structural and electrochemical properties (Vogtle et al., 2009). Tom20
was also shown to recognize B-barrel proteins which consist of antiparallel B-sheets that
are arranged in a cylindrical shape (Jores and Rapaport, 2017). Tom70 predominantly
recognizes precursors of carrier proteins with multiple internal targeting signals (Brix et
al., 2000). As a result of overlapping specificities, Tom20 and Tom70 can partially

complement the absence of each other (Steger et al., 1990).
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Depending on their location within mitochondria, precursor proteins are further
distributed to different import machineries within the outer and inner mitochondrial
membrane. Most mitochondrial preproteins are handed over from the primary import
receptors to the secondary receptor and TOM core subunit Tom22, before being inserted
into the protein conducting pore that is formed by the B-barrel protein Tom40 (Chacinska
et al., 2009). Similar substrate recognition profiles of Tom20 and Tom22 lead to a partial

functional overlap (Yamano et al., 2008).

Following the recognition by Tom70, few outer membrane proteins containing
one transmembrane spanning helix and all known helical multispan proteins of the MOM
are, without the involvement of the Tom40 pore, further relayed to the mitochondrial
import (MIM) complex, which contains the proteins Mim1 and Mim2 (Becker ef al.,
2011; Papic et al., 2011; Dimmer et al., 2012) (Fig. 1, pathway 1).

Some mitochondrial proteins are integrated into the MOM independently of the
known proteinaceous factors for mitochondrial import, as it is the case for tail anchored
proteins in the MOM like Fis1 (Kemper ef al., 2008; Meineke et al., 2008; Merklinger et
al., 2012).

The TOM complex mediates the transfer of B-barrel proteins across the MOM,
from where they are further relayed to the topogenesis of outer membrane [B-barrel
proteins (TOB) complex, also termed the sorting and assembly machinery (SAM). The
soluble Tim9-Tim10 (translocase of the inner membrane) and Tim8-Tim13 chaperone
complexes (small TIMs; sTIMs) assist by shielding the hydrophobic precursor from the
aqueous environment in the IMS (Paschen ef al., 2005) (Fig. 1, pathway 5).

The import of the small Tim proteins, as well as the biogenesis of other cysteine-
containing proteins of the IMS is dependent on the Mia40-Ervl (Mitochondrial
intermembrane space Import and Assembly; Essential for Respiration and Viability)

system (Ceh-Pavia ef al., 2013) (Fig. 1, pathway 2).

Carrier-like proteins with six hydrophobic transmembrane domains (TMDs) that
are inserted into the inner membrane are also escorted through the IMS by sTIMs,
although from the TOM to the TIM22 (translocase of the inner mitochondrial membrane)
complex (Gebert et al., 2008) (Fig. 1, pathway 4).

13



Introduction

Presequence-containing proteins are transferred from the TOM complex further
to the TIM23 complex (Neupert and Herrmann, 2007). The driving force for translocation
of preproteins across the MIM is provided by ATP and the membrane potential (Ay),
whilst the presequence is cleaved off by the matrix processing peptidase (MPP) (Fig. 1,
pathway 3a). Preproteins destined for insertion into the MIM additionally contain
hydrophobic stop-transfer sequences. These hydrophobic sequences act as secondary
sorting signals, which arrest translocation across the MIM and induce the lateral release
of the protein into the membrane (Glick et al., 1992; Chacinska et al., 2009) (Fig. 1,
pathway 3b). Similar bipartite signals act in conservative sorting, wherein the protein is
first targeted to the matrix. Upon cleavage by MPP, the hydrophobic sorting signal is
exposed and the protein is inserted into the MIM via OXAl (oxidase assembly 1)
complex, alike proteins that are synthesized on mitochondrial ribosomes (Hartl et al.,

1986; Hell et al., 1998; Neupert and Herrmann, 2007) (Fig. 1, pathway 6).

A subset of proteins is processed by the heterotrimeric protease complex inner
membrane peptidase (IMP), which consists of the two catalytically active subunits Imp1
and Imp2 and the auxiliary protein Som1 (Nunnari et al., 1993; Jan et al., 2000). IMP
functions subsequential of MPP and removes the hydrophobic sorting signal (Gakh et al.,
2002; Neupert and Herrmann, 2007) resulting in either a soluble IMS protein like Mcrl
or a MIM anchored protein like Mgr2 (Hahne et al., 1994; leva et al., 2013). Up to now
only MIM or IMS proteins were identified to be processed by IMP (Fig. 1, pathway 3c).

A number of proteins follow routes diverging from the classical import pathways,
such as the signal anchor protein Om45, which makes use of the presequence pathway
involving the TOM and TIM23 complex but is ultimately assembled into the MOM by
the MIM complex (Song 2014; Wenz 2014). Furthermore, the presequence containing
proteins Mgr2 and Hmil are processed not from their N-, but C- termini (Lee ef al., 1999;
Ieva et al., 2013), whereas the matrix targeted protein Hsp10 is not processed by MPP
(Rospert et al., 1993).

14
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Figure 1. Protein sorting in mitochondria. Mitochondrial preproteins are synthesized in the
cytosol where they are kept in an import competent state by cytosolic chaperones. Some a-helical
proteins are inserted into the outer membrane in a process that involves the MIM complex,
whereas for other signal- and tail-anchored proteins the import factors are unknown (1). Cysteine
rich proteins of the intermembrane space cross the outer membrane via the TOM complex and
obtain their native structure in a process that involves the Mia40/Ervl complex (2). Proper
positioning of proteins that take the presequence pathway depends on the membrane potential
(Ay) and the TIM23 complex. Proteins processed by signal peptidases like MPP or IMP find their
destination in the IMS, the MIM, or the matrix (3a-c). Carrier proteins of the inner membrane are
handed over from TOM to the TIM22 complex with the help of small TIM chaperones in the IMS
(4). The small TIMs are also involved in targeting B-barrel proteins to the TOB complex (5).
Proteins that are synthesized on mitochondrial ribosomes in the matrix and some proteins with
bipartite signals follow the conservative sorting pathway and are inserted to the MIM via Oxal

(6).
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6.3 Mitochondrial morphology at a glance

Mitochondria form highly dynamic, interconnected tubular structures beneath the
cell cortex that undergo constant fusion and fission events (Nunnari et al., 1997). It can
be speculated that one advantage of such a large mitochondrial network is to allow the
transmission of the mitochondrial membrane potential, thereby facilitating the energy

transfer within cells from oxygen rich to oxygen poor regions (Westermann, 2008).

Several human diseases are connected to disorders in mitochondrial integrity,
therefore understanding the processes and identifying novel components that determine
mitochondrial morphology is of main interest. A suitable model organism for studying
mitochondrial morphology is the baker’s yeast S. cerevisiae, since many processes are
conserved between yeast and higher eukaryotes. Furthermore, yeast can tolerate
mitochondrial defects or the loss of mtDNA on fermentable carbon sources, whereas
abolished mitochondrial respiration leads to inability of the cells to grow on non-
fermentable carbon sources like lactate or glycerol. These mutants form smaller colonies
during anaerobic growth and display the so called petite (pet”) phenotype (Tzagoloff and
Dieckmann, 1990). Since defects in mitochondrial morphology often lead to hampered

respiration, yeast cells established in the search for novel morphology components.

Four major processes influence mitochondrial morphology and distribution,
namely fusion, fission, tubulation, and transport along the cytoskeleton (Okamoto and
Shaw, 2005). Fusion of mitochondria is a prerequisite for the interchange of
mitochondrial membranes and matrix components, such as mtDNA. Considering that the
mtDNA is potentially damaged by reactive oxygen species (ROS) during ATP production
by oxidative phosphorylation, recombination of the mitochondrial genome is essential for
repair. As a result, somatic mutations might be prevented and cellular aging could be

delayed.

In yeast, the large GTPase Fzol in the MOM plays an important role in
mitochondrial fusion. Cells lacking Fzol display fragmented mitochondria and are
characterized by the loss of mtDNA (Rapaport et al., 1998). Another essential factor for
mitochondrial fusion is the MOM protein Ugol. Ugol forms a complex with Mgml, a
dynamin-like GTPase in the MIM, therefore making it a prominent candidate for a

fusogen of the inner membrane (Merz et al., 2007).
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Mitochondrial fission is an important process for the inheritance of mitochondria,
since mitochondria cannot be created de novo, but rather have to be replicated and
distributed inside the cell. Dnm1, which belongs to the dynamin subfamily of GTP-
binding proteins is an essential component that is recruited to mitochondria at fission
sites. Hence, deletion of DNMI in yeast cells leads to an aberrant mitochondrial
morphology. Impaired fission and progressing fusion results in a highly branched, netlike
mitochondrial system, which locates to only one side of the cell (Otsuga et al., 1998).
Furthermore, mitochondrial fission is regulated by the proteins Fisl, an integral outer
membrane protein, as well as Mdv1 and its paralog Caf4. Mdvl and Caf4 are soluble
proteins that engage with Dnm1 and Fisl1 at specific sites to induce fission (Fekkes ef al.,
2000; Mozdy et al., 2000; Tieu et al., 2002; Okamoto and Shaw, 2005). Components of
the fusion and fission machinery are often conserved among yeast and higher eukaryotes.
The significance of mitochondrial morphology for cellular function is unquestionable,
considering that disorders in mitochondrial integrity are connected to several human
diseases. Disorders in the peripheral nervous system of higher eukaryotes are frequently
connected to mutations in morphology components like DRP1 (Dnml), MFN2 (Fzol)
and OPA1 (Mgml) which are involved in mitochondrial fusion and fission. Since
fragmented mitochondria constitute a step in programmed cell death, components of the
fission machinery also participate in the initiation of apoptosis (Youle and Karbowski,

2005; Chan, 2006).

Mitochondria in yeast maintain their tubular shape and ensure distribution and
inheritance by the ability of the organelle to move along the actin cytoskeleton (Merz et
al., 2007), a process for which Mdm10 and the ER-protein Mmm1 were shown to be
required (Sogo and Yaffe, 1994; Boldogh et al., 1998). Additionally, ERMES
components were identified to function as tubulation mediators, because mutation or
deletion of their encoding genes gives rise to condensed, giant organelles (Sogo and
Yaffe, 1994). However, in higher eukaryotes the factors necessary for tubulation of

mitochondria are unknown.
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6.4 Relevance of ERMES in yeast

As mentioned before, tubulation, as well as distribution and inheritance of
mitochondria is dependent on the ERMES complex (Sogo and Yaffe, 1994), a complex
which is unique to fungi. Interestingly, the deletion of either ERMES gene leads to similar
phenotypes regarding growth, mitochondrial inheritance and morphology, mitophagy,
and phospholipid composition (Burgess et al., 1994; Berger et al., 1997; Youngman et
al., 2004; Kornmann et al., 2009; Osman et al., 2009; Nguyen et al., 2012).

ERMES is a high molecular weight complex consisting of the integral MOM [3-
barrel protein Mdm10 (Mitochondrial distribution and morphology), the integral MOM
protein Mmm2 (Maintenance of mitochondrial morphology 2) known also as Mdm34,
the cytosolic protein Mdm12, and the integral ER protein Mmm1. The more loosely
attached subunit Gem1 was suggested to regulate the size and number of ERMES
complexes and to affect mitochondrial shape in a process that is independent of fusion

and fission.

The mammalian orthologs of Geml, Mirol and Miro2 have been shown to
influence the connection between mitochondria and the cytoskeleton (Frederick et al.,
2004; Frazier et al., 2006; Kornmann et al., 2011). Besides Mirol and Miro2, ERMES
complex was reported to be involved in this process by linking mtDNA and mitochondrial
membranes to the actin cytoskeleton. As a consequence, deletion of genes encoding
ERMES results in condensed and giant organelles that tend to lose mtDNA (Burgess et
al., 1994; Sogo and Yaffe, 1994; Berger et al., 1997). ERMES complex not only
contributes to the maintenance and inheritance of mitochondria, but is also implied in the
biogenesis of the outer membrane. Several studies provide evidence that ERMES
components function in the assembly of B-barrel proteins into the MOM (Meisinger et
al., 2004; Meisinger et al., 2007; Yamano et al., 2010). Other studies demonstrate that
yeast cells require the ERMES complex in order to maintain a correct mitochondrial lipid
composition. The complex establishes sites of close contact between ER and
mitochondria, thereby probably facilitating or actively influencing the exchange of lipids
between the two organelles (Kornmann et al., 2009; Osman et al., 2009; Yamano et al.,

2010; Nguyen et al., 2012; Tamura ef al., 2012).

Collectively, it is evident that the ERMES complex is implicated in many
important cellular processes, although the most prominent function is thought to be its

involvement in lipid homeostasis.
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6.5 ERMES complex and mitochondrial lipid homeostasis

The three types of lipids constituting biological membranes are phospholipids,
sphingolipids and sterols, with phospholipids being most abundant. Phospholipids are
amphipathic molecules with a polar head group and a hydrophobic part, where different
combinations of the polar residue with acyl chains lead to a large variety of phospholipids.
Each endogenous membrane system has a unique phospholipid profile, while the
structural and functional characteristics of membranes are important for their interactions
with proteins. For instance, the presence of negatively charged phosphatidylserine (PS)
helps in directing positively charged proteins to the endocytic pathway (Yeung et al.,
2008). The mitochondrial phospholipid composition varies little among different cell
types, indicating that grand alterations cannot be tolerated (Osman et al., 2009). Indeed,
changes in phospholipid levels or composition, as well as phospholipid damage can be
linked to several human diseases such as ischemia, hypothyroidism, Barth syndrome and

heart failure (Chicco and Sparagna, 2007; Gebert et al., 2009; Joshi et al., 2009).

The four major glycerophospolipid classes in yeast mitochondria are
phosphatidylcholine  (PC,  40%), phosphatidylethanolamine  (PE,  26%),
phosphatidylinositol (PI, 15%) and cardiolipin (CL, 13%), whereas PS (3%) and
phosphatidic acid (PA, 2%) are less abundant (Zinser and Daum, 1995). The maintenance
of a defined lipid composition depends on the ability of mitochondria to synthesize
phospholipids such as CL, PE, and phosphatidylgylcerol (PG) from phospholipid
precursors, whereas PA, PI, PS, PC and sterols need to be imported into mitochondria
from other organelles (Osman et al., 2010; Flis and Daum, 2013; Tamura et al., 2013;
Mejia and Hatch, 2016) (Fig. 2).
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Figure 2. Phospholipid synthesis and lipid transport between ER and mitochondria. The
phospholipid PA serves as a precursor for Pl and PS synthesis in the ER, wherein PS is transported
to mitochondria for the conversion to PE. PC synthesis in the ER requires the export of PE from
mitochondria. Furthermore, PA is necessary for the production of PG and CL in mitochondria.

CL is a phospholipid with a special composition, since it contains four acyl chains.
It is found solely in bacterial membranes or in mitochondria, particularly in the MIM
where it has an important role for mitochondrial biogenesis and function. CL is important
for respiration and oxidative phosphorylation (Hoch, 1992), as well as the biogenesis of
certain mitochondrial proteins (Ou et al., 1988; Gebert et al., 2009; Sauerwald et al.,
2015). Furthermore, it was reported that CL is involved in orientation of receptors,
channels and enzymes on the outer face of the MOM (Schug and Gottlieb, 2009). A lack
of CL leads to destabilization of respiratory chain supercomplexes and the TIM23
translocase, a reduced activity of cytochrome ¢ oxidase, and a reduced inner membrane
potential Ay (Jiang et al., 2000; Lange et al., 2001; Zhang et al., 2002; Pfeiffer et al.,
2003; Zhang et al., 2005). CL, as PE, is a cone-shaped lipid and has a preference for
nonbilayer structures with a negative curvature (van den Brink-van der Laan et al., 2004).
The loss of either CL or PE can be tolerated by yeast cells, whereas cells lacking both
phospholipids are non-viable, indicating overlapping functions (Gohil et al., 2005).
Consistently, several studies suggest a role for CL and mitochondrial PE in maintaining
mitochondrial integrity (Osman et al., 2009; Kuroda et al., 2011; Tamura et al., 2012).
Moreover, cells lacking mitochondrial PE depleted of CL display reduced levels of
Mgm1, which leads to defects in mitochondrial fusion with excessive fragmentation and
loss of mtDNA. However, a lack of PE also favors the formation of respiratory chain

supercomplexes (Bottinger ef al., 2012; Joshi et al., 2012).
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Considering that mitochondria are not part of the endomembrane system,
mechanisms that allow non-vesicular lipid exchange between the organelles are
necessary. Specialized sections of the ER, the so-called MAMs (Mitochondria-associated
membranes) were reported to co-purify with enzymes involved in phospholipid
biosynthesis and are implicated in lipid transport between the two organelles (Vance,

1990; Voelker, 1990; Ardail et al., 1993; Gaigg et al., 1995; Shiao et al., 1995).

The ERMES complex in yeast was the first system described to participate in lipid
exchange between mitochondria and the ER. Cells lacking individual subunits of the
ERMES complex show reduced levels of mitochondrial PE and CL, suggesting that the
ERMES structure is required for the exchange of phospholipids at ER—mitochondria
contact sites. Additionally, the conversion of PS to PE and PC was decreased in cells
depleted of ERMES components, emphasizing a role of ERMES in phospholipid
exchange between ER and mitochondria (Kornmann et al., 2009; Osman et al., 2009;
Nguyen et al., 2012). Recent data indicate that the formation of respiratory chain
supercomplexes in mitochondria lacking Mdm10 is altered. Furthermore, cells lacking
Mdm10 display elevated mitochondrial ergosterol levels (Tan et al., 2013). Until recently
it remained unclear whether components of the ERMES complex actively contribute to
the transport of phospholipids, or if the ERMES complex simply functions as a membrane
tether ensuring the close proximity of ER and mitochondria. The prediction of
synaptotagmin-like, mitochondrial and lipid-binding protein (SMP) domains in ERMES
components sparked further investigations in this matter, leading to the finding that the
SMP domains of Mmml and Mdml2 can indeed interact with lipids and form a
hydrophobic channel that preferentially binds PC (Lee and Hong, 2006; Kopec et al.,
2010; AhYoung et al., 2015).

Since the deletion of ERMES genes is not lethal, parallel processes for the lipid
exchange between mitochondria and the ER, or with other organelles must exist.
Furthermore, cellular PE levels remain largely unaffected in ERMES mutants, reinforcing
the idea of alternate routes for lipid trafficking between the organelles (Kornmann et al.,
2009; Nguyen et al.,2012; Voss et al., 2012). Indeed, two recent studies provide evidence
for alternative ways of mitochondria to exchange lipids with the remainder of the cell.
The ER membrane protein complex (EMC) is suggested to function as an additional tether
between mitochondria and ER and was shown to play a role in the transport of PS from

the ER to mitochondria (Lahiri et al., 2014). Additionally, contact sites between
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mitochondria and the vacuole are mediated by the vacuole and mitochondria patch
(VCLAMP), a tether which is marked by the vacuolar protein Vps39 and is implicated in
PS to PC conversion. Interestingly, the elimination of both ERMES and vCLAMP contact
sites is lethal, suggesting that the systems are partially redundant in providing
phospholipids to mitochondria (Elbaz-Alon et al., 2014; Honscher et al., 2014). It was
also shown that the lack of one contact site leads to the expansion of the other, wherein
the extent of contact sites between mitochondria and either the ER or vacuole is regulated
by the sterol transporter Lam6. Lam6 has two mammalian homologs, GRAMD1a and
GRAMDIc, a circumstance which might help to identify contact site tethers in higher
eukaryotes (Elbaz-Alon et al., 2014; Elbaz-Alon et al., 2015; Gatta ef al., 2015; Murley
etal.,2015).

Genetic manipulations of yeast are relatively easy to accomplish and are powerful
tools to identify new components involved in lipid metabolism. For instance, Mcpl
(Mdm10 complementing protein), and Mcp2 were found in a screen for multicopy
suppressors of the Mdm10 growth phenotype. A role for the two suppressors in a lipid
transport pathway independent of ERMES was suggested already upon the identification
of the two proteins (Tan et al., 2013). The mode of action of this alternative pathway
remains unclear, however only recently a physical interaction of Mcpl with Vps13 was
reported (John Peter et al., 2017). Vps13 was previously described as a possible regulator
of contact sites between mitochondria and the ER or vacuole, because point mutations in
Vps13 led to cellular effects bypassing ERMES related defects (Lang ef al., 2015; John
Peter et al., 2017). Mcpl is suggested to recruit Vpsl3 to mitochondria, thereby
increasing the extent of contact sites between mitochondria and the vacuole, while
tethering is mediated by the vacuolar fusion factor Vps39 and the vacuolar Rab GTPase

Ypt7 (Elbaz-Alon et al., 2014; John Peter et al., 2017).

Additionally, it was reported that components of the mitochondrial contact site
and cristae organizing system (MICOS) display a strong negative genetic interaction with
CRD1 and GEP4, enzymes of the CL synthesis pathway (Hoppins et al., 2011). MICOS
is involved in cristae formation and establishing sites of close contact between the MIM
and MOM, thereby contributing to intramitochondrial lipid homeostasis (van der Laan et
al., 2016). MICOS was not only shown to play a role in CL metabolism, but was also
reported to be involved in the decarboxylation of PS by bringing the MOM and the MIM

in close contact. The proximity of the two membranes allows conversion of PS to PE by
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the MIM enzyme phosphatidylserine decarboxylase 1 (Psdl) in the outer membrane
(Aaltonen et al., 2016). In MICOS deficient cells, the PS transporter Ups2-Mdm35 limits
transport of PS to the MIM, thereby preventing PE accumulation in the mitochondria and
in turn ensuring cristae formation and mitochondrial respiration (Tamura et al., 2012;
Aaltonen et al., 2016). Mdm35 was additionally reported to form a complex with Upsl
involved in the transport of PA across the IMS, therefore playing an important role in CL
biosynthesis (Connerth et al., 2012; Tamura et al., 2012). The loss of Upsl can be
compensated by overexpression of Mdm31, a protein which was also reported to restore

altered mitochondrial CL levels in cells lacking ERMES (Tamura ef al., 2012).

The progress made in deciphering the complex relation of organellar contacts and
lipid homeostasis demonstrates that the search for suppressors of ERMES phenotypes can
provide valuable information to help unraveling the many interconnected activities of
ERMES. The presence of the ERMES complex in common ancestors of metazoans and
fungi leads to the assumption that alternative routes rendered the ERMES complex
dispensable in the course of evolution (Flinner et al., 2013; Wideman et al., 2013). The
identification of pathways that can bypass ERMES thereby might contribute to

understand lipid transport in higher eukaryotes, which is largely unsolved.
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7.  Aim of the study

A multitude of different functions are proposed for ERMES, such as the
involvement in processes like mitophagy, protein biogenesis of the outer membrane,
maintenance of mitochondrial morphology, inheritance of the mitochondrial genome as
well as lipid homeostasis. However, the precise molecular function of the ERMES
complex remains unclear. To solve this question, a high copy suppressor screen was
performed and Mcp3 (Mdm 10 complementing protein 3) was found to partially rescue the
growth phenotype of cells lacking Mdm10. To contribute to the elucidation of the primary
function of ERMES, the genetic and functional interaction of Mcp3 and ERMES was
examined in the article Mcp3 is a novel mitochondrial outer membrane protein that
follows a unique IMP-dependent biogenesis pathway. First, the involvement of Mcp3 in
mitochondrial processes in general was analysed. Moreover, Mcp3 and its biogenesis was

studied in this work.
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8. Summary of the results

8.1 The role of Mcp3 in mitochondrial function

8.1.1 Mcp3 is a high-copy suppressor of the absence of ERMES complex

ERMES complex is involved in many mitochondrial processes, yet the molecular
function of the individual subunits and the primary purpose of the complex is still
unknown. Identifying novel components that genetically interact with e.g. MDM1(0 may
shed light on this topic. To this end, a growth phenotype rescue screen of mdm10A was
performed. Among other high copy suppressors of mdmi10A, FUNI4 (YALOO8W) was
discovered. Overexpression of Funl4 rescued the growth phenotype of mdmi0A cells
(Fig. 1A), the protein was therefore renamed Mcp3 for Mdm10 complementing protein
3. Mcp3 was able to complement also the growth defects resulting from deletion of other
ERMES components, suggesting that the function of Mcp3 is related to the role of the
entire complex rather than to the missing activity of an individual subunit (Fig. 2D-F).
Furthermore, overexpression of Mcp3 led to a partial restoration of the tubular
mitochondrial network in cells lacking Mdm10, as demonstrated by fluorescence
microscopy (Fig. 1B), which is congruent with the partial growth rescue. Considering that
the loss of Mdm10 leads to changes in the assembly of respiratory chain supercomplexes
and a hampered TOM and TOB complex assembly, the rescuing ability of Mcp3 in
respect to these phenotypes was assessed. Figure 2A and B demonstrate that the
overexpression of Mcp3 led to minor restorations of the aforementioned defects, as shown

by blue native polyacrylamide gel electrophoresis (BN-PAGE).

It has been shown that cells lacking Mdm10 exhibit an altered mitochondrial lipid
composition, specifically increased amount of PS and ergosterol (ERG) were observed,
whereas PE and CL levels were reduced (Kornmann et al., 2009; Osman et al., 2009;
Yamano ef al., 2010; Nguyen et al., 2012; Tamura et al., 2012; Tan et al., 2013). Since
CL and PE levels play a role in the biogenesis and function of several mitochondrial
membrane protein complexes (Jiang et al., 2000; Schagger, 2002; Zhang et al., 2002;
Pfeiffer et al., 2003; van den Brink-van der Laan et al., 2004; Zhong et al., 2004; Nury et
al., 2005; Zhang et al., 2005; Claypool et al., 2008; Kutik et al., 2008), we wanted to
know if the rescuing ability of Mcp3 derives from effects on the mitochondrial lipid

homeostasis. To this end, the lipid profile of mitochondria lacking Mdm10 with or
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without elevated Mcp3 levels was analysed by mass spectrometry (In collaboration with
C. Ozbalci and B. Briigger). Indeed, the overexpression of Mcp3 partially rescued PS, PE
and ERG levels (Fig. 2C), consistent with the partial rescue of the growth phenotype and

recovery of mitochondrial morphology and complex assembly in mdm 10A cells by Mcp3.

8.1.2 Effects of altered Mcp3 levels on growth of yeast cells, mitochondrial
morphology and lipid profile

To further address the role of Mcp3 in cellular function, mcp3A cells of different
genetic backgrounds were tested for growth under different conditions. Cells of the
BY4741 background lacking Mcp3 exhibited a slightly reduced growth on glycerol-
containing medium, YPG (Fig. 3A).

Since the loss of Mdm10 or other ERMES components results in changes in
mitochondrial morphology, the influence of Mcp3 on proper mitochondrial morphology
and ERMES assembly was investigated by fluorescence microscopy and electron
microscopy. A fraction of the cells possessed thicker, shortened and less interconnected
mitochondria when MCP3 was deleted in BY4741 cells (Fig. 3B). However, no alteration
in the number and morphology of cristae, as well as the co-localization of ERMES with
mitochondria in punctate structures was observed in such cells (Fig. EVIA and Fig.
EV2A and B, in collaboration with X. Chelius and B. Westermann). Consistently, the loss
of Mcp3 had no effect on the lipid profile of mitochondria (Fig. 3C and D).

On the other hand, wildtype cells of the W303 background overexpressing Mcp3
displayed various mitochondrial deformations such as fragmentation, condensation, or
web-like structures (Fig. 3E). Nevertheless, in the same cells, formation of ERMES
punctae or co-localization of the ERMES subunit Mmm1 with mitochondria was not

altered compared to wildtype cells (Fig. EV2C).
Taken together, the deletion of MCP3 in BY4741 cells did not lead to pronounced

effects on the growth of yeast cells or effects on mitochondrial morphology, lipid
composition, cristae formation or ERMES assembly. Yet, W303 cells overexpressing

Mcp3 possessed a slightly altered mitochondrial morphology.
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8.2 Biogenesis of Mcp3

8.2.1 Mcp3 is a mitochondrial outer membrane protein

Several high-throughput studies suggest that Mcp3 is a mitochondrial protein
located in the MOM. Mcp3 was found in the proteome of mitochondria (Sickmann et al.,
2003), and the mitochondrial localization of a C-terminal GFP fusion construct of Mcp3
was described by others (Huh ef al., 2003). Furthermore, Mcp3 was specifically found in
the MOM proteome (Zahedi et al., 2006). Of note, the sequence of Mcp3 contains two
putative transmembrane domains (TMDs). In contrast to a possible localization of Mcp3
in the MOM, Mcp3 displays typical features of a classical mitochondrial targeting
sequence and contains a predicted cleavage site between Asn69 and Asp70 for Impl, a
subunit of the inner membrane peptidase (IMP) (Esser et al., 2004) (Fig. 4A). However,
the prediction of IMP processing could not be tested in the aforementioned study, because
a tag at the C-terminus rendered the protein non-detectable. This observation is in line
with our finding that C-terminally hemagglutinin (HA)-tagged Mcp3 was non-functional,
since it could not complement the growth defect of cells lacking Mdm10 (data not shown).
Nevertheless, a high-throughput study using mass spectrometry revealed that the N-
terminus of endogenous Mcp3 starts with Asp70, corresponding to the predicted Impl
processing site (Vogtle et al., 2009). To study the localization and topology on a single
gene level, an internally tagged version of Mcp3 was constructed, where the HA epitope
was inserted 4 amino acids C-terminally to the N-terminus of the mature protein (DSLG-
HA tag). The functionality of this construct was confirmed by growth rescue of cells
lacking Mdm10 (Fig. 4B). Indeed, HA-Mcp3 could be detected in isolated mitochondria

and, consistent with the expected size of the mature protein, migrated at 17 kDa (Fig. 4C).

To show its mitochondrial localization, cells lacking endogenous Mcp3 and
overexpressing HA-Mcp3 were subjected to subcellular fractionation, where HA-Mcp3
located exclusively to mitochondria (Fig. 4D). Immunofluorescence microscopy
confirmed the mitochondrial localization of Mcp3 (Fig. 4E). Of note, enriched
mitochondrial fractions contained processed C-terminally HA-tagged Mcp3 (Fig. 4F)
suggesting that an altered C-terminus of Mcp3 probably interferes with function rather

than biogenesis or stability of the protein.
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Since the protein sequence of Mcp3 implies two putative TMDs, we wanted to
know whether Mcp3 actually is embedded in a mitochondrial membrane. To this end,
carbonate extraction was performed wherein HA-Mcp3, like the integral membrane
protein Tom20, was solely detected in the pellet fraction (Fig. 4G). Considering
mitochondria harbor two membranes, it was of interest if Mcp3 is integral to the MIM or
the MOM. Figure 4H demonstrates that HA-Mcp3 is digested by proteinase K in intact
mitochondria, indicating that Mcp3 is located in the MOM and exposed to the cytosol.
This finding was supported by a sucrose density gradient experiment, where MIM and
MOM vesicles were separated. Similarly to the MOM marker protein Tom20, HA-Mcp3
was mostly found in the lighter fractions of MOM enriched vesicles (Fig. 41).

Further, we investigated whether the function of Mcp3 is dependent on the
predicted TMDs. To this end, two additional versions of Mcp3 were constructed that
lacked either the first or the second TMD. Neither of the constructs was able to rescue the
growth defect of cells lacking Mdm10 (Fig. 4J). Of note, loss of TMD1 or TMD2 resulted

in non-detectable or lower detectable amounts of Mcp3, respectively (Fig. 4K).

Collectively, the results demonstrate that Mcp3 is a mitochondrial membrane

protein integral to the MOM.

8.2.2 Mcp3 follows a unique import pathway

In order to investigate the biogenesis of Mcp3 in detail, we first established a read
out for the correct import of Mcp3. When radiolabeled Mcp3 was incubated in vitro with
isolated mitochondria, two bands at about 10 and 15 kDa emerged in a time-dependent
manner, corresponding to the cleaved mitochondrial targeting sequence (MTS) and the

mature form, respectively (Fig. SA).

Figures 5B, 5C and S2A demonstrate that the import receptors Tom70/71, but not
Tom20 play a role in the biogenesis of Mcp3 as shown by in vitro import or western blot
analysis. Several studies indicate that multispan proteins can be inserted to the MOM
without the involvement of the Tom40 channel (Otera et al., 2007; Becker et al., 2011;
Papic et al., 2011). However, upon employing a strain with a temperature sensitive allele
of Tom40, the in vitro import and steady state levels of Mcp3 were highly reduced in
mutant mitochondria (Fig. 5D and E). Furthermore, protease protection assay shows that
non-processed precursor accumulates and does not reach the IMS in the altered organelles

(Fig. EV3A). We could also show that radiolabeled Mcp3 can physically interact with the
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soluble cytosolic domains of Tom70 and Tom20 GST fusion proteins, and to a minor
extent also with GST-Tom22 (Fig. 6A), which is in line with the previous results.
Incubating mitochondria that contain His-tagged Tom22 with radiolabeled Mcp3, we
were able to substantiate these findings in organello by affinity pulldown or antibody
shift in BN-PAGE (Fig. 6B and C). Taken together, the data strongly support the idea that
Mcp3 is initially recognized by the Tom70 receptor and is then handed over to Tom22
which mediates the relay to Tom40. Eventually, Mcp3 crosses the MOM through the
central pore of the TOM complex, making Mcp3 and Om45 the only known a-helical
MOM proteins depending on functional Tom40 (Wenz et al., 2014).

Considering that the TIM23 complex plays an additional role in the biogenesis of
the MOM protein Om45, we were interested if this is also the case for Mcp3. An
involvement of the TIM complex is suggested by the observation that Mcp3 contains a
cleavable MTS, potentially removed by MPP and/or IMP, as processing proteases of the
MOM were not reported so far. Indeed, the in vitro import of radiolabeled Mcp3, as well
as the steady state levels of HA-Mcp3 were significantly reduced in mitochondria
harboring a temperature sensitive allele of Tim23 (Fig. 7A and B, respectively).
Additionally, the formation of mature Mcp3 was significantly reduced when
mitochondria depolarized with either CCCP or valinomycin were used for in vitro import
(Fig. 7C and Fig. EV4, respectively), indicating that the mitochondrial membrane
potential is required for processing of Mcp3. Mcp3 contains a predicted MTS which is
usually cleaved by MPP, yet mature Mcp3 emerged in in vitro import assay even when
MPP was inhibited by chelators for bivalent cations, ortho-phenanthroline, and EDTA.
Additionally, incubation of recombinant MPP with radiolabeled Mcp3 precursor did not
yield mature Mcp3 (Fig. 7C). Furthermore, processing of radiolabeled Mcp3 was not
influenced in mitochondria isolated from cells harboring a temperature sensitive allele of

Masl, a subunit of MPP (Fig. S3).
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The previous results raise the question, by which peptidase, other than MPP,
Mcp3 is processed. Figure 7D demonstrates that the mature form of Mcp3 could not be
detected in cells lacking either subunit of IMP, whereas lack of other mitochondrial
peptidases or degrading enzymes did not abolish Mcp3 processing. To validate this result,
in vitro import of radiolabeled Mcp3 was conducted with mitochondria isolated from cells
lacking Imp1 or Imp2. Processing of Mcp3 could not be observed in such mitochondria
(Fig. 7F). Additionally, a mutation in the putative Impl processing site at amino acid
position 70 (D70G) rendered the protein non-cleavable (Fig. 7G). Of note, C-terminally
tagged Mcp3 could also be processed by IMP, reinforcing the assumption that a tag at the
C-terminus interferes with the function of Mcp3, rather than biogenesis or stability (Fig.
7E).

The data show that Mcp3 is the first IMP-dependent MOM protein. In order to
decipher the individual steps of Mcp3 processing, the D70G mutant was analysed in more
detail. Figure 7G shows that the non-cleavable precursor of Mcp3 was resistant to
externally added protease (lane 3), suggesting that Mcp3 precursor translocates at least to
the level of the IMS before being processed. Indeed, also in mitochondria lacking Imp1
or Imp2 Mcp3 precursor accumulated in the IMS (Fig. 7G, lanes 11 and 12). Even in
wildtype mitochondria there was a fraction of mature Mcp3 being protease protected,
probably corresponding to a processed Mcp3 IMS intermediate (Fig. 7G and H, lanes 4,
asterisks). This band disappeared when mitochondria were pretreated with the uncoupler
CCCP, suggesting that an intact membrane potential is required for the translocation of

Mcp3 through the TOM complex (Fig. 7H, lane 5).

Finally, we were interested whether, and if so which MOM complex mediates the
insertion of Mcp3 from the IMS to the MOM. The B-barrel insertion machinery was ruled
out by performing in vitro import experiments with mitochondria isolated from cells
lacking the TOB subunit Mas37 (Fig. S2B). Consistently, the import chaperones
Tim8/10/13 which play a role in the biogenesis of B-barrel proteins of the MOM and
carrier proteins of the MIM were not required for Mcp3 biogenesis, as demonstrated by
in vitro import into mitochondria lacking sTIMs (Fig. S2C and D). Since the insertion of
some a-helical proteins to the MOM is mediated by the MIM complex, we investigated
the requirement of Mim1 and Mim2 for Mcp3 biogenesis. Indeed, the in vitro import of
radiolabeled Mcp3, as well as steady state levels of HA-Mcp3 were lessened when either

of the MIM subunits was missing (Fig. 8A and B). It was shown that the assembly of the

32



Summary of the results

TOM complex is hampered in mimIA and mim2A cells, therefore the import of Mcp3
might be influenced indirectly by the absence of the MIM complex. To verify that the
observed effects are direct, we aimed at demonstrating the physical interaction of Mcp3
with the MIM complex subunit Mim1. Figure 8C shows that radiolabeled Mcp3 precursor
co-purified with MBP-Miml1 in a considerably higher amount than with MBP alone.

Collectively, the results show that Mcp3 precursor crosses the MOM via the TOM
complex and that the biogenesis of Mcp3 is dependent on the TIM23 complex, as well as
the membrane potential across the MIM. Furthermore, Mcp3 is not processed by MPP,
but rather by IMP. Considering that the activity of IMP requires both subunits Imp1 and
Imp2, the experiments can not specify which of the subunits processes Mcp3. Regardless,
the results are consistent with studies imposing Impl as the responsible processing
subunit (Esser et al., 2004; Vogtle et al., 2009). The experiments suggest that the MIM
complex might be directly involved in the insertion of Mcp3 to the MOM.
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9. Discussion

The ERMES complex and its subunits have been a subject of extensive research
within the last two decades. Its involvement in many important cellular processes, such
as the biogenesis of B-barrel proteins, maintenance of mitochondrial morphology and
lipid homeostasis, as well as inheritance of the mitochondrial genome, was reported
(Burgess et al., 1994; Sogo and Yaffe, 1994; Berger et al., 1997; Boldogh et al., 1998;
Hanekamp et al., 2002; Kornmann et al., 2009; Yamano et al., 2010). The most prominent
feature of the ERMES complex is the ability to establish a physical connection between
mitochondria and ER, thereby facilitating the lipid exchange between the two organelles
(Kornmann et al., 2009). 1t is still unclear, whether the ERMES complex simply creates
a region of close proximity between mitochondria and ER or if it actively contributes in
the transfer of lipids. Nevertheless, the ability of ERMES components to directly bind
lipids was predicted and recently demonstrated implying an active role for the complex

in lipid transport (Lee and Hong, 2006; Kopec et al., 2010; AhYoung et al., 2015).

Since the different cellular processes involving the ERMES complex are
interdependent, it is difficult to interpret the results obtained from experiments with
absent ERMES components. The observed phenotypes might be direct effects, but could
as well be an indirect outcome of another defect, making it complicated to unravel the
primary function of ERMES. The whole picture grows further in complexity because at
least two alternative ways of mitochondria to exchange lipids with the remainder of the
cell exist, namely the EMC between mitochondria and ER, and vVCLAMP between
mitochondria and vacuole (Elbaz-Alon et al., 2014; Lahiri et al., 2014).

Studying ERMES complex mutants is problematic considering the high frequency
by which endogenous suppressors tend to emerge in cells deleted for ERMES genes.
(Berger et al., 1997; Hanekamp et al., 2002). Recently, two high-copy suppressors of the
mdm10A phenotype were identified, namely Mcpl and Mcp2 (Tan et al., 2013). In this
study we report a third suppressor, Mcp3, which can alleviate several negative phenotypes
caused by loss of ERMES. The rescuing capacity of Mcp3 might be related to one or
more processes, however substantial evidence points towards a direct or indirect
involvement of Mcp3 in lipid metabolism. A tempting hypothesis is that the partial
restoration of the lipid profile in turn ameliorates the defects in mitochondrial

morphology, thereby improving the fitness and growth of the cells. The observation that

35



Discussion

Mcp3 can restore defects in the assembly pattern of respiratory chain supercomplexes
caused by lipid imbalances supports the potential involvement of Mcp3 in mitochondrial
lipid homeostasis. On the other hand, the influence of Mcp3 on the morphology apparatus
of mitochondria remains to be studied. It has been shown that the biogenesis of Mgm1, a
protein required for mitochondrial fusion, depends on CL. Reduced levels of CL thereby
lead to fragmented mitochondria and the loss of mtDNA (DeVay et al., 2009; Joshi et al.,
2012). It would be interesting to dissect, whether there is a functional relationship
between Mcp3 and Mgml or another protein involved in the maintenance of tubular
mitochondrial morphology. In fact, the overexpression of Mcp3 in the W303a
background resulted in a slightly altered mitochondrial morphology, suggesting an
involvement of the protein in processes determining mitochondrial dynamics. However,
the deletion of MCP3 in W303 cells did not result in aberrant mitochondria or reduced
growth of the cells. The BY4741 cells carry a mutation in the HAP! transcription factor,
which regulates genes that are involved in electron transfer reactions. The HAPI mutation
thereby leads to reduced ability of the cells to respire and increased sensitivity to altered
protein levels (Gaisne et al., 1999; Ocampo et al., 2012). Indeed cells lacking Mcp3 in
the BY4741 background displayed a slight growth defect on non-fermentable medium.
However, the mitochondrial morphology in this background was only marginally altered
and no other tested cellular process was affected when Mcp3 was missing. It should also
be of interest to study, whether the simultaneous lack of MCP3 and MDM 10 causes any
additional cellular defects, or if such a double deletion might even result in synthetic

lethality.

Contacts between ER and mitochondria are mediated by the MOM, therefore the
circumstance that two of the ERMES suppressors, Mcpl and Mcp3, are MOM proteins
is of no surprise, but it also shows that understanding the biogenesis and topology of a
protein can contribute in comprehending the molecular processes in which the protein
partakes. Many factors challenged the investigations on the biogenesis pathway of Mcp3.
Even though C-terminally HA-tagged Mcp3 was detectable, it was not functional.
Consistent with our results, the authors of another study could not detect at all C-
terminally myc-tagged Mcp3 in protein extracts, concluding that the construct is poorly
expressed or the tag renders the protein instable (Esser et al., 2004). In contrast, a C-
terminal GFP construct of Mcp3 used in a different study localized to mitochondria in
fluorescence microscopy experiments, demonstrating that even a large C-terminal tag not

necessarily interferes with mitochondrial localization or stability of Mcp3 (Huh et al.,
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2003). However, a tag in close proximity to the C-terminal TMD might compromise
membrane integration or function of Mcp3. Since tagging Mcp3 at the N-terminus would
lead to removal of the tag during processing, an internally tagged version of Mcp3 had to
be constructed. The result of Mcp3 being located in the MOM was puzzling, because its
sequence contains a predicted MTS. This led us to study the biogenesis of Mcp3 further,
revealing that in contrast to most presequence containing proteins, the biogenesis of Mcp3
is dependent on Tom70 and not Tom20 (Fig. 3). However, the involvement of Tom70
was also shown for other proteins harboring an MTS, mostly hydrophobic precursors with
a tendency to aggregate (Yamamoto et al., 2009). This can be explained by the
chaperoning activity of Tom70, which helps to keep proteins in an unfolded and import
competent state. Furthermore, Tom70 provides the platform for the cytosolic chaperone
Ssal, which delivers hydrophobic precursors to mitochondria (Young et al., 2003). It is
tempting to assume that Tom70 evolved as a receptor for the biogenesis of Mcp3, since

Mcp3 contains two hydrophobic TMDs and a hydrophobic patch at the N-terminus.
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Figure 3. Mcp3 follows a unique biogenesis pathway. Mcp3 is translated in the cytosol and
initially recognized by the import receptor Tom70. Mcp3 subsequently crosses the outer
membrane through a pore formed by Tom40. Mcp3 is then handed over to the Tim23 complex
and afterwards processed by IMP. The MIM complex might be involved in the integration of
Mcp3 to the MOM. Steps diverging from the pathway of classical presequence containing
proteins are marked by an asterisk or triangle.
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Apart from Mcp3 there are other MOM multispan proteins whose biogenesis
depend on the Tom70 receptor, such as Ugol and Scm4 (Becker et al., 2011; Papic et al.,
2011). These proteins are reported to be inserted into the MOM without further
involvement of the central TOM pore, whereas Mcp3 is translocated across the MOM via

the channel formed by Tom40.

Next, Mcp3 is handed over to the TIM23 complex (Fig. 3). It can be speculated
that the N-terminal part of Mcp3 is inserted into the MIM in a stop-transfer mechanism.
The involvement of the TIM23 complex in the biogenesis of a MOM protein was also
reported for Om45, with the difference that Om45 is not processed by any peptidase (Song
et al., 2014; Wenz et al., 2014). Therefore, Mcp3 is the first MOM protein known to be
processed by a peptidase of the MIM. A classical MTS is predicted for Mcp3, yet unlike
the majority of presequence containing proteins it is not processed by MPP. The only
known yeast protein that omits MPP processing despite containing an MTS is Hsp10.
Even though the subunit responsible for Mcp3 processing could not be determined, an
Impl consensus sequence is located at amino acid positions 67-70 (IFND), consistent
with the identification of the endogenous N-terminus to start with aspartate at residue 70

(Vogtle et al., 2009).

Following processing, mature Mcp3 is integrated into the MOM in a MIM
complex dependent manner (Fig. 3). This observation may be due to a direct involvement
of the MIM complex in the biogenesis of Mcp3, or an indirect effect since the levels of
the TOM complex are reduced in cells lacking functional MIM complex (Becker et al.,
2008; Popov-Celeketic et al., 2008). The physical interaction of Mcp3 precursor with
Miml observed in this study favors a direct involvement of the MIM complex. It implies
that the MIM complex can mediate the integration of membrane proteins from both sides
of the membrane. None of the membrane insertases identified so far (e.g.
Oxal/YidC/Alb3 from mitochondria, bacteria and chloroplasts respectively, as well as
the GET or SEC machinery) is reported to achieve this. Further evidence for this ability
could be obtained by reconstituting the MIM complex from recombinant proteins into
liposomes and testing the insertion of MIM complex substrates into these artificial
membranes. It is also conceivable that the TMD of MOM proteins is directly handed over
from the TOM to the MIM complex. This would demand a lateral release of the precursor
protein from the central pore of the TOM complex. Whether the -barrel protein Tom40

can laterally release precursor proteins into the MOM is a matter of debate and a recent
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study argues that the separation of B-strands is energetically costly and would demand
major rearrangements of other TOM subunits (Bausewein et al., 2017). Yet, another
article provides evidence for a lateral release of preproteins from the TOM complex
(Harner et al., 2011). In such a scenario, MOM proteins that do not acquire the classical
signal anchored topology but rather face the IMS with the bulk of the protein might
require the TIM23 complex to direct the large C-terminal part to the IMS.

The reason for requirement of the TIM23 complex and the membrane potential in
the biogenesis of Mcp3 remains unsolved. It can be speculated that the physiological state
of the organelle influences the membrane potential, thereby affecting the biogenesis of
Mcp3 as a sensor for damaged mitochondria. The protein Pinkl in higher eukaryotes
functions as such a sensor. In case of a proper membrane potential, Pink1 is targeted to
the inner membrane, where it gets degraded by the protease PARL (presenilins-associated
rhomboid-like protein). In case of depolarized mitochondria, Pink1 is not degraded by
PARL and instead is integrated to the MOM, where it induces autophagy by the
recruitment of parkin (Okatsu et al., 2015).

Our results suggest a topology for Mcp3 where the N- and C-termini face the
cytosol. In the reverse orientation (Fig. 4B, HA-tag blue), protease treatment should yield
a fragment of about 8 kDa. Since fragments containing the HA-tag could not be detected
upon protease treatment of intact mitochondria, our data support a topology where the
HA-tag is exposed to the cytosol (Fig. 4A). Still, IMS orientation of the C- and N- termini

cannot be excluded simply based on the absent detection of the 8 kDa fragment.

Figure 4. Putative topologies of Mcp3 and localization of specific amino acids. Mcp3 is
located in the MOM probably with the N- and C- termini facing the cytosol (A). The proteolytic
digestion of Mcp3 in conformation B should yield an HA-tagged (blue) fragment of about 8 kDa.
Mcp3 contains three glycine residues in TMD1 (green) and a single cysteine in the loop region
(yellow).
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Additionally, Mcp3 contains a cysteine in the loop region (Fig. 4, yellow dot)
between the two TMDs. A cysteine residue in the IMS could serve the formation of a
disulfide bond with another protein, maybe even an inner membrane protein for the
establishment of a contact site between the MIM and the MOM. It can be speculated that
such a connection might facilitate the exchange of lipids between the MIM and the MOM,
thereby alleviating defects related to the loss of ERMES complex. It was shown that such
a contact site between the MIM and the MOM is mediated by mitochondrial contact site
complex (MICOS), which is also involved in maintaining a correct mitochondrial lipid

homeostasis (Hoppins et al., 2011; Aaltonen et al., 2016).

Interactions of Mcp3 with other proteins might as well be facilitated by the two
connected glycine motifs GxxxGxxxG (G, glycine; X, any amino acid) in the N- terminal
TMD of Mcp3 (Fig. 4, green dots). The presence of glycine motifs might assist in the
formation of TMD helix dimers by enabling the close proximity of two a-helices (Ospina
etal.,2011). However, GxxxG motifs might not only be relevant for oligomerization, but
also for protein folding (Teese and Langosch, 2015). Interestingly, this glycine motif is
conserved between Mcp3 (also known as Fun14) and the mammalian protein FUNDCI1
(Fun14 domain containing protein 1). FUNDCI1 was reported to be a mitochondrial outer
membrane protein enriched at the MAM by interacting with the ER resident protein
calnexin during hypoxia. It was also shown that FUNDCI acts as a receptor for hypoxia-
induced mitophagy and drives mitochondrial fission by recruiting DRP1 (Dnm1 in yeast)
to mitochondria (Liu et al., 2012; Wu et al.,, 2016). Hence, FUNDCI integrates
mitochondrial fission and mitophagy at the MAM, which is reminiscent of ERMES as an
important player in mitophagy in yeast (Bockler and Westermann, 2014). These
observations raise questions which should be addressed in future experiments: Does
Mcp3 function as a receptor for mitophagy similar to FUNDC1? Can the overexpression
of Mcp3 alleviate mitophagy defects of ERMES mutants or can increased mitophagy rates
supply the remainder of the cell with mitochondrial lipids? So far, there are no indications
for a role of Mcp3 in mitophagy since neither the deletion nor the overexpression of
MCP3 resulted in altered mitochondrial degradation (data not shown). Considering that
mitochondrial fission is required for mitophagy, it would be interesting to study the role
of Mcp3 for mitochondrial dynamics, as discussed previously in this chapter.
Furthermore, identification of interaction partners involved in mitophagy, maintenance
of mitochondrial morphology or other cellular processes might help to understand the

molecular function of Mcp3 and in turn of the ERMES complex.
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Abstract

Mitochondria are separated from the remainder of the eukaryotic
cell by the mitochondrial outer membrane (MOM). The MOM
plays an important role in different transport processes like lipid
trafficking and protein import. In yeast, the ER-mitochondria
encounter structure (ERMES) has a central, but poorly defined
role in both activities. To understand the functions of the ERMES,
we searched for suppressors of the deficiency of one of its
components, Mdm10, and identified a novel mitochondrial
protein that we named Mdm10 complementing protein 3 (Mcp3).
Mcp3 partially rescues a variety of ERMES-related phenotypes.
We further demonstrate that Mcp3 is an integral protein of the
MOM that follows a unique import pathway. It is recognized
initially by the import receptor Tom70 and then crosses the
MOM via the translocase of the outer membrane. Mcp3 is next
relayed to the TIM23 translocase at the inner membrane, gets
processed by the inner membrane peptidase (IMP) and finally
integrates into the MOM. Hence, Mcp3 follows a novel biogenesis
route where a MOM protein is processed by a peptidase of the
inner membrane.

Keywords ERMES complex; IMP; Mdm10; mitochondria; outer membrane
Subject Category Membrane & Intracellular Transport

DOI 10.15252/embr.201541273 | Received 31 August 2015 | Revised 19 April
2016 | Accepted 26 April 2016 | Published online 24 May 2016

EMBO Reports (2016) 17: 965-981

Introduction

Mitochondria are involved in many metabolic pathways and serve
as interface for processes like cell differentiation, growth, ageing
and death. Therefore, they are of eminent importance to the eukaryo-
tic cell. Their optimal function relies on the composition of two
distinct membranes, the mitochondrial inner membrane and mito-
chondrial outer membrane (MIM and MOM, respectively).

Most mitochondrial and all integral MOM proteins are encoded in
the nucleus, imported into mitochondria and sorted inside the orga-
nelle to their correct location. Proper positioning of proteins is
achieved by the MOM complexes TOM (translocase of the outer
membrane), TOB (topogenesis of outer membrane B-barrel proteins,
synonymously named SAM for sorting and assembly machinery)
and MIM (mitochondrial import) as well as the MIM and intermem-
brane space (IMS) complexes TIM23, TIM22 (translocase of the
inner membrane), MIA (mitochondrial intermembrane space assem-
bly) and OXA (derived from its subunit Oxal) complexes (for review
see [1-4]). In addition, most of the imported proteins are cleaved by
processing peptidases inside mitochondria (for review, see [5]).

Several proteins destined to the MIM or IMS are first recognized
by the TOM complex in the outer membrane and are then handed
over to the TIM23 complex. This latter complex allows the integra-
tion of precursor proteins into the inner membrane. A subgroup of
proteins is processed by the heterotrimeric protease complex inner
membrane peptidase (IMP) [6]. In yeast, the IMP complex contains
two catalytically active subunits Impl and Imp2. The cleavage by
IMP results in either a soluble IMS protein like Mcrl or a MIM
anchored protein like Mgr2 [7,8]. So far only MIM or IMS proteins
were found to be substrates of IMP.

Over the last decade, it became obvious that the lipid composi-
tion of mitochondria depends on contact sites with other cellular
compartments. The functional importance of these contacts is still
not completely understood, and the molecular mechanisms by
which lipid exchange between the organelles occurs are yet to be
unravelled. Several contacts of mitochondria have been described in
yeast. Among them are tethers between mitochondria and the
vacuole [9,10] or the plasma membrane (reviewed in [11]).

Mitochondria-ER contacts that recently attracted substantial
attention are mediated by the ERMES (ER-mitochondria encounter
structure) complex that is composed of the mitochondrial
membrane proteins Mdm10, Mdm34, the soluble protein Mdm12
and the ER membrane protein Mmm1 [12]. Loss of one ERMES
component leads to several defects in yeast cells, such as reduced
insertion of B-barrel proteins (reviewed in [13]), structurally altered
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mitochondria, loss of the mitochondrial genome and inability to
grow on non-fermentable carbon sources (for an overview, see
[14]). ERMES complex is furthermore involved in mitochondrial
division [15], and lack of the ERMES complex leads to reduced mito-
phagy [16]. Moreover, deletion of ERMES subunits causes alter-
ations in the lipid composition of mitochondria, especially reduction
in the levels of phosphatidylethanolamine (PE) and cardiolipin (CL)
[12,17-21], as well as elevation of the yeast sterol ergosterol [20].
Some ERMES components were predicted to harbour SMP (synapto-
tagmin-like, mitochondrial and lipid-binding proteins) domains that
could be involved in lipid binding and transport between
membranes [22]. Indeed, a recent study reported that SMP domains
of Mdm12 and Mmm1 bind phospholipids [23]. Of note, several
studies indicate that the ERMES-mediated contact is not the only
one between ER and mitochondria [24,25]. Yet an additional player,
Lctl/Lam6, coordinates the extent of ER-mitochondria and
vacuole-mitochondria contacts [9,26].

Despite this progress in understanding the function of the ERMES
complex, the actual molecular mechanisms that lead to all the
defects described above are still not clearly defined. Recently, we
identified two high-copy suppressors of the growth defect of
mdml10A cells [20]. We showed that the two novel mitochondrial
proteins (Mcpl/2) can complement the loss of Mdm10 by partial
restoration of the mitochondrial lipid composition [20]. Here, we
report a third suppressor that we named Mdm10 complementing
protein 3 (Mcp3). We demonstrate that Mcp3 is a MOM protein
exposed to the cytosol. Remarkably, the correct biogenesis of Mcp3
depends on the mitochondrial membrane potential and the protein
is processed by the inner membrane peptidase (IMP). Thus, Mcp3 is
the first MOM substrate of this peptidase and follows a unique and
novel import pathway.

Results
Mcp3 is a high-copy suppressor of cells lacking Mdm10

Recently, we identified two novel mitochondrial proteins that
partially rescue the loss of ERMES components, Mcp (Mdm10
complementing protein) 1 and Mcp2 [20]. Re-evaluation of all
clones led to the identification of a third gDNA segment that rescued
the growth defect of mdm10A cells at elevated temperatures on non-
fermentable carbon sources. The segment contained a C-terminally

Figure 1. Mcp3 is a multicopy suppressor of mdm10A.

A Rescue of growth phenotype. Wild-type (WT) or mdm1IOA cells were
transformed with the empty plasmid pYX142 (&). In addition, mdm10A
cells were transformed with pYX142 encoding MDMI0 or MCP3. Cells were
grown to an ODggo 0f 1.0 and spotted on YPD or YPG plates in a 1.5 dilution
series. Plates were incubated for growth at the indicated temperatures.

B Over-expression of Mcp3 partially rescues the mitochondrial morphology
defect in mdm10A cells. Cells described in (A) expressing mitochondrially
targeted GFP (mtGFP) were analysed by fluorescence microscopy. Typical
images (fluorescence and bright field, BF) of the four different strains are
shown (scale bar = 5 um). The quantification shows the average percentage
with standard deviation bars of three independent experiments (n = 3; SD;
*P < 0.05 and as indicated; two-tailed Student’s t-test) with at least 100
cells per experiment.
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truncated part of the open reading frame (ORF) of Mdm10 and the
genes FUN14, SPO7 and ERP2. SPO7 encodes for a putative nuclear
phosphatase involved in control of nuclear growth [27]. Erp2 is a
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member of the p24 family involved in ER to Golgi transport [28].
FUN14 encodes a protein of so far unknown function (Function
unknown now, [29]) that was found in two high-throughput studies
to be a mitochondrial protein [30,31]. We cloned the FUN14 coding
sequence in an ARS/CEN plasmid containing a rather strong triose
phosphate isomerase (TPI) promoter. The resulting expression of
Funl4 in mdmIOA cells led to a partial rescue of the growth pheno-
type (Fig 1A). We renamed the protein Mcp3 for Mdml0
complementing protein 3.

Over-expression of Mcp3 partially restores mitochondrial defects
of cells lacking Mdm10

Yeast cells lacking any of the ERMES subunits do not show the typi-
cal mitochondrial network but rather contain spherical mitochon-
dria [32-35]. To test whether over-expression of Mcp3 rescues the
altered mitochondrial morphology, cells were additionally trans-
formed with a plasmid encoding a mitochondria-targeted GFP and
analysed by fluorescence microscopy. Over-expression of Mcp3 in
these cells resulted in a recovery in about 30% of the cells (Fig 1B).
Thus, the partial rescue of the growth phenotype of mdmIOA cells
upon over-expression of Mcp3 is in line with the partial restoration
of mitochondrial morphology.

The lipid composition of mitochondrial membranes influences
the stability of different membrane protein complexes. In this
context, we reported before that the loss of Mdm10 leads to alter-
ations in the formation of respiratory chain super-complexes [20].
Another consequence of loss of Mdm10 is a change in the assem-
bly of TOM and TOB complexes as shown by blue native PAGE
(BN-PAGE) analysis. We first wanted to investigate whether the
over-expression of Mcp3 in mdmI10A cells has an effect on respira-
tory chain super-complexes assembly. To this end, we isolated
mitochondria from wild-type and mdmIOA cells with or without
over-expression of Mcp3. As expected, mitochondria isolated from
mdml10A cells showed severely reduced amounts of respiratory
chain in comparison with wild-type cells
(Fig 2A). In line with the partial growth rescue, over-expression of
Mcp3 led only to a minor increase of the different complex
species.

Next, we asked whether the assembly of TOM and TOB
complexes is influenced by over-expression of Mcp3 in mdml10A
cells. The same mitochondria as above were analysed by BN-PAGE
and immunodecoration with antibodies against the subunits of TOM
and TOB complex, Tom40 and TobS5, respectively. As reported
before, an unassembled Tom40 species emerges in organelles lack-
ing Mdm10 ([20,36] and Fig 2B, left panel, arrowhead). This Tom40
species is nearly absent in mitochondria from mdmIOA cells over-
expressing Mcp3. Similar observations were obtained for the TOB
complex. In control mitochondria, the main assembly form is TOB
core complex with a molecular mass of around 250 kDa consisting
of Tob55, Tob38 and Mas37. An additional higher molecular weight
species emerges in the absence of Mdm10 (Fig 2B, right panel,
asterisk). This species resembles the reported TOB-Tom5/Tom40
form [37]. Although the over-expression of Mcp3 does not fully
rescue the amount of TOB core complex, the TOB-Tom5/Tom40
species is reduced to control levels (Fig 2B, right panel, third lane).
We conclude that Mcp3 over-expression has partial restoring effects
on the TOM and TOB complexes.

super-complexes

© 2016 The Authors
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Next, we analysed the influence of Mcp3 on the mitochondrial
lipid profile in cells lacking Mdm10. To this end, we extracted lipids
from highly pure mitochondria and subjected them to mass spectro-
metric analysis. As described before, cells lacking Mdm10 show
reduced amounts of the phospholipids PE and CL, an increase in PS
levels and twofold increase in the ratio of ergosterol (ERG) to
phospholipids (PL) (Fig 2C and [20]). Over-expression of Mcp3
leads to a partial rescue of the alteration in the levels of the non-
bilayer forming phospholipids PE and CL. Of note, in contrast to the
earlier reported suppressors Mcpl and Mcp2, the effect is slightly
more pronounced for CL (compare Fig 2C to [20]). The precursor of
CL, PG, seems also to be affected although due to its overall very
low abundance in mitochondria, the changes in PG vary strongly
among the different preparations. Furthermore, the increase in both
the amounts of PS and the ERG/PL ratio observed in mdmi0A
mitochondria is partially reduced by over-expression of Mcp3.

Taken together, the partial rescue of growth defect of mdm10A
cells by over-expression of Mcp3 is in line with a partial restoration
of mitochondrial morphology, protein complex assembly and lipid
profile.

Over-expression of Mcp3 rescues the loss of other
ERMES components

Next, we asked whether Mcp3 can rescue the deletion of any ERMES
component. To address this question, we over-expressed Mcp3 in
cells lacking either Mdm12, Mdm34 or Mmm1l and analysed the
growth behaviour of the transformed cells. Over-expression of Mcp3
led to a similar partial rescue of the growth phenotype of cells lack-
ing Mdm12 (Fig 2D), the ER located Mmm1 (Fig 2E) or the MOM
protein Mdm34 (Fig 2F). We conclude that Mcp3 can compensate
the absence of functional ERMES complex rather than the missing
function of an individual subunit.

Loss of Mcp3 leads to minor effects on yeast growth and
mitochondrial morphology

We wondered whether deletion of MCP3 has an influence on
viability. Loss of Mcp3 in different yeast wild-type backgrounds
had no severe impact on growth of yeast cells except a moderate
growth defect that was observed in the BY4741 background on
non-fermentable carbon sources (Fig 3A, YPG). In addition, we
investigated the mitochondrial morphology of mcp3A cells
expressing a mitochondrial targeted GFP. In agreement with the
hampered growth observed, loss of Mcp3 leads to measurable,
but statistically insignificant alterations in the branched tubular
network of the organelle to shortened, thickened and less
branched tubules (Fig 3B). Accordingly, the ultrastructure of mito-
chondria, that is morphology and number of cristae, was as
assessed by electron microscopy (EM) not altered in mcp3A cells
(Fig EV1A). To investigate whether deletion of Mcp3 has a direct
effect on ERMES assembly, we performed in mcp3A cells fluores-
cence microscopic analysis of a labelled form of the ERMES
subunit Mmm1.

Employing two different wild-type backgrounds, we observed
that the ERMES complex assembled similarly in both control and
mcp3A cells and co-localized with mitochondria in punctate struc-
tures (Fig EV2A and B). Hence, Mcp3 is required neither for the
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Figure 2. Mcp3 rescues assembly defects of protein complexes and lipid alterations of mdm10A cells, and restores growth of other ERMES deletion mutants.
Respiratory chain super-complex levels are slightly restored by over-expression of Mcp3. Mitochondria isolated from the indicated strains were lysed in 1% digitonin
and subjected to a 4-8% BN-PAGE. Proteins were analysed by immunodecoration with antibodies against either Corl of complex Ill or Cox2 of complex IV.

Assembly defects in TOM and TOB complexes in mdmI10A cells are partially restored by Mcp3 over-expression. Mitochondria of the indicated cells were lysed in 1%
digitonin and subjected to a 6-13% BN-PAGE and immunoblotting with antibodies against Tom40 (left) or Tob55 (right). The assembled TOM complex and an
unassembled Tom40 species at c. 100 kDa (arrowhead) are indicated as well as the TOB complex and an additional higher molecular weight species of the TOB

A

complex (asterisk).

Over-expression of Mcp3 partially rescues the alterations in lipid composition of cells lacking Mdm10. Lipids were extracted from highly pure mitochondria isolated
from the indicated cells and then analysed by mass spectrometric analysis. The level of each phospholipid species in wild-type mitochondria was set to 100% and the
ERG/PL ratio to 1. Relative changes in mitochondria from other cells are presented. The mean with standard deviations of three biological repeats with two technical

repeats for each (n = 6; SD; *, P < 0.05; two-tailed Student’s t-test) is given.

Mcp3 rescues loss of Mdm12. Wild-type (WT) or mdm12A cells transformed with the empty plasmid pYX142 (&) or mdm12A cells over-expressing either Mcp3 or

Mdm12 (as a control) were analysed at 30°C or 37°C by drop dilution assay on rich medium containing glycerol (YPG).
Mcp3 rescues loss of Mmm1. WT and mmm1A cells were transformed and analysed as described in (D).
Mcp3 rescues loss of Mdm34. WT and mdm34A cells were transformed and analysed as described in (D).
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Figure 3. Elevated levels of Mcp3 influence mitochondrial morphology of yeast cells.

A Growth phenotype of mcp3A cells. WT or mcp3A cells were grown to an ODggo 0f 1.0 in YPD medium and spotted on YPD or YPG plates in a 1.5 dilution series.
Plates were incubated for growth at the indicated temperatures.

B mcp3A cells have normal mitochondrial morphology. WT and mcp3A cells expressing mitochondrially targeted GFP (mtGFP) were grown to mid-logarithmic phase
then analysed by fluorescence microscopy. Typical images of the two different strains are shown (scale bar = 5 um). The quantification of the depicted strains
shows the average percentage with standard deviation bars of three independent experiments with at least 100 cells per experiment (n = 3; SD; P as indicated;
two-tailed Student’s t-test).

C, D Loss of Mcp3 has no effect on the phospholipid composition of mitochondria. Highly pure mitochondria were isolated from the indicated yeast cells. Lipids were
extracted and then analysed by mass spectrometric analysis. The level of each phospholipid species in wild-type mitochondria was set to 100% and the ERG/PL
ratio to 1. Relative changes in mitochondria from mcp3A cells are presented. The mean with standard deviations of three biological repeats with two technical
repeats for each (n = 6; SD) is given.

E Over-expression of Mcp3 leads to alterations in the tubular mitochondrial network. Wild-type cells expressing mitochondrially targeted GFP (mtGFP) were
transformed with a plasmid over-expressing Mcp3 (MCP3) or an empty plasmid as control (). Cells were grown to mid-logarithmic phase and then analysed by
fluorescence microscopy. Typical images of the two different strains are shown (scale bar = 5 um). The quantification shows the average percentage with standard
deviation bars of three independent experiments with at least 100 cells per experiment (n = 3; SD; P as indicated; two-tailed Student’s t-test).

© 2016 The Authors EMBO reports Vol 17| No 7| 2016 969



970

EMBO reports

formation of cristae structures nor for proper assembly of the
ERMES complex.

Next, we asked whether the loss of Mcp3 leads to a change in the
mitochondrial lipid profile. Lipids were extracted from highly pure
mitochondria and analysed by mass spectrometry. Neither the phos-
pholipid nor ergosterol levels were altered in mitochondria from
mcp3A cells as compared to control organelles (Fig 3C and D,
respectively).

Although over-expression of Mcp3 did not result in any growth
phenotype (Appendix Fig S1), we asked whether it can cause alter-
ations in mitochondrial morphology. Interestingly, elevated levels of
Mcp3 led in some of the cells to partially fragmented mitochondria
(Fig 3E), suggesting an influence of Mcp3 over-expression on mito-
chondrial morphology, although this trend is statistically not signifi-
cant. In addition, mitochondrial ultrastructure as monitored by EM
was not affected upon over-expression of Mcp3 (Fig EV1B). These
findings might suggest a yet undefined role of Mcp3 in mitochon-
drial morphogenesis. To test whether over-expression of Mcp3 has a
direct effect on ERMES complex formation, we analysed ERMES foci
in cells with elevated Mcp3 levels. Over-expression of Mcp3 did not
alter ERMES punctae formation or co-localization with mitochondria
(Fig EV2C).

Collectively, loss of Mcp3 has no severe effect on yeast growth,
cristae formation, ERMES assembly, morphology and lipid composi-
tion of mitochondria. Yet over-expression of the protein leads to
slight mitochondrial morphology changes, with no obvious effects
on the other tested characteristics.

Figure 4. Subcellular and submitochondrial localization of Mcp3.

Novel import pathway for Mcp3 ~ Monika Sinzel et al

Mcp3 resides in the mitochondrial outer membrane

In silico analysis of the sequence of Mcp3 predicts a canonical mito-
chondrial targeting sequence, followed by a hydrophobic segment
and two putative transmembrane domains (TMDs, Fig 4A). A first
attempt to C-terminally label Mcp3 with an HA-tag in order to ana-
lyse the protein by immunodetection resulted in a non-functional
protein (see also below). A previous report predicted Mcp3 to be a
putative substrate of the Impl subunit of the IMP peptidase and
suggested the cleavage site to be between Asn69 and Asp70 [38]. In
agreement with our observation that C-terminally tagged Mcp3 is
non-functional, Esser et al were unable to test this prediction since
C-terminally tagged Mcp3 was not detectable. An independent
support for processing of Mcp3 by IMP is provided by high-
throughput analysis of the N-terminal sequences of mitochondrial
proteins [39]. This study found the N-terminus of endogenous Mcp3
to start with Asp70 (DSLG...) in agreement with the predicted
processing site of Imp1. To further analyse Mcp3, we constructed an
internal tagged version of Mcp3. The HA-tag was inserted four
amino acids C-terminally to the processed N-terminus identified by
mass spectrometry (DSLG-HA+,g-...). Functionality of the internally
tagged Mcp3 (HA-Mcp3) was shown by growth rescue of mdm10A
cells (Fig 4B). To test whether this construct can be detected, we
over-expressed HA-Mcp3 in cells lacking endogenous Mcp3. Using
mitochondria isolated from these cells, we observed that the mature
HA-Mcp3 migrates as a 17-kDa protein in line with processing of the
N-terminal region (Fig 4C and see below).

A Predicted protein domains for Mcp3. Mcp3 is predicted to contain a canonical N-terminal mitochondrial targeting signal (black bar) that contains a hydrophobic
stretch (hatched part). The predicted MPP and the Imp1/2 cleavage sites are indicated by a black or grey arrow head, respectively. The two predicted transmembrane

domains are highlighted as grey bars.

B Internally tagged HA-Mcp3 is functional. mdm10A cells were transformed with the empty plasmid pYX142 (&) or pYX142 encoding Mdm10, Mcp3, or an internally
HA-tagged Mcp3 (MDM10, MCP3, HA-MCP3). Cells were grown to an ODggo 0f 1.0 and spotted on YPG plates in a 1:5 dilution series. Plates were incubated for growth

at 37°C for 4 days.

C HA-Mcp3 is processed in vivo. Mitochondria isolated from mdmIOA (A) cells containing the empty plasmid or expressing HA-Mcp3 were analysed by SDS-PAGE and
immunodecoration with antibodies against the indicated proteins. Two different bands are detectable in case of HA-Mcp3 (p, precursor; m, mature protein). The

MOM protein Tom40 serves as loading control.

D Mcp3 is a mitochondrial protein. Whole-cell lysate (WCL) and fractions corresponding to cytosol (Cyt.), light microsomal fraction (ER) and mitochondria (Mito.) of
mcp3A cells either containing the empty plasmid (&) or expressing HA-Mcp3 were analysed by SDS-PAGE and immunodecoration with antibodies against the HA-
tag, the mitochondrial protein Tom70, a marker protein for the cytosol (Bmh1) and an ER marker protein (Erv2). m, mature protein.

E  Mcp3 co-localizes with the mitochondrial marker protein AAC. Cells over-expressing HA-Mcp3 were fixed and analysed by fluorescence microscopy using antibodies
against the HA-epitope (aHA) and the mitochondrial ADP/ATP carrier (¢:AAC) (scale bar = 5 um).

F C-terminally tagged Mcp3-HA is located to mitochondria. A mitochondria-enriched fraction (Mito.) and the post-mitochondrial supernatant (PMS) of wild-type cells
carrying the empty plasmid (&) or over-expressing the C-terminally HA-tagged Mcp3 (Mcp3-HA) were analysed by SDS-PAGE and immunodecoration with antibodies
against the HA-Tag, the mitochondrial protein Tom40 and a marker protein for the cytosol (Hxk1). m, mature protein.

G Mcp3 is membrane-embedded. Mitochondria isolated from mcp3A cells expressing HA-Mcp3 were left untreated (I, input) or subjected to alkaline extraction. The
supernatant (SN) and pellet (P) fractions were analysed by SDS—PAGE and immunodecoration with antibodies against the indicated proteins. Tom20, an integral

MOM proteins; Acol, soluble matrix protein. m, mature protein.

H Mcp3 is a MOM protein. Mitochondria isolated from cells expressing HA-Mcp3 were treated with proteinase K (PK, 100 pg/ml) in the absence or presence of the
detergent Triton X-100 (TX). Samples were precipitated with TCA and analysed by SDS—PAGE and immunodecoration with antibodies against the HA-tag or the
indicated mitochondrial proteins. Tom20, a MOM protein exposed to the cytosol; DId1, a protein located in the IMS.

I Mcp3 behaves like an outer membrane protein in density gradient centrifugation. Mitochondrial vesicles isolated from cells over-expressing HA-Mcp3 were subjected
to sucrose density gradient centrifugation. Fractions of the gradient were collected and analysed by SDS—PAGE and immunodecoration with antibodies against the
indicated proteins. The processed form of HA-Mcp3 is shown. Right panel: The intensities of the various bands were quantified and depicted. The sum of all

intensities for each protein was set to 100%.

) Mcp3 lacking either transmembrane domain fails to rescue loss of Mdm10. Wild-type cells carrying the empty plasmid (wt + &) or mdm10A cells transformed with
the empty plasmid () or plasmid encoding Mdm10, Mcp3, or Mcp3 lacking TMD1 or TMD2 (MDM10, MCP3, ATMD1, ATMD2) were grown to an ODggo of 1.0 and
spotted on YPG plates in a 1.5 dilution series. Plates were incubated for growth at 37°C for 4 days.

K Mcp3 lacking either of the two transmembrane domains is unstable. Crude mitochondria were obtained from wild-type cells containing an empty plasmid (&) or
mcp3A cells (A) transformed with plasmid encoding Mcp3 or Mcp3 lacking TMD1 or TMD2 (MCP3, ATMD1, ATMD2). Samples were analysed by SDS—PAGE and

immunodecoration with antibodies against Mcp3 and Tom20 as loading control.
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Figure 4.

Next, we wanted to confirm the predicted mitochondrial localiza-
tion of Mcp3. To this end, we fractionated the aforementioned cells
into various subcellular compartments. HA-Mcp3 and the mitochon-
drial marker Tom70 were solely detected in the mitochondrial frac-
tion (Fig 4D). The mitochondrial localization could be confirmed by
immunofluorescence microscopy. The fluorescence signal for HA-
Mcp3 closely resembled the mitochondrial staining of AAC (Fig 4E).
We wondered whether also non-functional C-terminally HA-tagged
Mcp3 was localized to mitochondria. As shown before with the

© 2016 The Authors

C-terminally GFP-tagged Mcp3 [30], processed Mcp3-HA was found
in enriched mitochondrial fractions (Fig 4F). This suggests that an
alteration of the C-terminus leads to loss of function rather than
unstable or mis-targeted protein.

Several in silico prediction programmes suggest two TMDs for
Mcp3 (Fig 4A). To investigate whether Mcp3 is indeed an integral
membrane protein, mitochondria containing HA-Mcp3 were treated
with an alkaline carbonate solution to extract soluble proteins and
those that are peripheral attached to the membrane. Similarly to the
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972

EMBO reports

integral membrane protein Tom20, HA-Mcp3 was found in the pellet
fraction (Fig 4G). Next, we wanted to know in which of the
mitochondrial membranes Mcp3 is embedded. First, we treated
isolated mitochondria containing HA-Mcp3 with proteinase K (PK).
As shown in Fig 4H, HA-Mcp3 is digested in intact mitochondria
similarly to the MOM protein Tom20, whereas the IMS protein DId1
is degraded only upon lysis of the membranes with detergent. This
suggests that Mcp3 is a MOM protein exposed to the cytosol. To
substantiate this conclusion, we separated the two mitochondrial
membranes by density gradient centrifugation. Membrane vesicles
from mitochondria expressing HA-Mcp3 were obtained by
hypo-osmotic swelling and sonication. These vesicles were separated
by a sucrose gradient, and the different fractions were analysed for
the presence of HA-Mcp3 and marker proteins for the MIM and
MOM (Fig 4I). HA-Mcp3 and the MOM marker protein Tom20 are
predominantly detectable in the lighter fractions corresponding to
the MOM. In contrast, the MIM protein Cox2 is found, as expected,
mainly in the heavier fractions (Fig 4I). Next, we wondered whether
the predicted TMDs are important for the function of Mcp3. We
constructed two additional versions of Mcp3 that lack either
TMD1 (amino acid 106-128) or TMD2 (amino acids 172-198) and
tested their rescue capacity in cells lacking Mdm10. Both constructs
failed to rescue the growth defect of mdm10A cells (Fig 4J). We then
asked whether the absence of the TMDs results in changes in
protein stability. Using cells expressing these Mcp3 variants, we
observed that the absence of TMDI1 resulted in a non-detectable
species, whereas loss of TMD2 caused lower detected amount of the
protein in comparison with native Mcp3 (Fig 4K). We conclude that
both TMDs are important for the stability and function of the protein.

Taken together, our results show that Mcp3 is an integral MOM
protein and are in line with a high-throughput study where Mcp3
was found in the MOM proteome [40].

Mcp3 is processed in vitro and imported by the TOM complex

Our findings raise the unique possibility that Mcp3 is a MOM protein
and also a substrate of the IMP peptidase. This led us to study the
biogenesis of Mcp3. First, we asked whether Mcp3 is processed in an
in vitro import assay. To address this question, we incubated radiola-
belled Mcp3 with isolated mitochondria. Mcp3 was indeed processed
into a mature form of about 15 kDa in a time-dependent manner
(Fig 5A). We also noted an additional band at around 10 kDa that
we assume to be the cleaved N-terminal segment of the precursor
protein (Fig SA, arrowhead). Thus, the processing of Mcp3 under
both in vivo and in vitro conditions allows us to use the formation of
the mature band as a read-out for correct import.

We first aimed to find out which import receptor recognizes the
precursor protein on the surface of the organelles. We isolated
mitochondria from strains deleted in either TOM20 or TOM70/71. In
vitro import of Mcp3 was not altered when Tom20 was absent
(Appendix Fig S2A). On the other hand, the in vitro import of Mcp3
was strongly diminished in organelles lacking Tom70/71, whereas
the bona fide Tom20 substrate pSu9-DHFR was not affected
(Fig 5B). Accordingly, in vivo steady-state levels of HA-Mcp3 were
strongly reduced in the absence of TOM70/71 (Fig 5C). Taken
together, Mcp3 is imported via recognition by Tom?70.

Recently, an import pathway for MOM multispan proteins was
described that requires Tom70 but is independent of other

EMBO reports Vol 17 | No 7| 2016
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components of the TOM complex [41,42]. To investigate whether
this is also the case for Mcp3, we tested whether its import relies on
functional Tom40. To this end, we used mitochondria from cells
harbouring the temperature-sensitive allele tom40-25 [43]. Mcp3
was imported into the altered organelles with highly reduced effi-
ciency as compared to control mitochondria. In contrast, as
expected, organelles harbouring the tom40-25 mutant showed only
a slightly reduced capacity to assemble the TOM pore-independent
import substrate Ugol (Fig 5D). In line with the in vitro results, the
detected steady-state levels of HA-Mcp3 are strongly reduced in the
tom40-25 mutant in comparison with control cells even at the
permissive temperature (Fig 5E). Of note, the non-processed precur-
sor was degraded by addition of external protease, suggesting that
Mcp3 does not reach the intermembrane space in these mitochon-
dria (Fig EV3A). Thus, in contrast to other multispan MOM proteins,
the import of Mcp3 requires functional Tom40.

We also aimed at studying physical interactions of the precur-
sor protein with the TOM components. First,
performed a pull-down assay with 3°S-Mcp3 and purified GST
fusion proteins of the soluble cytosolic domains of Tom70, Tom20
and Tom22 [44]. In line with our previous results and as shown
in Fig 6A, the highest amount of Mcp3 binds to GST-Tom?70.
Furthermore, also Tom22 binds in vitro Mcp3 precursor (Fig 6A).
To further confirm this direct interaction in organello, we used
mitochondria that contain His-tagged Tom22 [45]. After in vitro
import and lysis of the organelles, proteins pulled down by Ni-
NTA beads were analysed. We observed specific binding of Mcp3
to the resin only if mitochondria contained the His-tagged Tom22
(Fig 6B). Finally, we analysed the in vitro import reaction into the
His-Tom22 mitochondria by BN-PAGE and addition of an antibody
against the His-tag. Indeed, the import intermediate of radio-
labelled Mcp3 associated with the TOM complex (at about
480 kDa) was shifted to higher molecular weight (Fig 6C, arrow-
head). Taken together, these results strongly favour a passage of
Mcp3 through the TOM complex, where Tom22 mediates the relay
to Tom40 after initial binding by Tom?70.

different we

Biogenesis of Mcp3 is dependent on the TIM23 complex and the
inner membrane peptidase

So far specific peptidases at the MOM were not identified. Thus, the
processing of Mcp3 raised the possibility that the import pathway of
the protein includes contact with a peptidase anchored to the inner
membrane. Furthermore, presequence-containing proteins that are
imported via the general import pathway are transferred from TOM
complex to the TIM23 complex in the MIM. To test whether the
Mcp3 precursor follows a similar pathway, we used a yeast strain
bearing a temperature-sensitive allele of TIM23, tim23ts [46]. In
vitro import of Mcp3 into mitochondria harbouring the altered
Tim23 was strongly impaired already at permissive temperature,
whereas the import of the Tim23-independent MOM protein Ugol
was not influenced (Fig 7A). Accordingly, the steady-state levels of
HA-Mcp3 were reduced in the organelles of mutant cells, whereas
the levels of the MOM proteins Ugol and Fisl were unaffected
(Fig 7B). Hence, the presequence translocase TIM23 complex is
involved in the biogenesis of Mcp3.

Establishing a requirement for the TIM23 machinery at the inner
membrane, we next asked whether Mcp3 import requires the

© 2016 The Authors
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Figure 5. Mcp3 is imported by the TOM complex.

A Isolated mitochondria were incubated with radiolabelled Mcp3 precursor protein for the indicated time periods. After import, mitochondria were reisolated and
analysed by SDS—PAGE and autoradiography. The arrowhead marks an additional band of the size of the cleaved N-terminus of Mcp3. p and m, precursor and mature
forms, respectively.

B Import of Mcp3 is dependent on the receptor Tom70. Mitochondria isolated from wild-type or tom70/71A cells were incubated with radiolabelled Mcp3 or pSu9-
DHFR (as control) for the indicated time periods. After import, mitochondria were reisolated and analysed by SDS-PAGE and autoradiography. p and m, precursor and
mature forms, respectively. |, 20% of radiolabelled precursor protein used in each import reaction. Bands corresponding to the mature (m) form were quantified.
Import into wild-type mitochondria after 15 min was set to 100%. The mean with standard deviations is depicted (n = 3; SD).

C Reduced steady-state levels of HA-Mcp3 in cells lacking Tom70. Crude mitochondria isolated from the indicated cells were analysed by SDS—PAGE and
immunodecoration with antibodies against the HA-tag, AAC as control substrate of Tom70, and Fis1 as a loading control. HA-Mcp3 levels were quantified in relation to
Fis1 levels, and the levels in WT cells were set to 100%. The bar diagram shows the mean with standard deviation (n = 3; SD; *, P < 0.05; two-tailed Student’s t-test).

D Import of Mcp3 is dependent on Tom40. Mitochondria isolated from wild-type and tom40-25 cells were incubated with radiolabelled Mcp3 for the indicated time
periods. Next, mitochondria were reisolated and analysed by SDS—PAGE and autoradiography as described in (B). As a control, Ugol was imported into the same
mitochondria. Organelles were reisolated and analysed by BN-PAGE and autoradiography. The band corresponding to the Ugol dimer at around 150 kDa was
quantified. The mean with standard deviation is shown (n = 3; SD).

E Steady-state levels of HA-Mcp3 are lower in cells harbouring a mutant TOM40 allele. Crude mitochondria from wild-type and tom40-25 cells were obtained and
analysed as described in (C). Immunodecoration was performed with antibodies against the HA-tag, Tom40, and Fis1 as loading control.
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Figure 6. Mcp3 precursor physically interacts with components of the
TOM complex.

A Mcp3 precursor binds in vitro to cytosolic domains of TOM receptors.
Radiolabelled Mcp3 was incubated with recombinant GST alone or GST
fused to the cytosolic domains of Tom70, Tom20 or Tom22 prebound to
glutathione beads or with unloaded beads. After washing, bound material
was eluted with sample buffer. Proteins were analysed by SDS—PAGE,
blotting onto a membrane and autoradiography. To demonstrate equal
amounts of GST fusion proteins, the membrane was stained with Ponceau
S. |, input 5% of precursor used.

B Mcp3 precursor binds to Tom22 in organello. Radiolabelled Mcp3 was
incubated with mitochondria isolated from WT His-Tom22 containing cells.
Mitochondria were pre-incubated with CCCP (40 pM) to halt import. After
lysis with B-dodecyl maltoside, samples were incubated with Ni-NTA beads.
After washing, bound proteins were eluted with sample buffer and
analysed by SDS-PAGE and autoradiography. I, 5% of *S-Mcp3 used; pel.,
2% insoluble material after clarifying spin; sup., 2% of material incubated
with Ni-NTA; n.b. 2% of non-bound material after binding to Ni-NTA;
eluate, 100% of bound material.

C Radiolabelled Mcp3 was incubated with organelles described in (B). After
import, mitochondria were solubilized in digitonin, and the lysate was
cleared by centrifugation and incubated with or without an antibody against
the His-tag (o-His). Samples were analysed by BN-PAGE, autoradiography
and afterwards immunodecoration with an antibody against Tom40. Bands
shifted by the anti-His antibody are indicated by arrowhead.
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membrane potential. Hence, we tested the processing efficiency in
the presence of the uncoupler CCCP and valinomycin (Fig 7C for
CCCP and Fig EV4). In the presence of both substances that depolar-
ize mitochondria, we could hardly detect a mature form. We
conclude that processing of Mcp3 is dependent on the mitochondrial
membrane potential. Since Mcp3 has in its N-terminal domain a
predicted MTS, we wondered whether the observed processing can
be mediated by the matrix processing peptidase (MPP). To that end,
we added to the in vitro import reaction two chelators for bivalent
cations, ortho-phenanthroline and EDTA, which are known to
inhibit MPP. This addition had no influence on processing of Mcp3
(Fig 7C, sixth lane). Additionally, incubation of **S-Mcp3 precursor
with recombinant MPP did not result in cleavage of the precursor
molecules while the known MPP substrate, pSu9-DHFR, was almost
completely processed (Fig 7C, L + MPP). Next, we isolated mito-
chondria from a temperature-sensitive mutant strain of the MPP
subunit Mas1l and performed in vitro import assays under various
conditions. Whereas the mutation had a clear effect on cleavage of
the model substrate pSu9-DHFR, processing of Mcp3 was not influ-
enced (Appendix Fig S3). Taken together, the observed mature form
of Mcp3 is not a result of MPP cleavage.

To identify the peptidase that cleaves Mcp3, we over-expressed
HA-Mcp3 in different yeast deletion strains each lacking one of the
known enzymes involved in processing and/or degradation of mito-
chondrial proteins and analysed the steady-state levels of HA-Mcp3
in these cells. Only in the absence of the two subunits of the inner
membrane peptidase, Imp1 and Imp2, the mature form could not be
detected (Fig 7D). Interestingly, also the C-terminally tagged Mcp3
(Mcp3-HA) is processed by Impl (Fig 7E). This observation con-
firms that the C-terminal tag results in an inactive mitochondrial
protein rather than mislocalization to another organelle or protein
instability. To show that Mcp3 is a substrate of the IMP complex,
we isolated mitochondria from impl1A or imp2A cells and performed
an in vitro import assay. The mature form of Mcp3 was not formed
in mitochondria lacking either Imp1 or Imp2 (Fig 7F). To finally
confirm the predicted Impl cleavage site N-terminally to Asp70
[38], we performed site-directed mutagenesis of the internally HA-
tagged Mcp3 variant to obtain the D70G substitution mutant. Such
an Asp to Gly exchange is known to prevent cleavage of substrate
proteins by IMP [6,8]. HA-tagged *°S-Mcp3 was incubated in vitro
with isolated mitochondria and was as expected processed, in an
IMP-dependent manner, upon its import into a mature form (Fig 7G,
m’, lanes 5 and 7-9). In contrast, the D70G mutant lacking the Imp1
consensus sequence was not processed (Fig 7G, lane 3).

Next, we analysed the D70G variant. We incubated mitochondria
after import with proteinase K (PK). Interestingly, the D70G precur-
sor was resistant to PK treatment (Fig 7G, lane 3, p’), whereas the
non-processed HA-tagged native Mcp3 precursor is fully degraded.
Thus, it seems that the import intermediate of Mcp3-D70G, which
cannot be cleaved by IMP, accumulates in the intermembrane space.
This implicates that the N-terminus of Mcp3 reaches the intermem-
brane space before the C-terminal TMD is inserted into the outer
membrane. Indeed, in the absence of the IMP peptidases also the
precursor of native HA-Mcp3 accumulates in the intermembrane
space (Fig 7G, lanes 10-12).

Of note, we observed a PK protected band of lower molecular
weight of HA-Mcp3 in wild-type mitochondria (Fig 7G, lane 4,
asterisk). This band could correspond to a processed Mcp3
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Monika Sinzel et al ~ Novel import pathway for Mcp3

EMBO reports

S 100 2
A WT__tim23ts & oo B £ 5
| 1515 1 515min & T .8
%5 60 Q T 0"52-
P © + + o<
8~ 40 E E ET
+ ewt =+ =
m ¢ 20 k <
a otim23ts =
S-M E =% 1 0 810
Bg | c 3 2
. Time [min] Mepa 5
- 27
WT _ _tim23-ts 2 go Yaht g
min 2 510 2 5 10 2 68 qu1_ 3>
kDa 2 I o
= ewt
| . - -66 é. 23 otom40-25
S-Ugo1-2HA E ¥ 75
Time [min]
AN
c Q\Q% D +HA-Mcp3
m_mo§qv@,§9 ® sg8ddfsdes
gl LSS LR 55 BEEREE8REEE 1oa
25
m
15
E G
£8.54
5555 EEEEEE
- = + 4+ - - - - -4+ + + PK
=5 ! a L
— _
Mcp3-HA
Tom?70 [ T ememen 5
*S-pSu9-DHFR Tﬁ)f SHla-Mepd
H | -+ - + CCCP
o= = 4 PK
e e m
T
: R |
W
*S-Mcp3

Figure 7.

intermediate in the IMS. We wanted to know whether, similarly to
the overall import of Mcp3, the formation of this species is depen-
dent on the membrane potential. Fig 7H shows that indeed, the
corresponding band for Mcp3 disappears in the presence of the
uncoupler CCCP. We detected this processed PK-resistant variant in
many experiments, but we did not find appropriate conditions for
chasing this form to a fully membrane-inserted species. Hence, we
assume that it is a non-productive import intermediate of Mcp3.

© 2016 The Authors

Our observations confirm that the IMP complex cleaves the
precursor form of Mcp3. Since Imp1 and Imp2 are only functional in
a multimeric Impl/Imp2 complex, we cannot determine which
subunit is actually responsible for the processing of Mcp3. However,
all results are in agreement with the in silico prediction of Mcp3 as
substrate of Imp1 [38]. Taken together, our results demonstrate that
after crossing the MOM Mcp3 is taken over by TIM23 complex and
processed by IMP in the IMS.
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Figure 7. Biogenesis of Mcp3 depends on the TIM23 complex and processing by IMP.

A Import of Mcp3 is dependent on the TIM23 complex. Mitochondria isolated from wild-type and tim23ts cells were incubated with radiolabelled Mcp3 for the
indicated time periods. Further treatment and analysis (n = 3; SD) was as described for Fig 5D.

B Steady-state levels of HA-Mcp3 are lower in cells harbouring a temperature-sensitive TIM23 allele. Crude mitochondria were obtained at the non-permissive
temperature from WT or tim23ts cells containing a plasmid expressing HA-Mcp3. Samples were analysed by SDS-PAGE and immunodecoration with antibodies
against the HA-tag, the matrix proteins Mgel and Yahl as typical TIM23 substrates, Ugol and Fisl as TIM23-independent substrates. HA-Mcp3 levels were quantified
in relation to Fisl levels. Levels in WT cells were set to 100%. The bar diagram shows the mean with standard deviation of six independent experiments (n = 6; SD;

** P < 0.01; two-tailed Student’s t-test).

C Import and processing of Mcp3 is dependent on the mitochondrial membrane potential. Isolated mitochondria were incubated with radiolabelled Mcp3 or pSu9-
DHFR as control for the indicated time periods or for 15 min in the presence of either CCCP, or o-phenanthroline and EDTA (o-Phen./EDTA). After import,
mitochondria were reisolated and analysed by SDS-PAGE and autoradiography. L + MPP: radiolabelled proteins were incubated with recombinant MPP.

D Mcp3 is processed by Imp1/2. Single-deletion strains of known mitochondrial proteases and peptidases were transformed with a plasmid expressing HA-Mcp3. Crude
mitochondria were isolated and analysed by SDS—PAGE and immunodecoration with antibodies against the indicated proteins and the HA-epitope. Cox2, a known

substrate of IMP; Tom70, a mitochondrial outer membrane protein.

E C-terminally tagged Mcp3-HA is processed by Impl. WT and impIA cells were transformed with a plasmid expressing Mcp3-HA, and further analysis was performed

as described in (D).

F Mcp3 is processed by Imp1/2 after in vitro import into mitochondria. Mitochondria isolated from WT, impIA or imp2A strains were incubated with radiolabelled
precursor of Mcp3 or pSu9-DHFR as control. Further treatment and analysis was as described in Fig 5A.

G Full-length Mcp3 precursor accumulates during import if IMP processing is abolished. Radiolabelled internally HA-tagged Mcp3 without (HA-Mcp3) or with mutation
in the Imp1 cleavage site (D70G + HA) were incubated with mitochondria as in (F). After import, samples were incubated with or without PK (20 pg/ml). Samples

were analysed by SDS-PAGE and autoradiography.

H Mitochondrial membrane potential is required for efficient import of Mcp3 precursor into mitochondria. Isolated mitochondria were incubated with radiolabelled
Mcp3 in the presence or absence of CCCP. After import, mitochondria were incubated with PK as in (C) and analysed by SDS-PAGE and autoradiography. I, 20% of
radiolabelled precursor protein used in each import reaction; the arrowhead marks an additional band of the size of the cleaved N-terminus of Mcp3.

MIM complex is involved in the biogenesis of Mcp3

Next, we asked how Mcp3 is integrated into the MOM. Two major
complexes are known to mediate insertion of proteins into the
MOM, namely the TOB/SAM and MIM complexes. To test whether
the B-barrel insertion machinery is involved in the membrane inte-
gration of Mcp3, we employed a yeast strain deleted for the TOB
subunit Mas37/Sam37. No obvious difference in Mcp3 import was
observed when mitochondria from mas37A cells were compared to
wild-type organelles (Appendix Fig S2B). In addition, we did not
observe any influence of the small TIM chaperones that are involved
in B-barrel and carrier-type TIM22 complex substrate handling on
the import of Mcp3 (Appendix Fig S2C and D). Hence, it appears
that Mcp3 follows a different membrane integration pathway than
B-barrel proteins.

The MIM complex, which has two known subunits Mim1 and
Mim2, mediates membrane integration of various MOM helical
proteins [41,42]. To investigate its role in the import of Mcp3,
mitochondria from mimIA or mim2A cells were analysed. Import
of Mcp3 was strongly reduced in both cases (Fig 8A). Similarly, the
steady-state levels of HA-Mcp3 were highly diminished in these
cells (Fig 8B). As expected, the levels of Tom20, a known substrate
of MIM complex, are reduced in mimIA or mim2A cells. Since we
could show that complete loss of Tom20 has no effect on import of
Mcp3 (Appendix Fig S2A), this reduction should not influence
Mcp3 import. Yet it is known that also the assembly of the TOM
complex is affected by the absence of functional MIM complex [47—
50]. Therefore, the import of most proteins is indirectly hampered
in these cells as exemplified by the matrix destined model substrate
pSu9-DHFR (Appendix Fig S4). To investigate whether MIM
components can directly bind Mcp3 precursor, we performed an
in vitro pull-down assay. The fusion protein MBP-Mim1 and MBP
alone were expressed in E. coli, bound to amylose beads and
further incubated with 3°S-Mcp3. Fig 8C shows that the amount of
Mcp3 precursor pulled down with MBP-Mim1 is strongly increased
in comparison with MBP alone. This result suggests a direct
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interaction of Mim1 and Mcp3. Taken together, we suggest that the
MIM complex might play a role in the import of Mcp3 into the
MOM.

Discussion

Contacts of ER and mitochondria and the presence of the ERMES
tether are of great relevance for yeast cells regarding mitochondrial
function. Evidence arises that ERMES does not “only” serve as a
mechanical tether between the ER and mitochondria but has addi-
tional functions (for a review, see [14]). For example, several
ERMES components were predicted and shown to have lipid binding
capacity [22,23], and Mdm10 was reported to interact with the TOB
complex in B-barrel protein import (reviewed in [13]). The whole
picture is still blurry since all these processes are interdependent,
and the observed phenotypes can be interpreted as an indirect
outcome of a different defect.

ER-mitochondria encounter structure itself is crucial for mito-
chondrial function, and cells lacking this complex suffer from a
severe phenotype. Its importance becomes more obvious by the fact
that cells lacking one of its components easily acquire endogenous
suppressors, which was already reported in the early years of the
discovery of the individual components [32,51]. Furthermore,
S. cerevisiae seems to have backup systems that can partially
complement the ERMES function. We recently reported that over-ex-
pression of two mitochondrial proteins Mcpl/2 can partially rescue
the defects caused by loss of ERMES function [20]. Furthermore, a
close interaction of mitochondria with the vacuole was shown to
contribute to mitochondrial lipid exchange and can serve as a poten-
tial backup system for ERMES-mediated interactions [9,10]. In addi-
tion, a second ER-mitochondria contact mediating complex has
been described [25]. The overall picture becomes even more
complex since ER-vacuole and ER-mitochondria contact sites are
coordinated by the ER protein Ltcl/Lam6, which is suggested to be
involved in sterol exchange between membranes [26,52].

© 2016 The Authors



Monika Sinzel et al

Novel import pathway for Mcp3

A WT mim1A __ mim2A
I 1 5§15 1 5§15 1 5 15 min
e ———————l —- [
- SN e
*S-Mcp3
S 100
5 80
5]
s 60
=
QE' 40 ewt
c 20 omim1A
E‘ 0 emim2A
- 5 10 15
Time [min]
B
+HA-Mcp3
Ko) N QY W WwT
\Yi’\ \\&\ {('\\((\ &\6\ [ mim1A
_ : kDa =[] mimaa
25 2
3
HA- | - S
Mcp3 - G
— - m e 75
15 o
| 50
TOmM20 S—— £ -
1
’ > = <
Fis1 e s sy sy— T o
C
a 3 sl
kgg I &8s ¢
—_ *S-Mcp3
] ) Ponceau
45- [ = stain
MBP ' MBP-Mim1

Figure 8. Insertion of Mcp3 into the MOM involves the MIM complex.

A Import of Mcp3 is mediated by the MIM complex. Mitochondria isolated
from WT, mim1A, or mim2A cells were incubated with radiolabelled Mcp3
for the indicated time periods. After import, mitochondria were reisolated
and analysed by SDS-PAGE and autoradiography. Bands corresponding to
the mature (m) form were quantified. Import after 15 min into wild-type
mitochondria was set to 100%. The mean with standard deviations is
depicted (n = 3; SD). I, 20% of radiolabelled precursor protein used in each
import reaction.

B Steady-state levels of over-expressed HA-Mcp3 are reduced in cells lacking
MIM complex subunits. Crude mitochondria were obtained from WT cells
containing an empty plasmid (&) and from wild-type, mim1A or mim2A
cells containing a plasmid encoded HA-Mcp3. Samples were analysed by
SDS-PAGE and immunodecoration with antibodies against the HA-tag,
Tom20 as MIM substrate and Fisl as a loading control. HA-Mcp3 levels
were quantified in relation to Fisl levels. Levels in wild-type cells were set
to 100%. The bar diagram shows the mean with standard deviation (n = 3;
SD; *, P < 0.05; **, P < 0.01; two-tailed Student’s t-test).

C Mcp3 precursor binds in vitro to Mim1. Radiolabelled Mcp3 was incubated

with amylose beads harbouring recombinant MBP or MBP fused to Mim1.
After washing, proteins were eluted with sample buffer. Analysis was
performed by SDS—PAGE, blotting and autoradiography. To demonstrate
equal amounts of MBP fusion proteins, the membrane was stained with
Ponceau S. I, input 5% of precursor used; n.b., 5% of unbound material; b,
100% of bound material.
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Since contacts between mitochondria and other organelles are
mediated by the MOM, it is not surprising that two of the suppres-
sors of the ERMES identified by us (Mcpl in [20] and Mcp3 in this
work) are located in the outer membrane. Although the molecular
mechanism by which these proteins ameliorate the lack of ERMES is
not known, better understanding of their mode of function requires
comprehensive insights into their membrane topology and biogene-
sis pathways.

In this respect, Mcp3 provides an example for a protein that
follows a unique import pathway which was not described so far.
Although it shares certain import steps with other MOM proteins,
the overall import and assembly process is very unusual (Fig 9). At
the surface of the organelle, Mcp3 is recognized by Tom?70 (Step 1).
Of note, also other presequence-containing proteins share this first
recognition step by Tom70 [S3]. These are proteins with a mature
part that tends to aggregate and hence are protected by the chaper-
one-like function of Tom70. Considering the two predicted trans-
membrane domains and the hydrophobic stretch close to the IMP
cleavage site, Tom70 might function as a receptor with a chaperone
function in the import of Mcp3. This dependence on Tom?70 is
shared by other multispan MOM proteins but not by the single-span
protein Om45 [41-43,54]. However, whereas multispan proteins like
Ugol and Scm4 are relayed directly from Tom70 to the MIM
complex, Mcp3 is translocated across the outer membrane via the
Tom40 pore (Fig 9, Step 2).

Mcp3 then interacts with the TIM23 complex, and the hydro-
phobic patch close to its N-terminus suggests a stop-transfer mecha-
nism followed by a lateral release (Fig 9, Step 3). An interaction of a
MOM protein with the TIM23 complex was reported recently for
OM45 [43,54]. Yet, while Om45 is directed from the TIM23 to the
MIM complex without any processing events [43,54], Mcp3 is
processed by IMP. Of note, although Mcp3 import depends on the
mitochondrial membrane potential, in contrast to classical MTS
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Figure 9. Biogenesis pathway of Mcp3.
Working model for the import route of Mcp3. The different steps (1-5) are
described in the text.
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bearing proteins it is not processed by the MPP but rather by IMP.
Hence, although Mcp3 shares some import steps with the pathway
taken by Om45, its recognition by Tom70 and cleavage by IMP are
obvious divergences from this pathway. To our knowledge, this is
the first MOM protein that is found to be processed by the peptidase
of the inner membrane.

A tempting hypothesis is that after its processing, Mcp3 is
relayed to the MIM machinery (Fig 9, steps 4 and 5). Indeed, Mim1
can bind Mcp3 precursor in vitro and Mim1 dependency was also
suggested for the membrane integration of the MOM protein Om45
[43]. However, it cannot be excluded that the reduction in both
in vitro import and steady-state levels of Mcp3 in organelles lacking
Miml and Mim2 is due to the overall import defects of such mito-
chondria. Thus, to finally prove that this complex is able to mediate
the membrane integration of single- and multispan MOM proteins
from both sides of the membrane, further experimental evidence is
needed. Such a remarkable ability would be unique and was not
reported so far for other cellular membrane insertases like the YidC/
Oxa/Alb3, Sec or the Getl/2 machineries.

A prominent example of a protein functioning in the mitochon-
drial outer membrane where the mitochondrial membrane potential
plays an important role in its biogenesis is the protein kinase PINK1.
Mutations in this protein, which is found in higher eukaryotes, can
cause familiar Parkinson’s disease. The membrane potential is
crucial for the fate and the activity of PINKI1. It is suggested that
PINKI, as a sensor for mitochondrial dysfunction, is targeted to
mitochondria similarly to Mcp3 by its canonical MTS [55]. In intact
mitochondria, PINK1 is imported, reaches the MIM and is processed
by the MIM protease PARL. Next, PINK1 is completely degraded
and PINK/parkin signalling is suppressed [55]. The PARL process-
ing event reminds remotely on the processing of Mcp3 by IMP. In
case of mitochondrial defects, PINK1 is not completely imported
into mitochondria since the driving force by the membrane potential
is missing. As a result, PINK1 is inserted into the MOM in a TOM-
dependent process where it initiates PINKI1/parkin signalling.
Although the exact function of Mcp3 is unclear, the example of
PINK1 demonstrates that the physiological status of the organelle
might affect the function of Mcp3 as well.

Taken together, Mcp3 follows a novel import route into mitochon-
dria. Mcp3 is first recognized by the receptor Tom70, next channelled
through the TOM complex and further imported by the TIM23
machinery. It is the first MOM protein shown to be processed by IMP.

Materials and Methods

Yeast strains and growth conditions

Yeast strains (all isogenic to W303a/a, or BY4741/2) were grown in
and on standard rich or synthetic liquid and solid media, respec-
tively [56]. For drop dilution assays, cells were cultured to an ODggg
of 1.0 and diluted in fivefold increments followed by spotting 5 ul of
each dilution on the corresponding medium. To delete complete
ORFs by homologous recombination, gene-specific primers were
used to amplify either the HIS3MX6 cassette from the plasmid
pFAGa-HIS3MX6 [57] or the KanMX4 cassette from the plasmid
pFAGa-KanMX4 [58]. All deletion strains were confirmed by PCR
with gene-specific primers. Transformation of yeast cells was
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performed by the lithium acetate method. Yeast strains used in this
study are summarized in Appendix Table 1, and primer sequences
are listed in Appendix Table 2.

Recombinant DNA techniques

The ORF of the MCP3 gene was amplified by PCR from yeast
genomic DNA with specific primers and cloned into the plasmid
pYX142. For expression under the control of the endogenous
promoter and terminator, 500 bp upstream and downstream,
respectively, of the Mcp3 ORF were amplified by PCR and together
with the ORF were subcloned into the vector pRS316. Mcp3 with an
internal HA-tag (HA-Mcp3) was constructed by sequential amplifi-
cation of the N-terminal and C-terminal part of MCP3 from genomic
DNA and insertion into the plasmid pYX142. Primer sequences were
designed in a way that the HA-tag was inserted four amino
acids downstream to the anticipated Imp1 cleavage site [39]. The
C-terminally HA-tagged version of Mcp3 was obtained by cloning
MCP3 without its stop codon into the plasmid pYX142. Primers for
the transmembrane domain deletion constructs were designed to
omit amino acids 106-128 (ATMDI1) or 172-198 (ATMD2). All
specific primer sequences and restriction sites used for cloning are
listed in Appendix Table 2. All constructs were confirmed by DNA
sequencing. Plasmids used for expression of ERMES components
were described previously [20]. For synthesis of radiolabelled
precursor of Mcp3, the different variants were subcloned via EcoRI
and HindlIIl restriction sites into the vector pGEMA4. Site-directed
mutagenesis to obtain the D70G amino acid exchange mutant was
performed initially with the pPGEM4 construct.

Biochemical methods

Subcellular fractionation was performed according to published
procedures [59]. Mitochondria were isolated by differential centri-
fugation as described previously [60]. Further purification of mito-
chondria was achieved via a self-generated Percoll gradient or a
sucrose step gradient [61]. For swelling experiments, mitochondria
were incubated in hypotonic buffer (20 mM Hepes, pH 7.2) for
30 min on ice. Soluble proteins were precipitated by trichloroacetic
acid (TCA). Protein samples were analysed by SDS-PAGE and
immunoblotting using the ECL system. Carbonate extraction to
precipitate integral membrane proteins and sucrose gradient
centrifugation to separate OM and IM vesicles were performed as
described previously [20]. Pull-down experiments with radiolabelled
precursor and GST fusion proteins or MBP fusion proteins were
performed as described before [42,44]. Proteinase K accessibility of
imported proteins was analysed by incubation of reisolated mito-
chondria with PK (20-100 pg/ml) for 30 min on ice, inhibiting the
protease by 1 mM PMSF, and finally TCA precipitation of the
samples.

Blue native PAGE

Mitochondria were lysed in 40 pl buffer containing digitonin (1%
digitonin, 20 mM Tris-HCl, 0.1 mM EDTA, 50 mM NacCl, 10% (v/v)
glycerol, 1 mM PMSF, pH 7.2). After incubation on ice for 15 min
and clarifying spin (30,000 g, 15 min, 2°C), 5 pl of sample buffer
(5% (w/v) Coomassie blue G, 500 mM 6-amino-N-caproic acid,
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100 mM Bis-Tris, pH 7.0) was added, and the mixture was analysed
by electrophoresis in a 6-13% or 4-8% gradient BN-PAGE [62]. Gels
were blotted on polyvinylidene fluoride membranes, and proteins
were further analysed by autoradiography or immunodecoration.

Fluorescence microscopy

For visualization of mitochondria, yeast cells were transformed with
a vector harbouring the mitochondrial presequence of subunit 9 of
F,-ATPase of N. crassa fused to GFP [63]. Microscopy images were
acquired with an Axioskop 20 fluorescence microscope equipped
with an Axiocam MRm camera using the 43 Cy3 filter set and the
AxioVision software (Carl Zeiss). For studies of ERMES foci forma-
tion and their colocalization with mitochondria, yeast cells were
transformed with a plasmid expressing an ERFP tagged Mmm1 [16]
and with either plasmids pYX142-mtGFP or pYX122-mtGFP express-
ing mitochondrially targeted GFP (mtGFP) [63]. Microscopy images
were acquired with an Axioplan 2 epifluorescence microscope (Carl
Zeiss) equipped with an Evolution VF Mono Cooled monochrome
camera (Intas) using a Plan Neofluar 100x/1.30 Ph3 oil objective
(Carl Zeiss) with QCapture Pro 6.0 software (Media Cybernetics).

Electron microscopy

Preparation of cells for electron microscopy was according to
published procedures [64]. Ultrathin sections (70 nm) were cut with
a diamond knife on a Leica Ultracut UCT microtome and mounted
on pioloform-coated copper grids. Samples were analysed in a Zeiss
CEM 902 transmission electron microscope operated at 80 kV.
Micrographs were taken using a 1,350 x 1,350 pixel Erlangshen
ES500W CCD camera (Gatan) and Digital Micrograph software (ver-
sion 1.70.16; Gatan).

Analysis of phospholipids and ergosterol

Cells at the log phase (ODggo 1.0-2.0) grown on selective medium
containing galactose were harvested, and mitochondria were
isolated first by differential centrifugation, and then, crude orga-
nelles were purified further by a self-generated Percoll or sucrose
density gradient (see above). Mass spectrometric analysis was
performed as described [65]. In brief, ion mode on a triple
quadrupole-linear ion trap hybrid mass spectrometer (QTRAP 5500,
AB Sciex) was applied, except for analysis of cardiolipin and ergo-
sterol, which was done in negative ion mode on a quadrupole time-
of-flight mass spectrometer (QStar Elite, AB Sciex) [18]. Ergosterol
quantification was performed as described before [66].

In vitro import assays and monitoring of steady-state levels
of proteins

Mitochondria for import assays were isolated from yeast cells as
described above. Cells were grown at 30°C in lactate containing
medium to mid-logarithmic phase with the following exceptions:
tom40-25, mas37A, tim10-1ts and tim23ts and the corresponding
wild type were grown at 24°C. Radiolabelled precursor proteins
were synthesized in the presence of [*°S]-methionine in rabbit
reticulocyte lysate. The import reaction was performed by incu-
bating the radiolabelled protein with isolated mitochondria in
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import buffer (250 mM sucrose, 0.25 mg/ml BSA, 80 mM KCl,
10 mM MOPS-KOH, 5 mM MgCl,, 2 mM ATP and 2 mM NADH,
pH 7.2). Mitochondria from tom40-25 and tim10-Its cells and
from their corresponding wild-type cells were shifted in vitro for
15 min to the non-permissive temperature 37°C prior to the
import reaction. For depletion of the membrane potential, mito-
chondria were preincubated for 5 min with either 40 uM CCCP or
10 pg/ml valinomycin prior to the import reaction. MPP was
inhibited by the addition of 5 mM EDTA and 100 uM o-phenan-
throline. The import reaction was terminated by diluting the reac-
tion in a buffer (250 mM sucrose, 80 mM KCl, 10 mM MOPS,
2 mM PMSF, 1 mM EDTA, pH 7.2) and placing the samples on
ice. In some cases, the import reactions were treated with PK as
described above.

For preparation of crude mitochondria, cells were grown in mini-
mal medium containing sucrose to mid-logarithmic phase at 30°C
except cells from tom40-25 and its corresponding wild type that
were grown at 24°C. Cells from strain tim23ts and its corresponding
wild type were grown at 24°C and shifted for 5-6 h to 37°C prior to
lysis. Cells were disrupted by repeated cycles of vortexing with glass
beads at 4°C. Mitochondria were enriched by differential centrifuga-
tion.

Statistical analysis

Data are presented as the mean + sample-based standard deviation
(SD). Two-tailed Student’s t-tests were used to evaluate statistical
significance of quantifications (*, P < 0.05; **, P < 0.01). Analyses
were performed using Excel (Microsoft).

Expanded View for this article is available online.
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Appendix Figure S1. Over-expression of Mcp3 has no influence on the growth of
yeast cells. Wild-type cells were transformed with the empty plasmid pYX142 (J) or
pYX142 encoding Mcp3 (MCP3). Cells were grown to an ODy,, of 1.0 in minimal medium
lacking leucine and spotted in a 1:5 dilution series on YPD, YPG, SD-Leu or SG-Leu

plates directly and in a 1:5 dilution series. Plates were incubated at the indicated
temperatures.
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Appendix Figure S2. Import of Mcp3 is
independent of receptor Tom20, TOB
subunit Mas37/Sam37 and the IMS
import chaperones Tim8/10/13.

(A) Mitochondria from wild-type and tom20A
cells were isolated and incubated with
radiolabelled Mcp3 for the indicated time
periods (1, 5, 15 min). After import
mitochondria were reisolated and analysed
by SDS-PAGE and autoradiography. Bands
corresponding to the mature (m) form were
quantified. Import after 15 min into wild-type
mitochondria was set to 100%. The mean
with standard deviations of three
independent experiments (n=3) is depicted
in the graph.

(B) Mitochondria from wild-type and mas37A
cells were isolated. Import and analysis was
performed as in (A).

(C) Mitochondria from wild-type and
tim8A/tim13A cells were isolated. Import and
analysis was performed as in (A).

(D) Mitochondria from wild-type and the
temperature sensitive mutant tim10-1
(tim10ts) were isolated after growth at 24°C.
Prior to import mitochondria were incubated
for 15 min at the non-permissive
temperature. Import and analysis were
performed as in (A).

[, 20% of radiolabelled precursor protein
used in each import reaction; p, precursor;
m, mature form.
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Appendix Figure S3. MPP is not responsible for processing of Mcp3. Mitochondria
from wild-type (WT) and mas17-ts cells were isolated after growth at the permissive
temperature 24°C (24°C, 24/37°C) or the non-permissive temperature 37°C (37°C).
Next mitochondria were incubated with radiolabelled Mcp3 (*S-Mcp3, left part) without
preincubation at the non-permissive temperature (24°C, 37°C) or with in vitro shift for
15 min to 37°C prior to the import reaction (24/37°C). Radiolabelled Su9-DHFR as bona
fide substrate of MPP was applied in the same way as control for impaired MPP function
in mitochondria of the mutant strain (right part). After import mitochondria were reisolated
and analysed by SDS-PAGE and autoradiography. I, 20% of radiolabelled precursor
protein used in each import reaction; p, precursor; m, mature form.
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Appendix Figure S4. Mitochondria lacking Mim1 or Mim2 display an import defect for
matrix destined proteins. Mitochondria from wild-type (WT), mim1A and mim2A cells were
isolated and incubated with radiolabelled *S-pSu9-DHFR for the indicated time periods
(1, 5, 15 min). After import mitochondria were reisolated and analysed by SDS-PAGE and
autoradiography. Bands corresponding to the mature (m) and precursor (p) form are indicated.

Sinzel et al., Appendix Figure S4



Appendix Table 1: S. cerevisiae and E. coli strains used in this study

name | genotype | reference
S. cerevisiae

W303a MAT a; ade2-1; canl-100; his3-11; leu2- (Thomas and Rothstein, 1989)
3,112; trplA2; ura3-52

W303a MAT «; ade2-1; canl-100; his3-11; leu2- | (Thomas and Rothstein, 1989)
3,112; trplA2; ura3-52

YPH499 MAT a; ade2-101; his3A200; leu2Al; (Sikorski and Hieter, 1989)
ura3-52; trplA63; lys2-801

BY4741 Mat a; his3A1; leu2AO; met1 5A0; ura3AO Euroscarf (http://web.uni-

frankfurt.de/fb15/mikro/euroscarf/

YMSO018 W303a; funl4A::Kan this study

YMSO019 W303a; funl4A::His3 this study

YKD291 W303a; mdmliO0A::His3 (Tan et al., 2013)

YKD461 W303a; mmmliA::Kan (Tan et al., 2013)

YKD227 W303a; mmm2A::Kan (Tan et al., 2013)

YKD301 W303a; mdmli2A::His3 (Tan et al., 2013)

YKD303 W303a; mim2A::His3 (Dimmer et al., 2012)

YKD145 W303a; mimlA::Kan (Dimmer et al., 2012)

YKD132 W303a; tom20A::His3 (Muller et al., 2011)

YDR251 YPH499; mas37A::His3 (Habib et al., 2005)

2535 YPH499; tom40A::Kan; pFL39-TOM40 (Wenz et al., 2014)

3007; tom40-2522 YPH499; tom40A::Kan; pFL39-TOM40-25 | (Wenz et al., 2014)

pTIM23t YPH499; tim23A::Kan; pRS315-pTIM23t | (Gevorkyan-Airapetov et al., 2009)

pTIM23-Y70A,L71A-t

YPH499; tim23A::Kan; pRS315-pTIM?23-
Y70AL71A-t

(Gevorkyan-Airapetov et al., 2009)

YMS063 BY4741; funl4A::Kan Euroscarf
YMSO087 BY4741; atp23A::Kan Euroscarf
YMS102 BY4741; pcpl A::Kan Euroscarf
YMS103 BY4741; prdlA::Kan Euroscarf
YMS106 BY4741; ytal2A::Kan Euroscarf
YMS107 BY4741; pimIA::Kan Euroscarf
YMS108 BY4741; ytal OA::Kan Euroscarf
YMS109 BY4741; impIA::Kan Euroscarf
YMSI110 BY4741; imp2A::Kan Euroscarf
YMSI111 BY4741; octlA::Kan Euroscarf
YMSI116 BY4741; ymelA::Kan Euroscarf
JSY7452 MAT a ade2-1; canl-100; his3-11;15; (Kondo-Okamoto et al., 2008)
leu2-3; trpl-1; ura3-1
JSY8283 JSY7452; tom70A::Trpl; tom71A::His3 (Kondo-Okamoto et al., 2008)
GA74-1A MAT a adeS; his3; leu2; trpl; ura3 (Koehler et al., 1998)
CK14 GAT74D; tim10A::His3; tim10-1:Trpl (Koehler et al., 1998)
MB2 MAT a/o, ADE2/ade2-101°"¢; his3/his3- | (Maarse et al., 1992)
A200; leu2/leu2-Al; lys2-8019"/lys2-
8014mer; trp1-289/TRP1; ura3-52/ura3-52
TUO008/ YDR2628 MB2; tim8A::Ura3; tim13A::His3 (Paschen et al., 2000)
MYM104 MAT o; Ura3-52; trpl-1; leu2-3; leu2- (Witte et al., 1988)
112; his3-11; his3-15
MYM105 MYM104; masl-ts (Witte et al., 1988)
YTW224 YPH499; TOM22-10His (Meisinger et al., 2001)
YIA30 W303a; ymeAl::Kan (Arnold et al., 2006)
YKD&70 W303a; ymelA::Kan; mim2A::His3 this study
E. coli
MS094 W3110; pVG18-MPPHis (Geli, 1993)
BL21(DE3) Thermofisher Scientific, Darmstadt,
Germany
MH1 NEB biolabs, Frankfurt, Germany
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Appendix Table 2. Primers used in this study

Primers for gene-targeting

name

sequence

remarks

PFa-For-Fun14K

5" ACG CTA GAG GGG CAA GAA
GGA AGA ACT TAA AAT AAT AGG
TGT AAA CGTACG CTG

amplification of KanMX4 or HISMX6
cassette

PFa-Rev-Fun14K

5' AAC GAA AGA ATA TAA CCC
TCG TTT ATA TCT GGT CAT TTG

amplification of KanMX4 or HISMX6
cassette

TCT TGC ATC GAT GAA
Primers for cloning
name sequence remarks
FpYX-Funl4 5'GGG GAATTC ATG ACT TTG GCT | amplification of MCP3 ORF 5’
TTT AAT ATG CA contains EcoRlI restriction site
RpYX-Funl4 5'GGG AAG CTTTCA TTT GTT AGC | amplification of MCP3 ORF 3’
ATT TAA ACT TGC contains HindlIll restriction site
FUN14intHArev 5°GGG GGATCCTGC GTA GTC AGG | amplification of MCP3 presequence 3’
CAC ATC ATA CGG ATA CCC TAA | contains BamHI restriction site and
AGA ATC ATT GAATAT CA encodes the HA tag
Funl4intHAfwd 5 GGG GGA TCC GCA GCT GTC | amplification of MCP3 mature part 5’

AAA CAACAGG

(starting 4 codons downstream of
predicted Imp1 cleavage site)
contains BamH]I restriction site

D70G_Funl4fwd

5'GAT ATT CAATGG TTC TTT AGG
G

site directed mutagenesis for D70G
amino acid exchange (sense)

D70G_Funl4rev

5' CTA TAA GTT ACC AAG AAA
TCC C

site directed mutagenesis for D70G
amino acid exchange (antisense)

F14PromFwd 5' GGG GAG CTC GTG GCT TAA | amplification of MCP3 promoter 5’
AGA CGA TAA TGC contains Sacl restriction site

F14PromRev 5'GGG GAATTCTTT ACA CCT ATT | amplification of MCP3 promoter 3’
ATT TTA AGTTCT T contains EcoRI restriction site

Fl14TermFwd 5" GGG AAG CTT GCAAGA CAA | amplification of MCP3 terminator 5’
ATG ACC AGATAT A contains HindlIII restriction site

Fl4TermRev 5' GGG GTC GAC AGC GTT GAA | amplification of MCP3 terminator 3’
AAA GGT AGA AAT TA contains Sall restriction site

delta-TMD1-Arev

5'GGG GGATCCCTG CTT GTG ACT
ACTTATTITG

amplification of aa 1-105 coding
sequence of MCP3, contains BamH]
restriction site

delta-TMD1-Bfwd

5'GGG GGA TCCTAT GTC GGT ATT
ACA AGC ATG

amplification of aa 129-198 coding
sequence of MCP3, contains BamH1
restriction site

delta-TMD2-rev

5' GGG AAG CTT TTA ATC AAT
AAG CAG TTT CTT CAA GT

amplification of aa 1-171 coding
sequence of MCP3, contains HindIIl
restriction site

RpYX-Funl4HA

5'GGG AAG CTTTTT GTT AGC ATT
TAA ACT TGC TAA

amplification of MCP3 ORF 3’
contains HindlIII restriction site, stop
codon omitted for fusion with HA-tag
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Expanded View Figures
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Figure EV1. Altered levels of Mcp3 have no effect on mitochondrial ultrastructure.

A WT and mcp3A cells in two different genetic backgrounds (W303 and BY4741) were grown in glucose (YPD) or glycerol (YPG) containing medium and analysed by
thin-section transmission electron microscopy. Representative images of mitochondria are shown. Scale bars, 200 nm.
B WT cells carrying an empty plasmid (WT) and cells overexpressing MCP3 from a plasmid under control of the TP/ promoter (MCP3-OE) were grown in galactose-

containing minimal medium (SGal) and analysed by thin-section transmission electron microscopy. Representative images of mitochondria are shown. Scale bar,
200 nm.
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Figure EV2. Altered levels of Mcp3 have no effect on ERMES foci formation and colocalization with mitochondria.
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A, B WT and mcp3A cells (from BY4741 (A) or W303 (B) background) expressing mitochondrially targeted GFP (mtGFP) and RFP-tagged Mmm1 were grown to mid-
logarithmic phase and then analysed by fluorescence microscopy. Representative images are shown. Scale Bars, 5 um.
C WT cells harbouring an empty plasmid or a plasmid overexpressing Mcp3 (BY4741 background) were transformed with plasmids encoding mitochondrially targeted
GFP (mtGFP) and RFP-tagged Mmm1 and were analysed as in (A). Scale Bar, 5 um.
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Figure EV3. Mcp3 precursor is degraded by PK
in vitro if it does not reach the inter membrane
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Mitochondria from wild-type and tom40-25 cells
were isolated and incubated with radiolabelled
Mcp3 for 15 min. After import, mitochondria
were reisolated, left untreated or incubated with
proteinase K (PK) and analysed by SDS—-PAGE and
autoradiography.

Mitochondria from wild-type and tim23ts cells
were isolated and incubated with radiolabelled
Mcp3 for 15 min. Analysis was performed as in
(A).

Mitochondria from wild-type and mim1A or
mim2A cells were isolated and incubated with
radiolabelled Mcp3 for 15 min. Analysis was
performed as in (A).

Data information: The mature (m) and precursor (p)
form of Mcp3 are indicated. The arrowhead marks
an additional band of the size of the cleaved N-
terminus of Mcp3. The asterisk depicts a fragment of
the size of mature Mcp3 that is PK protected.

Figure EV4. Import of Mcp3 is dependent on the mitochondrial
membrane potential.

Mitochondria isolated from wild-type yeast cells were incubated with
radiolabelled precursor protein Mcp3 for the indicated time periods (1, 5 or

15 min) in the absence or presence of CCCP or valinomycin. After import,
mitochondria were reisolated and analysed by SDS—PAGE and autoradiography.
Input, 20% of radiolabeled precursor applied in the reaction.

© 2016 The Authors
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Yeast phospholipid biosynthesis is linked to mRNA localization

Orit Hermesh', Christian Genz', Ido Yofe?, Monika Sinzel', Doron Rapaport', Maya Schuldiner?

and Ralf-Peter Jansen'*

ABSTRACT

Regulation of the localization of MRNAs and local translation are
universal features in eukaryotes and contribute to cellular asymmetry
and differentiation. In Saccharomyces cerevisiae, localization of
mRNAs that encode membrane proteins requires the She protein
machinery, including the RNA-binding protein She2p, as well as
movement of the cortical endoplasmic reticulum (cER) to the yeast
bud. In a screen for ER-specific proteins necessary for the directional
transport of WSC2 and EART mRNAs, we have identified enzymes
that are involved in phospholipid metabolism. Loss of the phospholipid
methyltransferase Cho2p, which showed the strongest impact on
mRNA localization, disturbs mRNA localization, as well as ER
morphology and segregation, owing to an increase in the amount of
cellular phosphatidylethanolamine (PtdEtn). Mislocalized mRNPs
containing She2p colocalize with aggregated cER structures,
suggestive of the entrapment of MRNA and She2p by the elevated
PtdEtn level. This was confirmed by the elevated binding of She2p
to PtdEtn-containing liposomes. These findings underscore the
importance of ER membrane integrity in mRNA transport.

KEY WORDS: mRNA localization, phospholipids, CHO2, SHE2,
Saccharomyces cerevisiae

INTRODUCTION
Control of the localization of mRNA allows spatial control of gene
expression and contributes to the generation of cellular asymmetry
or synaptic plasticity (Holt and Bullock, 2009; Martin and
Ephrussi, 2009). Localized mRNAs are generally transported as
RNA-protein complexes (RNPs) to their destination sites, where
they become translationally active, allowing site-specific protein
synthesis (Besse and Ephrussi, 2008; Martin and Ephrussi, 2009).

In budding yeast, >50 transcripts are selectively transported to
the bud (Aronov et al., 2007; Oeffinger et al., 2007; Shepard et al.,
2003), among them 4SHI! mRNA, which encodes a daughter-cell-
specific transcriptional repressor of the HO endonuclease gene
(Long et al., 1997). Localization of ASHI and the other mRNAs
requires a set of proteins that includes the RNA-binding proteins
She2p (Bohl et al., 2000; Niessing et al., 2004) and She3p (Bohl
et al., 2000; Miiller et al., 2011), as well as the myosin-V motor
Myo4p (Bohl et al., 2000; Krementsova et al., 2011).

Many bud-localized mRNAs encode membrane or membrane-
associated proteins (Aronov et al., 2007; Shepard et al., 2003) that
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are translated at the cytoplasmic face of the ER. Yeast contains
two major types of ER — the perinuclear ER, which is continuous
with the nuclear envelope, and the cortical ER (cER, also called
plasma-membrane-attached ER), which is a meshwork of tubular
ER structures underlying the plasma membrane (Du et al., 2004).
During budding, tubules migrate from the mother cell into the
bud, followed by the spreading of cER along the bud cortex (Du
et al., 2004; West et al., 2011). Several observations indicate that
the localization of a subset of mRNAs to the bud is coordinated
with cER segregation. Firstly, mutations in several genes affect
both processes. Mutations in Myo4p and She3p affect both ER
inheritance by the daughter cell and mRNA localization (Estrada
et al., 2003; Long et al., 1997). Similar observations have been
made for genes that are essential for the early steps of ER
inheritance, for cER docking at the bud tip (Aronov et al., 2007;
Fundakowski et al., 2012) or for the formation of ER tubules
(Fundakowski et al., 2012). Furthermore, the RNA-binding
protein She2p co-fractionates with ER membranes and can bind
to protein-free liposomes with a membrane curvature similar to
that of ER tubules, suggesting that this protein connects localized
mRNAs to ER (Genz et al., 2013). These findings led to the idea
that localized mRNAs encoding membrane or ER proteins travel
to the bud by associating with cER tubules. Similar coordinated
distribution of ER and mRNAs have also been reported in other
biological systems. For example, in ascidians, machol and
HrPEM mRNAs tightly colocalize with the cER at different
stages of redistribution from egg to zygote (Sardet et al., 2005). In
the claw frog Xenopus laevis, Vgl mRNA localization patterns
highly overlap with those of ER markers at different stages of the
oocyte development (Kloc and Etkin, 1995).

In order to gain more insight specifically into the mechanism
and the determinants of ER-dependent mRNA localization to the
yeast bud, we aimed to identify novel factors required for this
type of mRNA localization. We designed a visual screen to allow
us to analyze the localization pattern of two early-expressed
mRNAs, WSC2 and EARI, in a collection of ER mutant strains.
Here, we report the identification of several novel genes whose
deletion affects the localization of WSC2 and EAR1, and we show
how defects in lipid biosynthesis lead to ‘road blocks’ in mRNA
transport to the bud on ER tubules.

RESULTS

Identification of novel genes required for mRNA localization
in yeast

Genetic screens to uncover proteins required for mRNA
localization have previously been performed using ASHI mRNA
as a substrate (Jansen et al., 1996; Sil and Herskowitz, 1996).
However, several proteins needed for proper ER morphology and
segregation that did not affect ASH/ did affect the localization of
mRNAs encoding membrane-bound proteins, including WSC2,
IST2 and EAR1. The differential requirements suggest that genetic
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screens for mutants affecting ASHI localization (Jansen et al.,
1996; Sil and Herskowitz, 1996) might have missed genes required
for regulating the localization of mRNAs encoding membrane
proteins. We therefore performed a visual screen for mutants that
mislocalize WSC2 or EARI mRNAs, which are expressed at early
cell cycle stages when ER segregation occurs. To mark the
mRNAs, we integrated bacteriophage MS2 loops into their 3'UTRs
(producing WSC2-MS2L and EARI-MS2L). These mRNAs were
coexpressed with MS2-binding protein (MS2CP) fused to 3xGFP,
leading to specific labeling of the RNP granules that include these
mRNAs. We limited the screen to a collection of deletion and
hypomorphic mutants of essential and non-essential genes with the
gene ontology term ‘endoplasmic reticulum’, i.e. genes that code
for proteins that localize to the ER or have a function related to the
ER (Fig. 1). A list of the genes that were analyzed (489 in total) is
provided (supplementary material Tables S1 and S2). Two parallel
screens were performed, which allowed us to validate our results in
two different systems and to check the feasibility of a large-scale
screen. In the first screen, plasmids carrying either WSC2-MS2L or
EARI-MS2L were co-transformed with a plasmid expressing
MS2CP-3xGFP into deletion mutants, followed by manual
screening for RNA localization defects (Fig. 1A). In the parallel
automated screen, MS2CP-3xGFP under the control of a MET25
promoter was integrated into the yeast genome at the HO locus.
After transformation with WSC2-MS2L or EARI-MS2L plasmids,
the yeast were crossed with mutants carrying deletions of ER-
related genes, and haploid cells were selected that carried the
deletion mutation, the MS2CP-3xGFP gene and the corresponding
plasmid (Giaever et al., 2002) (Fig. 1B). These cells were analyzed
by automated fluorescence microscopy as described in Materials
and Methods. The manual and automated screens revealed 45 and
24 mutants with a potential localization defect. These mutants were
subjected to a second manual screen to assess the effect on
localization in >100 cells per mutant. We observed that several
mutants displayed a different mRNP mislocalization phenotype
than that of the she mutants. Whereas the latter display an exclusive
accumulation of mRNPs in the mother cell (Fig. 2A), the new
mutants contained mRNPs in both the mother and the daughter
cell. In neither case did we observe an exclusive localization to the
bud as seen in wild-type cells. Such symmetric distribution of
mRNPs (subsequently referred to as ‘mislocalization’) was

A B

MS2L

(l"_] ecseans el s

ER mutant
collection

WSC2/EART ' ? 3-UTR

T

visualization B
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observed following the deletion of 13 non-essential genes
(Table 1). In order to obtain quantitative data, we divided cells
into two classes, cells with exclusively bud-localized mRNPs and
cells with symmetric distribution of mRNPs. Throughout this work
we display the percentage of cells showing the mislocalization
phenotype as defined above. The genes identified in this screen
included genes coding for proteins required for vesicle coat
formation, like CHC! (Gurunathan et al., 2002) and SFB3 (Miller
et al, 2002), genes affecting lipid metabolism, including
phosphatidylethanolamine methyltransferase (CHO?2, also known
as PEM1; Kodaki and Yamashita, 1989), phospholipase C (PLCI,
Flick and Thorner, 1993), phosphatidylinositol 3-kinase (VPS34;
Auger et al., 1989), the transcriptional repressor of phospholipid
synthesis genes OPI1 (Wagner et al., 1999), the long-chain base-1-
phosphate phosphatase (LCB3; Mandala et al., 1998) and an
activator of serine palmitoyltransferase, 7SC3 (Gable et al., 2000).
Furthermore, we found that deletion of /CE2, which is involved in
cER inheritance and morphology (Estrada de Martin et al., 2005;
Estrada et al., 2003), and of an uncharacterized open reading frame
(ORF) (YGL007C-A) also influenced the localization of WSC2-
MS2L and EAR1-MS2L. In contrast to cells of the she2 A strain, of
which 83.3% showed WSC2-MS2L mRNP mislocalization and
96.6% showed EARI-MS2L mRNP mislocalization, the
mislocalization was less pronounced in the mutant strains
identified in this screen. Because we observed the strongest
mislocalization of WSC2 and EARI in cells lacking CHO?2 (56%
and 61% of cells showed mislocalization, respectively) we focused
on this gene for further analysis.

Loss of Cho2p disrupts RNA localization and cER morphology
CHO?2 encodes phosphatidylethanolamine N-methyltransferase
(Enzyme Commission number 2.1.1.17), a key enzyme in
phosphatidylcholine biosynthesis (Kodaki and Yamashita, 1989;
Summers et al., 1988). Acho2 cells have WSC2-MS2L or EARI-
MS2L mRNPs in the mother cell and bud, indicating that only a
fraction of the corresponding mRNA pool is correctly localized
(Fig. 2A). By contrast, wild-type cells exclusively accumulate
MS2L-tagged mRNP particles in the bud, whereas cells lacking
She2p (Fig. 2A), She3p or Myodp (Bertrand et al., 1998;
Fundakowski et al., 2012) accumulate mRNPs only in the
mother cell. In order to rule out the possibility that mRNA

Fig. 1. Overview of microscopic screens for
systematic detection of mRNA localization
mutants. (A) A collection of mutants with
deletions in ER-related genes was transformed
with constructs allowing in vivo detection of

ER mutant
VREREL MS2L-tagged WSC2 or EART mRNA before

collection subjecting them to microscopic analysis. (B) In
parallel, the collection was crossed to a strain

X carrying an integrated expression construct for a
fusion of MS2 coat protein (MS2CP) with three

l crossing & GFPs and plasmids containing WSC2-MS2L or

EAR1-MS2L. Selection of haploid cells carrying
the deletion and the expression constructs was
followed by automated microscopic analysis.
Scale bar: 5 um.
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mislocalization is due to defective actin cytoskeleton cables
stretching from mother cells to the bud, we expressed an actin-
binding protein, Abpl40-mCherry (Yang and Pon, 2002) in
cho24 cells (Fig. 2B). No difference in Abpl40-mCherry
distribution between cho24 and wild-type cells could be
observed.

Tgb3- Fig. 2. Deletion of CHO2 affects mRNA localization and
cER morphology but not the actin cytoskeleton.

(A) Representative images of cells expressing MS2-tagged
WSC2 and EART mRNAs in wild-type, she24 and cho24
strains. Images are an overlay of differential interference
contrast (DIC) and GFP channels. (B) The actin
cytoskeleton is indistinguishable between wild-type and
cho24 cells. Microfilaments were visualized by the use of
an Abp140-mCherry fusion protein (red). In addition to
Abp140-mCherry, MS2-tagged WSC2 and MS2-CP-GFP
(green) were co-expressed in the cho24 strain to
demonstrate that WSC2 mislocalization in cho24 is not due
to the disturbance of the actin cytoskeleton (lower-right
image). (C) cER structure in wild-type and cho24 cells was
analyzed by using three different ER markers: Scs2-TMD—
RFP, Rtn1-mCherry and Tgb3—-mCherry. All markers show
aberrant distribution compared with that of the wild-type
strain. Scale bars: 2 um.

Because we have previously found a correlation between the
loss of ER segregation or altered ER morphology and RNA
mislocalization (Fundakowski et al., 2012; Schmid et al., 2006),
we tested whether deletion of CHO?2 results in changes in ER
structure. A previous analysis suggests that this is not the case
(Thibault et al., 2012). However, in this study a general luminal

Table 1. Genes required for localization of mMRNAs encoding membrane proteins

ORF name Gene name  Description WSC2 mislocalization (%) EAR1 mislocalization (%)
wild-type 6+7.1 0
YKL130C SHE2 RNA-binding protein 83.33+16.7 96.67+3.3
YGR157W CHO2 phosphatidylethanolamine methyltransferase 56+14.1 61+0.6
YGL206C CHC1 clathrin heavy chain 39+9.1 66x7.0
YMR123W PKR1 v-ATPase assembly factor 37+3.2 35+4.3
YLR338W OPI9 unknown function 34+13.2 39+1.0
YHR098C SFB3 component of the Sec23p-Sfb3p heterodimer 33x25 36.7+3.8
(COPII vesicle coat)
YGL007C-A unknown function 31+8.9 35.2+15.8
YLR240W VPS34 phosphatidylinositol 3-kinase 29+8.9 n.d.
YGL020C GET1 subunit of the GET complex 25+13.3 26+2.8
YILO9OW ICE2 required for maintenance of ER zinc homeostasis 25+17.5 51+x14
YJL134W LCB3 long-chain base-1-phosphate phosphatase 22.7+15.0 45+1.5
YHLO20C OPI1 transcriptional regulator of lipid biosynthesis genes 20 60+24.0
YBRO58C-A TSC3 associated with serine palmitoyltransferase 225+0.3 46+2.9
YPL268W PLC1 phospholipase C 6+2.6 30.3£9.7

Results from a visual screen for RNA localization of MS2L-tagged WSC2 and EART mRNAs that was performed on a sub-library of a yeast deletion collection.
Deletion of SHE2 served as a control for cells that mislocalize mRNAs. 11 out of 13 newly identified genes are involved in the correct localization of WSC2 and
EAR1. PLC1 deletion exclusively affects EAR1 localization. A total of 30—400 cells were counted for each mutant. n.d., not determined. Data are shown as the

meanz=s.d.
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ER protein (Kar2p) was used as an ER marker that stains
mainly the perinuclear ER. In order to specifically assess
potential morphological changes in the cortical ER we analyzed
the distribution of three ER marker proteins, Scs2-TMD-RFP,
Rtnl-mCherry and Tgb3-mCherry, all of which are membrane
proteins and constituents of cER (Fig. 2C). Scs2p is a tail-
anchored integral ER protein that connects cER to the plasma
membrane, and its transmembrane domain (TMD) is sufficient
for targeting red fluorescent protein (RFP) to ER (Loewen
et al., 2007). Rtnlp belongs to the reticulon family of proteins
and is involved in shaping ER tubules that are preferentially
found in cortical ER (Voeltz et al., 2006). Tgb3 is a movement
protein of plant potexvirus that was found to specifically bind
to highly curved cER tubules in yeast (Lee et al., 2010). All
three cER marker proteins were mislocalized in cho24 cells
(Fig. 2C). Scs2-TMD-RFP was present in cER and perinuclear
ER in wild-type cells, and a strong accumulation of Scs2-
TMD-RFP could be seen at the tip of the bud, indicating
the presence of cER in the bud. The cER localization of
Scs2-TMD-RFP in cho24 cells was visible as several large
aggregate-like structures in the cytoplasm and at the cell
periphery, whereas perinuclear ER localization remained
unchanged. A similar cER redistribution was seen for Rtnl—
mCherry. Tgb3—mCherry was detected in patches at the cortex
of wild-type mother cells and buds, but the peripheral patches
disappeared in Acho2 cells. We conclude that loss of
Cho2p results in the redistribution of cortical ER markers,
severe changes to ER morphology and partial loss of mRNA
localization.

Association of mislocalized mRNPs with aberrant ER
structures and She2p in cho24 cells

Several localized mRNAs, including WSC2, require proper
cER formation and segregation into the bud for their
proper localization (Fundakowski et al., 2012). We therefore
investigated whether mislocalization of WSC2-MS2L is due to
the release of the mRNA from ER or whether it is caused by
association of the mRNA with ER aggregates that cannot move
into the bud. For colocalization studies, MS2L-tagged WSC2
mRNA was expressed in cells carrying Rtnl-mCherry as the ER
marker. Wild-type cells showed a colocalization of WSC2-MS2L
mRNPs and cortical ER at the bud tip, indicating that both are
transported to the bud (Fig. 3A, top row). In cho24 cells, WSC2-
MS2L mRNPs still colocalized with the Rtnl-mCherry ER
marker; however, colocalization was also seen within the
intracellular aggregates in the mother cell (Fig. 3A, bottom
row).

The RNA-binding protein She2p can associate with
membranes in vitro and co-purifies with ER from cell extracts
(Aronov et al., 2007; Genz et al., 2013; Schmid et al., 2006). In
order to test whether the ER-localized WSC2-MS2L mRNPs in the
mother cell are still associated with She2p, we co-expressed a
GFP-tagged She2p with WSC2-MS2L and detected the mRNA by
means of a fusion of the MS2 coat protein to five mCherry
molecules (see Materials and Methods). The majority of WSC2-
MS2L mRNPs in the buds of wild-type cells (100%, n=12), as
well as those in the mother cells of cho24 mutants (83%, n=29),
contained She2p (Fig. 3B). We therefore conclude that the
intracellular cER structures observed in cho24 cells bind to
WSC2-MS2L mRNPs that still contain She2p and that this
capturing prevents the movement of both ER and localized
mRNPs into the bud.
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Fig. 3. Mislocalized WSC2 colocalizes with the ER and She2p.

(A) Representative images of wild-type and cho24 cells expressing Rtn1—
mCherry to visualize cER and plasmids encoding MS2-tagged WSC2 and
MS2-CP-GFP. In wild-type cells, WSC2 colocalizes with cER in the bud,
whereas colocalization in cho24 cells is seen with aberrant cER structure in
the mother cell. (B) Representative images of wild-type and cho24 cells
expressing a She2—-GFP fusion protein, MS2-tagged WSC2 and MS2-CP-
mCherry. WSC2 mRNP colocalizes with She2p in the bud of wild-type cells
and in the mother cell of cho24 cells. DIC, differential interference contrast.
Scale bars: 2 um.

Imbalance of PtdEtn and PtdCho levels causes mRNA
mislocalization

Cho2p catalyzes the first step during the conversion of
phosphatidyl-N-ethanolamine (PtdEtn) to phosphatidylcholine
(PtdCho) in the cytidine diphosphate-diacylglycerol (CDP-DAG)
methylation pathway (Fig. 4A), the primary route for the synthesis
of PtdCho in the absence of exogenous choline (Kodaki and
Yamashita, 1989; Summers et al., 1988). Loss of Cho2p results in a
severe imbalance of PtdEtn and PtdCho levels, with PtdEtn levels
increasing from 15-20% to 40-50%, whereas PtdCho levels can
drop from 40-45% to 10% of total cellular lipids (Fig. 4B;
Summers et al., 1988). Reduction in the amount of PtdCho is also
seen in mutants lacking Opi3p, the yeast phosphatidyl-N-
methylethanolamine N-methyltransferase (Kodaki and Yamashita,
1989; McGraw and Henry, 1989), which converts the product of
Cho2p, phosphatidyl-N-monomethylethanolamine (PMME), to
PtdCho (Fig. 4A,B; Carman and Henry, 1989). Consequently, we
tested whether opi34 mutants affect mRNA localization as well.
Surprisingly, although we observed the reported strong decrease in
the amount of PtdCho and an increase in PMME (Fig. 4B), deletion
of OPI3 had little impact on the localization of WSC2-MS2L
mRNA (14.7=7% of cells displayed mislocalization, compared
with 5614.1% and 83£16.6% of cells displaying mislocalization
in cho24 and she24 cells, respectively; *s.d.) (Fig. 4C; Table 1).
PtdCho levels in mutants that are defective in Cho2p or Opi3p can
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Fig. 4. PtdEtn levels influence WSC2 mRNA localization. (A) An
overview of phospholipid synthesis pathways in yeast (showing the steps
relevant to this study). The triple methylation of PtdEtn (PE), catalyzed by the
methyltransferases Cho2p and Opi3p, is the primary route for the
synthesis of PtdCho (PC) in the absence of exogenous choline. P,
phosphorylated; PS, PtdSer; PDME, phosphatidyldimethylethanolamine.
(B) Phospholipid analysis. Phospholipids were extracted from a membrane
fraction of the indicated yeast strains and subjected to thin layer
chromatography together with PtdCho and PtdEtn standards (left). The
large arrowhead indicates PtdEtn; the small arrowhead indicates PtdCho;
the asterisk marks a new phospholipid species appearing in the opi34
mutant. Note the increase in the amount of PtdEtn in cho24 and the
subsequent decrease in the amount of PtdEtn in cho24 cells
overexpressing OP/3. Addition of choline to cho24 cells decreases the
amount of PtdEtn and increases PtdCho. (C) Localization of WSC2 in
deletion mutants of various phospholipid biosynthesis genes. Dark bars
represent the percentage of cells with mislocalized WSC2-MS2L particles. In
each case, >100 cells were analyzed in three independent experiments.
Data show the mean=*s.d.

be increased by the addition of choline to the medium, which is
metabolized to PtdCho in the Kennedy pathway (Fig. 4A; Carman
and Henry, 1989). Addition of 1 mM choline to the growth medium
of cho24 cells partially improved WSC2-MS2L localization
(27.7%15.7% of cells displayed mislocalization; Fig. 4C). This
partial improvement can be explained by the reduced activity of
PSD1 in the presence of choline. This gene encodes the major
phosphatidylserine (PtdSer) decarboxylase that converts PtdSer
into PtdEtn (Carson et al., 1984). Our results indicate that a general

reduction in the amount of PtdCho is not the main cause of mRNA
mislocalization and suggest a specific defect due to the
accumulation of the Cho2p substrate PtdEtn. To test this idea, we
overexpressed Opi3p in cho24 cells, because overexpression of
Opi3p can suppress the PtdEtn methylation defect of cho2 mutants
by substituting for Cho2p in the conversion of PtdEtn to PMME
(Preitschopf et al., 1993). Overexpression of Opi3p in cho24 cells
reduces PtdEtn levels (Fig. 4B) and rescues WSC2 localization
(Fig. 4C; 8.3%=8.2% mislocalization), indicating that the Cho2p-
mediated conversion of PtdEtn to PMME is required for correct
mRNA localization. Finally, in order to create a similar PtdEtn and
PtdCho imbalance to that observed in cho2A4 cells, we tested
mRNA localization in a strain lacking Opi3p (leading to a reduced
PtdCho level) and overexpressing Psd1p (leading to an increased
PtdEtn level). In this strain, WSC2 localization is severely impaired
(49+6.9% of cells display mislocalization). In summary, our
analysis of mutants of phospholipid biosynthesis suggests that the
observed mRNA mislocalization in cho24 cells is due to a failure to
convert PtdEtn to PtdCho, thereby creating an imbalance of these
lipids. This analysis reveals a prominent role for PtdEtn levels in
regulating mRNA localization.

She2p binding to membranes increases with PtdEtn levels
The previous analysis demonstrates how an increase in the
amount of PtdEtn provokes mRNA mislocalization. We have
previously shown that the mRNA localization factor She2p can
directly bind to protein-free liposomes (Genz et al., 2013). In
order to test whether PtdEtn influences She2p binding, we
generated 80-nm diameter liposomes with increasing PtdEtn
contents ranging from 0% to 50% (see Materials and Methods),
incubated them with recombinant She2p and performed a
flotation analysis to determine the amount of She2p that
fractionated with (and thus bound to) liposomes (Genz et al.,
2013). We observed an increase in the amount of She2p binding
as PtdEtn levels increased from 0% to 40%. At higher PtdEtn
contents She2p binding decreased again, although only by 20% of
its maximum level (Fig. 5A). This decrease correlated with a
major collapse in the liposomes from vesicles to large clumps, as
revealed by dynamic light scattering (Fig. 5B). PtdEtn belongs to
the class of so-called type II lipids that have an overall conical
molecular shape resulting from the comparatively small cross-
sectional area of the polar head group and, thus, preferentially
accumulate in curved structures. Therefore the large structures
that appear with high PtdEtn levels likely represent aggregates or
abnormal membrane structures, because negative curvature stress
due to high PtdEtn levels can lead to malformed biological
membranes (Gruner, 1985). These larger lipid-containing
aggregates might be an in vitro counterpart of the intracellular
clusters seen with cER marker proteins (Fig. 2). Previous studies
have shown that an increase in membrane curvature of liposomes
results in better binding of She2p, consistent with the model that
She2p links localized mRNAs to tubular ER, which has a highly
curved structure. The increase in She2p binding to liposomes with
increasing PtdEtn contents can therefore be explained by the
preference of She2p for curved membranes, which are likely to
contain high PtdEtn levels.

In order to test whether She2p is required for the association of
WSC2 mRNP with ER aggregates, we determined the degree of
WSC2-MS2L mRNP colocalization with the ER (represented by
Rtnl-mCherry) in the presence and absence of She2p. In cho24
she2A mutants, only 12%+7.3% (*s.d.) of cells displayed
colocalization of WSC2-MSL2 mRNPs with ER clusters, in
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Fig. 5. She2p binding to liposomes increases with rising PtdEtn levels.
(A) Co-flotation of recombinant She2p with 80-nm diameter liposomes is
augmented with increasing PtdEtn (PE) content, showing a maximum at 40%
PtdEtn. Percentage indicates the amount of PtdEtn as a percentage of total
lipid content. Co-flotation was performed as described in Materials and
Methods. Data show the mean ratio (*s.d.) of floated protein versus input,
displayed as artificial units (a.u.). The amount of binding of She2p to 40%
PtdEtn liposomes is set to 100 a.u. Three independent flotation experiments
were performed. (B) The size distribution of liposomes generated with
increasing PtdEtn levels as measured by dynamic light scattering. At high
PtdEtn levels, a peak indicating structures with a diameter >1000 nm
appears in addition to the 80-nm peak. (C) WSC2 colocalization with cER in
the mother cell depends on She2p. Left, representative images of cho24 and
cho24 she24 cells expressing Rtn1-mCherry and MS2-tagged WSC2.
Colocalization of WSC2 with cER in the mother cell is lost in cho24 she24
cells. DIC, differential interference contrast. Right, quantification of the
microscopy data. Data show the mean=s.d. (D) Asymmetric ASH1-MS2L
distribution is disturbed in cho24. Representative images of cells with
correctly localized ASH1 (left) and symmetrically distributed ASH7 (right) are
shown. The percentage of cells with the indicated phenotype is shown below
the images. Scale bars: 2 um.

contrast to 52+31% of cho24 cells (Fig. 5C). We frequently
observed mRNPs in the proximity of the ER but not colocalizing
with it. These experiments suggest that She2p mediates the
association of WSC2-MS2L mRNPs with the intracellular ER
aggregates. If the high content of PtdEtn in cho24 mutants led to
a reduction in the overall functional amounts of She2p due to the
capturing of the latter on the ER surface, one would also expect
a reduction in the correct localization of 4ASHI mRNA in
cells with high concentrations of PtdEtn. This is indeed the
case (Fig. 5D). Whereas ASHI-MS2L mRNPs are localized
exclusively to the bud in >90% of wild-type cells (Fundakowski
et al., 2012), in 30% (n=83) of cho24 cells these mRNPs are
detectable in the mother cell.

DISCUSSION

In a screen for new proteins involved in regulating the mRNA
localization of membrane protein transcripts in budding yeast, we
revealed the dominant role of phospholipids, especially PtdEtn, in
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enabling the correct localization of such mRNAs. Of the mutants
that we identified in our screen, 7 out of 13 are deleted for genes
encoding enzymes (CHO2, LCB3, PLC1, TSC3, ICE2 and VPS34)
or a transcription factor (OPII) involved in phospholipid or
sphingolipid metabolism. A closer analysis of the phenotype of
cho24 cells showed that an imbalance of the PtdEtn:PtdCho levels
results in a malformed cortical ER network and mislocalization of
the two tested mRNAs, WSC2 and EARI. Other genes identified in
our screen might also influence mRNA localization through effects
on the levels of PtdEtn versus PtdCho. Because OPI! controls the
expression of several phospholipid synthesis genes, including
CHO?2, its downregulation could lead to similar defects to those
observed for cho24 (Carman and Han, 2011). Furthermore, the
phospholipid biosynthesis phenotype observed in cho24 mutants is
aggravated by deletion of /CE2 (Tavassoli et al., 2013).

How could an increase in PtdEtn relate to inhibition of
mRNA localization? To compensate for an imbalance in the
PtdEtn:PtdCho ratio, cells alter their proteome and increase the
synthesis of proteins involved in stress-response pathways,
including the unfolded protein response, the ER-associated
degradation pathway and the induction of heat-shock proteins
(Thibault et al., 2012). However, we do not believe that these
proteome changes are directly related to mRNA mislocalization,
as loss of Opi3p, the second methyltransferase required for
PtdCho biosynthesis, leads to very similar proteome changes
(Thibault et al., 2012) but not to a defect in WSC2 localization,
indicating a specific role of Cho2p and of its substrate, PtdEtn.
The stronger binding of She2p to liposomes with an increasing
PtdEtn content supports a more specific role of PtdEtn. Previous
experiments have not indicated a role for specific lipids in She2p
binding (Genz et al., 2013); however, this conclusion was based
on the fact that the omission of phospholipids with negative net
charge, like PtdSer and phosphatidylinositol, did not alter She2p
binding. However, PtdEtn was not tested in this system. The
variations in She2p binding to liposomes of different PtdEtn
contents as recorded in our in vitro assays suggest that the
membrane association of She2p and associated mRNAs requires a
regulated content of the curvature-supporting lipid PtdEtn, which
fits with previous observations of She2p binding to highly curved
membranes (Genz et al., 2013). Although we have not been able
to determine whether the cER aggregates seen in cho24 cells are
enriched in PtdEtn, it is likely that they are, because the total
cellular PtdEtn level in cho24 mutants can reach to up to 50%, a
level at which aggregation of liposomes was detectable by
dynamic light scattering (DLS) (Fig. 5). Thus, the intracellular
structures detected with cER markers could represent membrane
aggregates that have collapsed owing to their high PtdEtn content
(Gruner, 1985). These membrane structures could entrap She2p
and associated localized mRNAs. In addition, extensive She2p
capturing could also result from proliferation of the ER. Such
proliferation is, for example, seen in conditional sec24-11
mutants with a non-functional COPII coatomer complex (Peng
et al., 2000). The sec24-11 allele genetically interacts with SFB3,
another gene that we have identified in our screen (Table 1).
Other coatomer components have also been implicated in mRNA
localization, including the COPII factors Sec21p, Sec23p and the
small GTPase Arflp (Trautwein et al, 2004). However, in
contrast to the phenotype that we have observed in cho24, where
a fraction of mRNPs remain in the mother cell, mutations in these
genes have been reported to disrupt late stages of mRNA
localization, such as anchoring or association with the cell cortex.
Nevertheless, these results underscore a direct link between
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membrane trafficking or membrane composition and mRNA
localization.

Because two additional genes whose loss reduces mRNA
localization (LCB3 and TCB3; Gable et al., 2000; Mandala et al.,
1998) encode enzymes that are involved in sphingolipid
metabolism, it remains to be determined in the future how
other lipids, including sphingolipids, can influence the membrane
interaction of She2p and mRNA localization. More generally, our
results indicate how dynamic the process of mRNA granule
targeting to the bud is; the correct localization of mMRNAs requires
that ER tubules acting as transport vehicles are kept unclogged
and in pristine structural condition.

MATERIALS AND METHODS

Yeast strains and plasmids

All yeast strains in this study were derived from a BY4741 background.
Deletion mutants in various ER-related genes were obtained from the
EUROSCARF yeast deletion collection. Gene tagging or deletion of
genes in specific backgrounds (e.g. to create double mutants) was
performed by standard PCR-based transformation methods (Janke et al.,
2004). All plasmids used in this study are listed in supplementary
material Table S3. Oligonucleotides for tagging, gene disruption or
cloning are listed in supplementary material Table S4, and yeast strains
are listed in supplementary material Table S5.

The synthetic gene array (SGA) query strain RJY3864 was created as
follows. In order to visualize the mRNP on the background of the yeast
deletion collection, the MS2 coat protein (MS2CP), fused to GFP and in
conjugation with the NatMX4 cassette, was genomically integrated into
the HO locus of strain RJY3863. This was achieved by fusion PCR: MS2-
CP-GFP was amplified from RJP1486 with primers RJO3992 and
RJO3993. The NatMX4 cassette was amplified from plasmid RIP1873
with primers RJO3990 and RJO3991. Primers 3991 and 3992 contain
overlapping sequence. The two PCR products were fused by PCR using
primers 3990 and 3993, which contain overhangs homologous to the HO
gene. The fused PCR product was transformed into strain RJY3863 and
integrated into the HO locus. The resulting strain, RIY3864, was further
transformed with RJP1773 or RJP1815, containing WSC2-MS2L or
EARI-MS2L. Plasmids used in this work are listed in supplementary
material Table S3. Plasmids expressing MS2-tagged WSC2 and EARI
were created as follows. WSC2-MS2L was amplified by PCR from the
genome of strain RJY3626 using primers RJO3761 and RJO3762 and
ligated into YCplac33 or YEplacl195 (Gietz and Sugino, 1988). The
resulting plasmids were named RJP1767 and RIJP1773, respectively.
EAR1-MS2 was amplified by PCR from the genome of strain RJY3624
using primers RJO3988 and RJO3989 and was ligated into Yeplac195.
The resulting plasmid was named RJP1815. RJP1817 and RJP1888
were created by amplifying OPI3 and PSDI from yeast genomic DNA
with primers RJIO4187, RJO4188, RJO4556 and RJO4557, and cloning
the products by the sequence- and ligation-independent cloning (SLIC)
method into plasmid YEplac181 (Li and Elledge, 2007). RJP1890 was
created by digestion of ABP140-2xmCherry (first 17 amino acids of
ABP140; Kilchert and Spang, 2011) with Kpnl and Sacl from plasmid
1841 and ligating into plasmid YEplacl81. Plasmid RIJP1889-pMS2-
CP-5xmCherry was created as follows. MS2-CP, including the MET25
promoter, was amplified from plasmid 1486 using primers RJO4577
and RJO4578 and was cloned by the SLIC method into plasmid
pRS313. A single mCherry sequence was amplified using primers
RJO4581 and RJO4582 from plasmid RJP1423, digested with BamHI
and Bg/ll and ligated into the BamHI site downstream of the MS2-CP.
An additional mCherry unit was inserted the same way. Single
mCherry and a transcriptional terminator was amplified using primers
RJO4581 and RJO4595 from plasmid 1423 and was ligated into the
BamH]I site downstream of the 2xmCherry. The destroyed Bg/II site
was converted to a BamHI site by site-directed mutagenesis, using
primers RJO4598 and RJO4599. The 3xmCherry was then released
with BamHI and cloned into a plasmid with 2xmCherry, thereby
creating 5SxmCherry.

Library screen and microscopy

A sub-library was created from the yeast deletion mutant collection
(Giaever et al., 2002) by picking 318 non-essential genes that, according
to the S. cerevisiae Genome Database (SGD), code for an ER component
or are involved in lipid biosynthesis (see supplementary material Tables
S1 and S2). In addition, we added a selection of ORFs coding for proteins
with unknown function and additional ORFs with unrelated function for
negative control. This collection was transformed with plasmids
expressing either WSC2-MS2L or EARI-MS2L together with a plasmid
expressing the MS2 coat protein fused to GFP. Yeast cells from a fresh
selective plate were scraped, resuspended in 2 ml of synthetic complete
(SC) medium, grown for 3—4 h at 30°C and dropped onto a thin agarose
layer of SC medium with reduced methionine concentration (44 mg/1) for
induction of the MET25 promoter controlling MS2-CP—GFP expression.
The agarose layer was covered with a coverslip and cells were incubated
at 30°C for 30 min before images were captured on a Zeiss CellObserver
Z1 fluorescence microscope operated by Axiovision 4.8 software (Zeiss).
For cER structure visualization, 40 Z-stack images spaced at 0.25 pm
were captured and deconvolved using a theoretical point spread function,
autolinear normalization and automatic z-correction provided by the
Axiovision 4.8 software package.

The construction of the SGA query strain is described above. The SGA
strain containing the mRNA visualization system was crossed against two
sub-libraries using SGA methodology (Cohen and Schuldiner, 2011;
Tong et al., 2001). The first sub-library was created from the yeast
deletion collection (Giaever et al., 2002) and consisted of 379 non-
essential genes. The second sub-library was created from a decreased
abundance by mRNA perturbation (DAmP) library and consisted of 323
hypomorphic alleles of essential genes (Breslow et al., 2008; Schuldiner
et al., 2005). The genes were selected according to the SGD description
as related to ER or their GFP-tagged protein was reported to localize to
the ER.

The cellular localization of WSC2-MS2L and EARI-MS2L was then
visualized in these mutant strains using a high-throughput microscopy
setup (Cohen and Schuldiner, 2011). Briefly, cells were moved from agar
plates into liquid 384-well polystyrene growth plates using the RoTor
arrayer. Liquid cultures were grown overnight in SD-URA medium in a
shaking incubator (LiCONiC Instruments) at 30°C. A JANUS liquid
handler (Perkin Elmer) connected to the incubator was used to back-
dilute the strains into plates containing the same medium, after which
plates were transferred back to the incubator and were allowed to grow
for 4 h at 30°C to reach logarithmic growth. The liquid handler was then
used to transfer 50 pl of strains into glass-bottomed 384-well microscope
plates (Matrical Bioscience) containing 10 pl of Calcofluor White (final
concentration of 10 pg/ml) and coated with concanavalin A (Sigma-
Aldrich) to allow formation of a cell monolayer. Wells were washed
twice with medium to remove unconnected cells, and plates were
transferred into an automated inverted fluorescent microscopic ScanR
system (Olympus) using a swap robot (Hamilton). The ScanR system is
designed to allow autofocus and imaging of plates in 384-well format
using a 60x air lens and is equipped with a cooled CCD camera. Images
were acquired at an excitation time of 10 ms for the DAPI channel
(Calcofluor White stain) and 1500 ms for the GFP channel. After
acquisition, images were imported to the Axiovision software, processed
and manually reviewed. Deletion strains that were found to show
mislocalization of either WSC2 or EARI were rescreened using the
manual method described. In total, >50 cells were counted to assess
mRNP localization.

Purification of recombinant She2p and flotation assay
Purification of recombinant She2p was performed as described
previously (Miiller et al., 2009). Wild-type She2p was expressed as a
GST fusion protein in Escherichia coli BL21(DE3)/pRIL (Invitrogen).
Purification to >95% homogeneity was achieved by using standard
protein purification techniques. The GST tag was removed by cleavage
with tobacco etch virus (TEV) protease (Invitrogen). For storage,
glycerol was added to final concentration of 20%. She2p was quickly
cooled in liquid nitrogen and stored at —80°C.
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Artificial liposomes were prepared as described previously (Genz
et al., 2013). Briefly, egg yolk L o phosphatidylcholine (PtdCho) and L o
phosphatidylethanolamine (PtdEtn) from Sigma were dissolved in
chloroform and mixed at an appropriate ratio to obtain phospholipid
mixes containing 0%, 20%, 30%, 40% and 50% PtdEtn. A lipid film was
prepared by rotation and evaporation of the organic solvent under
N, atmosphere. Membranes were dissolved to a final total lipid
concentration of 10 mg/ml in degassed liposome buffer (20 mM
HEPES pH 7.4, 100 mM NaCl). To create unilamellar liposomes, the
emulsion was passed 21 times through a polycarbonate filter membrane
with 80-nm pore size mounted in a mini extruder (Avanti Polar Lipids).
Liposome size distribution was verified by dynamic light scattering in a
Zetasizer Nano ZS (Malvern Instruments, Herrenberg, Germany).

For the flotation assay, 100 pl of liposome solution was mixed with
50 pmol of She2p in 190 pl of binding buffer (50 mM HEPES-KOH,
150 mM potassium acetate, | mM magnesium acetate, | mM EDTA,
1 mM DTT) and incubated for 15 min on ice. A total of 40 pl of the
sample was kept as an input control, and 200 pl was mixed with 3 ml of
binding buffer containing 70% sucrose and added to the bottom of an
SW40 polycarbonate tube. The sample was covered with three cushions
of 3 ml of binding buffer containing 50%, 40% and 0% sucrose. After
centrifugation to equilibrium (70,000 g for 4 h at 4°C) the liposome-
containing interface between the 40% and 0% sucrose cushions was
harvested, precipitated by using trichloroacetic acid (TCA) and dissolved
in 45 ul of SDS sample buffer. Flotation samples and input controls
were analyzed as described above. She2p signals were analyzed
densitometrically using ImageJ.

Phospholipid analysis

Yeast cell lysates were prepared by enzymatic disruption of yeast cell
walls as described previously (Daum et al., 1982). A membrane fraction
containing mitochondria and microsomes was isolated by centrifugation
(200,000 g, 4°C, 1 h) and resuspended in SEM buffer using a glass
Dounce homogenizer. For thin layer chromatography of lipids,
phospholipids were extracted from membranes and analyzed according
to a published procedure (Vaden et al., 2005). Thin layer chromatography
was performed using HPTLC silica gel 60 F254 plates. Phospholipids
were stained by spraying the plate with Molybdenum Blue.
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Table S1. Yeast open reading frames (ORFs) included in the manual screen for mRNA mislocalization. Multiwell plate number, row,
and column display position of ORF deletion mutant in the yeast deletion collection (Life Technologies, Carlsbad, USA). If known, the
common gene name and a short summary of the genes function are included.

Download Table S1

Table S2. Yeast open reading frames (ORFs) included in the automated screen for mMRNA mislocalization. Multiwell plate number, row,
and column display position of ORF deletion mutant in the yeast deletion collection (Life Technologies, Carlsbad, USA). If known, the
common gene name and a short summary of the genes function are included.

Download Table S2

Supplementary Table S3 (Hermesh et al., 2014)- Plasmids

Plasmid name Description Source

RJP919 She2-GFP (Du et al., 2008)

RJP1212 pFAB-hphNT1 (Janke et al., 2004)

RJP1423 pFA6a-mCherry-natMX6 (Snaith and Sawin, 2003)

RJP1486 pCP-MS2-GFPx3 (Haim et al., 2007)

RJP1686 SCS2-TMD-2xRFP -YCp50 (Loewen et al., 2007)

RJP1767 WSC2x12MS2-YCplac33 This study

RJP1773 WSC2x12MS2-YEplac195 This study

RJP1815 EAR1x12MS2-Yeplac195 This study

RJP1817 OPI3-Yeplac181 This study

RJP1841 ABP140x2mCherry-p414-ADH1 (Kilchert and Spang, 2011)

RJP1847 TGB3-mCherry (Wu et al., 2011)

RJP1873 pFA6a-TEF2Pr-eGFP-ADH1term - (Breslow et al., 2008)
NATMX4

RJP1888 PSD1-YEplac181 This study

RJP1889 pMS2-CP-5xmCherry This study

RJP1890 ABP140x2mCherry-YEplac181 This study
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Supplementary Table S4- Oligonucleotides

Oligo Name Sequence Purpose
name
RJO3761 | WSC2F sphl | TACTGCATGCTCCAGCGACTGCTTTATACC Cloning
RJO3762 | WSC2 R sbfl AGTACCTGCAGGGGTAAACATGCCTGATGGTG Cloning
RJO3988 | EAR1SLICF | GCCTGCAGGTCGACTCTAGAGGATCCCGGAACGGTGCGCTATAAAG Cloning
RJO3989 | EARTSLICR | AAACGACGGCCAGTGAATTCGAGCTCGACACATTAAGAGGTAGCACGG Cloning
RJO3990 | HO TEF F AAATCCATATCCTCATAAGCAGCAATCAATTCTATCTATATGAAGCTTCGTA | SGA screen
CGCTGCA
RJO3991 | Z1 TEFR CAGTGAAGCACTAGTAAGGGGATCCACGGCCCCATATATGAGCT SGA screen
RJO3992 | Z2METPF GGATCCCCTTACTAGTGCTTCACTGACAAAAGCTGGAGCTCCG SGA screen
RJO3993 | HOCYCITR | AAATTTTACTTTTATTACATACAACTTTTTAAACTAATATCGACTCACTATAG | SGA screen
GGCGAATTG
RJO4283 | Rtn1 mCherry | AAAAGTACAAAAAACTTGCAAAATGAATTGGAAAAAAACAACGCTCGGATC | Tagging
F CCCGGGTTAATTAA
RJO4284 | Rtn1 mCherry | AAAAGTTAGCTATTCTTGTTTGAAATGAAAAAAAAAAAGCACTCAGAATTCG | Tagging
R AGCTCGTTTAAAC
RJO4577 | MET-MS2-CP- | AGCCCGGGGGATCCACTAGTTCTAGATCCGTAGATGCCGGAGTTT Cloning
SLICR
RJO4578 | MET-MS2-CP- | TCCACCGCGGTGGCGGCCGCTCTAGACGGATGCAAGGGTTCGAATC Cloning
SLICF
RJO4581 | mCherry Bglll | TGCAAGATCTATGGTGAGCAAGGGCGAG Cloning
F
RJO4582 | mCherry Bglll | TGCAGGATCCCTCGAGCTTGTACAGCTCGT Cloning
R
RJO4595 | mCherry Term | TccAGGATCCTGCCGGTAGAGGTGTGGT Cloning
BamHI R
RJO4598 | mCherry Bglll | GCCCGGGGGATCCATGGTGAGCAAG Site directed
STMF mutagenesis
RJO4599 mCherry_Bglll | CTTGCTCACCATGGATCCCCCGGGC Site directed
STM R mutagenesis
RJO4439 | Cho2 S1 CGAGTGATTTTCTTAGTGACAAAGCTTTTTCTTCATCTGTAGATGCGTACGC | Gene deletion
TGCAGGTCGAC
RJO4440 | Cho2 S2 ATCCTAGTACTTTTTAAATATATATACTCAAAAAAAAAAAACTCAATCGATGA | Gene deletion
ATTCGAGCTCG
RJO4187 | OPI3SLICF GCCTGCAGGTCGACTCTAGAGGATCCGTGTCAATGAGAGTGCATGTGG Cloning
RJO4188 | OPI3 SLICR AAACGACGGCCAGTGAATTCGAGCTCGCTGAGACTCATTCTTGCTGTG Cloning
RJO4556 | PSD1SLICF | GCCTGCAGGTCGACTCTAGAGGATCCGTTAAAGCCTGGTGACCGTGT Cloning
RJO4557 | PSD1SLICR | AAACGACGGCCAGTGAATTCGAGCTCGGAAATACCACCTCTTCGCAACTG | Cloning
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Supplementary Table S5- Yeast strains

Name Relevant genotype Source
RJY3624 | EAR1-12xMS2 (Fundakowski et al.,
2012)
RJY3626 | WSC2-12xMS2 (Fundakowski et al.,
2012)
RJY3863 | S288C MATa his3A1 leu2A0 met15A0 ura3A0 can1A::STE2pr-spHIS5 lyp1A::STE3pr- (Breslow et al., 2008)
LEU2
RJY3864 | S288C MATa his3A1 leu2A0 met15A0 ura3A0 can1A::STE2pr-spHIS5 lyp1A::STE3pr- This study
LEU2 hoA::NatMX4-MS2-CP-GFP
RJY4508 | cho2A::KanMX4 EUROSCARF
collection
RJY2053 | she2A::KanMX4 EUROSCARF
collection
RJY4507 | RJP1767 RJP1486 This study
RJY4509 | RJP1815 RJP1486 This study
RJY4510 | she2A::KanMX4 RJP1767,RJP1486 This study
RJY4511 | she2A::KanMX4 RJP1815 RJP1486 This study
RJY4512 | cho2A::KanMX4 RJP1767 RJP1486 This study
RJY4513 | cho2A::KanMX4 RJP1815 RJP1486 This study
RJY4514 | RJP1686 This study
RJY4515 | cho2A::KanMX4 RJP1686 This study
RJY4036 | RTN1-mCherry::ClonNAT This study
RJY4067 | cho2A::KanMX4 Rtn1-mCherry::ClonNAT This study
RJY4516 | RJP1847 This study
RJY4517 | cho2A::KanMX4 RJP1847 This study
RJY4518 | RTN1-mCherry::ClonNAT RJP1767 RJP1486 This study
RJY4519 | cho2A::KanMX4 Rtn1-mCherry::ClonNAT RJP1767 RJP1486 This study
RJY4520 | RJP1773 RJP919 RJP1889 This study
RJY4521 | cho2A::KanMX4 RJP1773 RJP919 RJP1889 This study
RJY4522 | psd1A:KanMX4 EUROSCARF
collection
RJY4523 | psd1A::KanMX4 RJP1767 RJP1486 This study
RJP4362 | psd1A::KanMX4 cho2A::hphNTI This study
RJY4524 | psd1A::KanMX4 cho2A::hphNTI RJP1767 RJP1486 This study
RJY4525 | opi3A::KanMX4 EUROSCARF
collection
RJY4526 | opi3A::KanMX4 RJP1767 RJP1486 This study
RJY4527 | cho2A::KanMX4 RJP1767 RJP1486 RJP1817 This study
RJY4528 | cho2A::KanMX4 RJP1767 RJP1486 RJP1888 This study
RJY4529 | opi3A::KanMX4 RJP1767 RJP1486 RJP1888 This study

Strains RJY3624 and RJY3626 are derived from W303a background which has the genotype MAT a ade2-1 trpl-1 canl-
100 leu2-3,112 his3-11,15 ura3. All the rest of the strains (except for strains RJY3683 and RJY3684) are derived from
BY4741 background, which has the genotype MAT a his3 Al leu2 A0 met1540 ura3A0.
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