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Summary

Yeast cells store excess lipids as steryl esters (SEs) and triacylglycerols (TAGs) in lipid droplets,
preventing lipotoxicity and serving as energy reservoirs. When required, TAG lipases hydrolyze
these TAGs into diacylglycerols (DAGs) and free fatty acids which can be used in various cellular
pathways as signaling molecules, precursors for phospholipid biosynthesis, and more.

The yeast Tgl (triacylglycerol lipase) family of lipases includes Tgll through Tgl5, of which all
members except Tgl2 are found in lipid droplets. While Tgl3, Tgl4 and Tgl5 have dual functions of
a TAG lipase as well as an acyltransferase, Tgll is primarily an SE hydrolase with minimal lipase
activity.

Tgl2 is an unusual member of the Tgl family due to its smaller size and mitochondrial localization.
Predominantly homologous to bacterial lipases, Tgl2 shows lipolytic activity toward DAGs and
TAGs and can complement for the loss of a DAG kinase in E. coli. The protein contains the
conserved A/GXSXG lipase motif with a catalytically active serine, loss of which abrogates protein
activity. Within the mitochondria, the protein localizes to the intermembrane space (IMS) and its
import is regulated by the Mia40-dependent disulfide relay pathway. While a single deletion of
TGL2 has no growth defect, a combined Loss of TGL2 and MCP2, an ERMES suppressor and was
recently shown to be involved in CoQ metabolism, results in increased cellular TAG levels and a
growth phenotype that can be rescued by reintroducing Tgl2.

In this study, we tried to characterize the protein in greater detail to get a better understanding
of its molecular function. Tgl2 was found to homodimerize in the absence of reducing agents, likely
due to disulfide bridges. Additionally, Tgl2 also forms a thiol-dependent complex in native PAGE.
The lipase motif (A/GXSXG) mutant, S144A, which was previously reported to be essential for the
protein's lipolytic activity was further characterized where the mutated protein behaved like the
native variant on SDS- and native PAGE but fails to rescue the growth phenotype of Amcp2/Atgl2.
We also identified the catalytic triad of Tgl2, consisting of Ser-Asp-His, and observed that mutating
the aspartate residue (D259) in the active site resulted in protein instability as well as loss of
enzymatic activity. Steady-state level analyses of non-functional Tgl2 variants revealed that Ymel
is the protease responsible for Tgl2's quality control. Finally, mitochondria lacking both MCP2 and
TGL2 have increased TAG levels, indicating Tgl2's role as a TAG lipase. The contribution of MCP2
to these observations remains an open question.

Collectively, these results provide greater insight into the structure-function relationship of Tgl2
and suggest evidence towards its role in lipid metabolism.






Zusammenfassung

Hefezellen speichern Uberschissige Lipide als Sterylester (SEs) und Triacylglycerine (TAGs) in
Lipidtropfchen, um Lipotoxizitdt zu verhindern und als Energiereservoir zu dienen. Bei Bedarf
hydrolysieren TAG-Lipasen diese TAGs zu Diacylglycerinen (DAGs) und freien Fettsduren, die in
verschiedenen zelluldren Stoffwechselwegen als Signalmolekile, Vorstufen fur die
Phospholipidbiosynthese und mehr verwendet werden kdnnen.

Zur Familie der Hefe-Tgl-Lipasen (Triacylglycerol-Lipase) gehoren die Lipasen Tgll bis Tgl5, von
denen alle Mitglieder auRer Tgl2 in Lipidtropfchen zu finden sind. Wahrend Tgl3, Tgl4 und Tgl5
sowohl die Funktion einer TAG-Lipase als auch einer Acyltransferase haben, ist Tgll in erster Linie
eine SE-Hydrolase mit minimaler Lipaseaktivitat.

Tgl2 ist aufgrund seiner geringen Grofke und seiner mitochondrialen Lokalisierung ein
ungewohnliches Mitglied der Tgl-Familie. Tgl2 ist Gberwiegend homolog zu bakteriellen Lipasen
und zeigt lipolytische Aktivitat gegeniber DAGs und TAGs und kann eine DAG-Kinase in E. coli
erganzen. Das Protein enthalt das konservierte A/GXSXG-Lipase-Motiv mit einem katalytisch
aktiven Serin, dessen Verlust die Proteinaktivitat aufhebt. In den Mitochondrien ist das Protein im
Intermembranraum (IMS) lokalisiert, und sein Import wird durch den Mia40-abhangigen Disulfid-
Relais-Weg reguliert. Wahrend eine einzelne Deletion von TGL2 keinen Wachstumsdefekt
verursacht, fihrt ein kombinierter Verlust von TGL2 und MCPZ2, einem ERMES-Suppressor, von
dem kirzlich gezeigt wurde, dass er am CoQ-Stoffwechsel beteiligt ist, zu

In dieser Studie haben wir versucht, das Protein genauer zu charakterisieren, um ein besseres
Verstandnis seiner molekularen Funktion zu erhalten. Es wurde festgestellt, dass Tgl2 in
Abwesenheit von Reduktionsmitteln homodimerisiert, wahrscheinlich aufgrund von
Disulfidbricken. Dariber hinaus bildet Tgl2 in nativer PAGE auch einen thiolabhdngigen Komplex.
Die Lipase-Motiv (A/GXSXG)-Mutante S144A, von der zuvor berichtet wurde, dass sie fir die
lipolytische Aktivitdt des Proteins wesentlich ist, wurde weiter charakterisiert, wobei sich das
mutierte Protein auf SDS- und nativer PAGE wie die native Variante verhielt, aber den
Wachstumsphanotyp von Amcp2/Atgl2 nicht retten konnte. Wir identifizierten auch die
katalytische Triade von Tgl2, die aus Ser-Asp-His besteht, und beobachteten, dass die Mutation
des Aspartatrests (D259) im aktiven Zentrum zur Instabilitdt des Proteins und zum Verlust der
enzymatischen Aktivitat fuhrte. Analysen von nicht-funktionellen Tgl2-Varianten im stationaren
Zustand zeigten, dass Ymel die fir die Qualitatskontrolle von Tgl2 verantwortliche Protease ist.
SchlielRlich weisen Mitochondrien, denen sowohl MCP2 als auch TGL2 fehlt, erhohte TAG-Spiegel
auf, was auf die Rolle von Tgl2 als TAG-Lipase hinweist. Der Beitrag von MCP2 zu diesen
Beobachtungen bleibt eine offene Frage.

Insgesamt bieten meine Ergebnisse einen besseren Einblick in die Struktur-Funktions-Beziehung
von Tgl2 und deuten auf seine Rolle im Lipidstoffwechsel hin.
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Introduction

1.1 Mitochondria: Origin and structure

Mitochondria have evolved from a bacterial progenitor through symbiosis wherein an
a-proteobacterium was engulfed by a host cell. This event was followed by or accompanied with
the evolution of the eukaryotic cell (Gray, 2012). During the course of evolution, most
mitochondrial genes were transferred to the eukaryotic nucleus, leaving behind only a small
subset in the mitochondrial DNA, all of which are essential for normal mitochondrial function
(Petrungaro & Kornmann, 2019). Mitochondria were first described in the early 1800s as distinct
granular structures in the cell. Improvements in staining and microscopy resolution revealed more
accurate morphological features like the presence of ‘threads’ as well as a membrane
(Physiologische Gesellschaft zu Berlin., 1898).

The ultrastructure of mitochondria was first revealed by electron tomography (ET) and has
undergone massive refinement over the years with the development of cryo-ET (Palade, 1953;
Petrungaro & Kornmann, 2019). As bilayered organelles separated from the cytoplasm by its inner
(MIM and outer (MOM) membranes, mitochondria consist of 2 distinct compartments. Each
compartment has its own defined role and composition. The innermost compartment — matrix, is
the equivalent of the bacterial cytoplasm and the intermembrane space, which separates the two
membranes, is the equivalent of the periplasm (Hoffmann & Avers, 1973; Pellegrini, 1980).

The outer mitochondrial membrane (MOM) is rather porous and allows free diffusion of ions as
well as small, uncharged molecules. This movement is facilitated by pore-forming membrane
proteins like Porin/VDAC (voltage-dependent anion channel) that form channels in the MOM
(Campo et al., 2017; Mertins et al., 2014; Petrungaro & Kornmann, 2019). Some MOM proteins
form contact sites with other organelles. These contact sites are crucial for exchanging
metabolites, lipids, and for maintaining mitochondrial morphology and inheritance (Eisenberg-
Bord et al., 2016; Helle et al., 2013).

The inner mitochondrial membrane (MIM) is highly convoluted, and in contrast to the MOM, has
a more selective diffusion barrier. Typically tubular and lamellar, these invaginations of the MIM,
called cristae, house most of the proteins responsible for oxidative phosphorylation (Gupta &
Becker, 2021; Rampelt et al., 2017). Movement across the MIM requires very specific and selective
transport proteins. This ion-selective nature of the MIM is key for maintaining the electrochemical
gradient in mitochondria (Petrungaro & Kornmann, 2019).

The intermembrane space (IMS) is the smallest and most constricted mitochondrial compartment,
consisting of only ~5% of the mitochondrial proteome. IMS proteins show great variability in their
structures, functions, and import mechanisms (Edwards et al., 2020). The IMS environment is
considerably more oxidizing than the cytoplasm and matrix, which is conducive to a substantial
number of IMS proteins that have functionally essential disulfide bonds (Gabriel et al., 2007; Hell,
2008; Herrmann & Kohl, 2007; Nakamoto & Bardwell, 2004).
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The matrix is the innermost compartment and is also the site of mtDNA replication, transcription,
protein biosynthesis, and a wide array of enzymatic reactions including the citric acid cycle
(Petrungaro & Kornmann, 2019). The matrix has a mild alkaline environment (pH 7.9-8) and the
difference in pH contributes to the electrochemical across the MIM required for driving ATP
synthesis (Llopis et al., 1998).

The central role of mitochondria in bioenergetics, calcium signaling, apoptosis, and vital metabolic
pathways including lipids, amino acids, and the biosynthesis of Fe-S clusters is proof that they are
more than just the powerhouses of the cell. While the classical role of mitochondria is oxidative
phosphorylation, disruption of the other functions has also been shown to have severe
consequences for the cell. In humans, mitochondrial pathologies mostly affect tissues with a high-
energy demand, leading to a wide spectrum of diseases affecting cardiovascular health,
neurological and skeletal function, and more (Javadov et al., 2020).

1.2 Mitochondrial Targeting Signals

Most mitochondrial proteins are synthesized in the cytosol as precursor proteins and are targeted
to the mitochondria through distinct mitochondrial targeting signals (MTS). While the N-terminal,
cleavable pre-sequence is the classical MTS, a considerable variety of internal and non-cleavable
MTS have also been described over the years. Briefly, these targeting signals can be categorized
into 1) linear targeting sequences either at the N-terminus or internal positions 2) multiple
targeting sequences distributed across the protein sequence, allowing import in a loop-like fashion
3) distinct cysteine motifs enabling redox-mediated import. Table 1 gives a brief overview of
different MTS and their characteristic features.

1.2.1 Matrix targeting signals: pre-sequence and its variations

The pre-sequence for matrix targeted proteins does not have any conserved residues but it does
have a few characteristic features. The pre-sequence is typically 15-50 amino acids long (longer
and shorter variations have been reported) and forms an amphipathic a-helix with a hydrophobic
surface (Moberg et al.,, 2004; Petrungaro & Kornmann, 2019; Yamano et al., 2008). The pre-
sequence presents its hydrophobic surface for recognition by Tom20 and the positively charged
surface for recognition by Tom22. This is essential for the protein to be translocated across the
MIM (Dekker et al., 1998). The pre-protein transverses across the TOM complex with the help of
binding sites that have successively increasing affinity for the pre-sequence, with the highest
affinity for the binding site at the IMS (Lee et al., 2012; Schatz, 1997). Once in the IMS, the pre-
protein is threaded across the MIM through the TIM23 complex, with the help of membrane
potential. Finally in the matrix, the pre-sequence is now cleaved by a soluble matrix protein, matrix
pre-sequence peptidase (MPP), yielding the mature form of the protein. The MPP is essentially a
heterodimer of Masl and Mas2, whose cleavage motif consists of 2 arginine residues and an
aromatic residue (Taylor et al., 2001; Vogtle et al., 2017). Other matrix peptidases include IDE (in
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Table 1: Targeting signals of mitochondrial precursor proteins (Adapted from Chacinska et al, 2005)

Type e Imp_ort Cleavable/
machinery Non-cleavable
Matrix proteins
] ] ] ++++
Amphipathic a-helical [ TOM, TIM23, Cleaved by MPP
C and PAM

Intermembrane Space proteins

Bipartite sequence

+H+ 11 lz i

Clys‘l, Cys ?3,’3 Cys

TOM, TIM23, and
PAM

Cleaved by MPP (1)
and IMP (2)

C-terminus ()

Inner Membrane proteins
) ++++
Sorting pathway l TOM, TIM23, Cleaved by MPP
.N_QQQQ-_ C and PAM
Internal sorting signal Yy
931 N c TOM and TIM23 Non-cleavable

Multiple internal

Sor‘ting Signa's N - - - TOM and TIM22 Non-cleavable
Outer Membrane proteins

B-signal (mm) N———--C TOM and SAM/TOB Non-cleavable

. MIM
Signal anchor - Non-cleavable
Niterminus (), N - - -C = TOM and SAM
internal (mm), Unknown

humans) and Ste23 in yeast. Impairment in MPP function causes protein aggregation in
mitochondria resulting in severe cellular defects (Kiclkkdse et al., 2020; Leissring et al., 2004).

1.2.2 Mitochondrial Inner Membrane targeting signals
MIM pre-proteins are imported through the TOM complex in a loop-like fashion, and their import
is driven by IMS chaperones (Neupert & Herrmann, 2007). A number of MIM proteins contain the
N-terminal MTS (cleavable or non-cleavable) and are imported like matrix-targeted proteins,
arrested by the TIM23 complex, and finally directed into the MIM (Neupert, 1997; Schatz &
Dobberstein, 1996; Voos et al., 1999). MIM proteins of the carrier proteins family consist of six a-
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helical transmembrane domains and contain internal, non-cleavable targeting signals. This
targeting information is distributed throughout the protein sequence and potentially recruits
import receptors, facilitating membrane translocation (Curran et al., 2002; Vasiljev et al., 2004;
Wiedemann et al., 2001). Moreover, these proteins also contain signals at their C-termini that are
important for membrane insertion (Brandner et al., 2005). In the case of MIM proteins, the MTS
is cleaved off by MPP and the sorting signal typically remains a part of the mature protein.

1.2.3 Mitochondrial Outer Membrane targeting signals

The MOM consists of two types of membranes proteins - a-helical and B-barrel proteins, neither
of which has cleavable targeting signals. The B-barrel proteins contain a targeting signal at their C-
terminus, called the B-signal, that allows recognition by Tom20 and subsequent translocation
through the TOM complex (Jores et al., 2016; Kutik et al., 2008). While no characteristic targeting
signals have been identified in a-helical MOM proteins, experimental data suggest that their
positive charge and moderate hydrophobicity direct them towards the MOM. Depending on
where one can find these sequences, a-helical MOM proteins can be divided into three classes —
signal anchored (N-terminal MTS), tail anchored (C-terminal MTS), and polytopic (multiple
transmembrane domains) proteins (Beilharz et al., 2003; Leissring et al., 2004; Setoguchi et al.,
2006).

1.2.4 Intermembrane Space targeting signals

Proteins imported into the IMS constitute a wide range of targeting signals of which the bipartite
sequence is the best-characterized one. Another commonly found targeting signal among IMS
proteins are non-cleavable cysteine motifs. The bipartite sequence consists of an N-terminal pre-
sequence followed by a hydrophobic stop-transfer domain. The stop-transfer domain arrests
protein translocation by getting integrated into the MIM, further pulling the pre-protein through
the TOM complex. The pre-sequence is then cleaved in the matrix by MPP, and the mature soluble
protein is released into the IMS by a second cleavage event by IMP —inner membrane peptidase.
(Esaki et al., 1999; Glick et al., 1992; Herrmann & Hell, 2005; Neupert, 1997). The IMP is a
heterodimer of two N-terminally anchored proteins, Imp1 and Imp2, and requires a third protein
— Som1 for proper proteolytic activity (Nunnari et al., 1993). For some IMS proteins like Mgm1,
the sorting signal is cleaved by MIM proteases like the rhomboid protease
Pcpl/Rbd1/Mdm37(Esser et al., 2002; Herlan et al., 2003) . Another peptidase, Oct1, cleaves an
octapeptide sequence but its biological importance is unknown (Gakh et al., 2002)

A more commonly found targeting signal in IMS proteins is the mitochondrial intermembrane
space signal (MISS). These are non-cleavable internal sequences, typically consisting of a
characteristic CX3C or CX9C motif wherein the cysteine residues can form disulfide bonds with the
IMS receptor, Mia40 (Milenkovic et al., 2007; Petrungaro & Kornmann, 2019; Sideris & Tokatlidis,
2007). In addition to these covalent interactions, the pre-proteins possess a conserved
hydrophobic residue which is crucial for substrate recognition by receptors (Banci et al., 2009;
Petrungaro & Kornmann, 2019).
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Some IMS proteins like Cytb2 and Gpx3 have atypical targeting signals and are also imported
differently.

1.3 Mitochondrial import pathways

1.3.1 TOM Complex: Main entry gate for mitochondrial proteins

The translocase of the outer membrane (TOM complex) is responsible for the recognition and
translocation of most of the mitochondrial proteome. Figure 1 gives a brief overview of the
different protein import pathways into mitochondria. The TOM complex consists of three
receptors — Tom20, Tom22, and Tom70/Tom71 and has additional subunits — Tom5, Tom6, and
Tom7, which are responsible for its stability (Brix et al., 1997). The central component of the TOM
complex is Tom40, an integral membrane B-barrel protein that allows translocation of pre-
proteins through its pore. Tom40 oligomerizes to form two or three channels per TOM complex,
and its core is lined with hydrophilic and hydrophobic residues that are used differentially by pre-
proteins to be translocated through the MOM (Kiebler et al., 1993; van Wilpe et al., 1999;
Wiedemann & Pfanner, 2017; Yamano et al., 2008).

Broadly, there are two different mechanisms for translocation through the TOM complex. Pre-
sequence containing proteins are translocated as loosely-folded, linear peptides whose
amphipathic helix is recognized by Tom20 followed by recognition of the conserved positively
charged surface by Tom22. The pre-protein then sequentially binds to Tom5, Tom6, and Tom7 and
is finally received by the IMS domain of Tom22 (Chacinska et al., 2005; Endo et al., 2003; Kanamori
etal., 1999; Komiya et al., 1998). On the other hand, Tom70/Tom71 recognize proteins containing
internal targeting sequences (like those of the carrier proteins family) and then transfers them to
Tom?22. These pre-proteins are translocated in a looped formation with both the termini facing
the cytosol (Brix et al., 1997; Kiebler et al., 1993; van Wilpe et al., 1999).

1.3.2 TIM23 Complex: Translocation through the MIM

Once the pre-proteins have translocated through the TOM complex, they are further processed
by the TIM23 complex which can direct the pre-proteins either to the matrix or to the MIM (Schulz
et al., 2015; van der Laan et al., 2013). Of the subunits of the TIM23 complex, Tim50 serves as a
receptor that binds to the incoming pre-protein from the IMS side of Tom40-Tom22 and, in
cooperation with Tim21, activates the pore-forming Tim23. In the absence of a pre-protein, Tim50
keeps the TIM23 channel closed to prevent ion leakage (Meinecke et al., 2006).
The negative membrane potential on the matrix side exerts an electrophoretic effect on the
positively charged pre-protein, driving translocation through the Tim23 channel (Alder et al., 2008;
Chacinska et al., 2005; Meinecke et al., 2006; Mokranjac et al., 2009; Tamura, Harada, et al., 2009).
Another subunit of this complex, Tim17, is involved in the sorting of the pre-protein into the lipid
membrane (Chacinska et al., 2005; Martinez-Caballero et al., 2007). Very recently performed
structural and biochemical analyses of the TIM23 complex report that Tim17, and not Tim23, is
the major component for protein import through this complex. Crosslinking-based approaches
revealed that a negatively- charged stretch on Tim17 engages with the pre-protein, and the
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hydrophobic cavity of the protein allows translocation across the MIM. This model also suggests
that Tim23 merely stabilizes the TIM23 translocase (Fielden et al.,, 2023; Sim et al.,, 2023;
Wasilewski et al., 2023).

Proteins that are sorted into the MIM contains a hydrophobic sorting or stop-transfer sequence
which is recognized by Mgr2 — a lateral gatekeeper that enables the release of these proteins into
the membrane. Tim21 also links the TIM23 complex (associated with Mgr2) and Complex Il and
Complex IV of the respiratory chain complex to promote the release of the pre-protein (Glick et
al., 1992; leva et al., 2014).

1.3.3 ATP-driven import into the matrix

While membrane potential is sufficient for translocation through the TIM23 channel and lateral
insertion into the MIM, pre-proteins of the matrix require an ATP driven molecular motor for their
import (van der Laan et al., 2007). The pre-sequence translocase-associated motor (PAM) consists
of several essential components. Tim44 couples the mitochondrial heat-shock protein 70
(mtHsp70) to the Tim23 channel, transferring the unfolded peptide to the chaperone. Once with
mtHsp70, the release of the pre-protein is stimulated by two membrane bound co-chaperones
Pam16/Tim16 and Pam18/Tim14 that regulate the ATP activity of mtHsp70. Finally, Mgel — a
nucleotide exchange factor, promotes the release of ADP from mtHsp70 to initiate a new
reaction cycle (Banerjee et al., 2015; Popov-Celeketi¢ et al., 2008; Ting et al., 2014). So far, two
models have been proposed to describe the mechanism of PAM: The Brownian ratchet suggests
that the tight binding of mtHsp70 to the pre-protein prevents backtracking through the import
channels and allows the polypeptide to slide inwards until another molecular of mtHsp70 binds
to it. This sequential ATP-dependent binding and release of mtHsp70 imports the polypeptide
into the matrix. The pulling model suggests that mtHsp70 is bound to Tim44 and interacts with
the transiting polypeptide. The ATP dependent conformational changes in mtHsp70 generate an
inwards force so that another molecular of the chaperone can bind to the polypeptide. This
binding and pulling motion continues until the pre-protein is imported into the matrix (Banerjee
et al., 2015; De Los Rios et al., 2006; Horst et al., 1997; Kang et al., 1990).

The pre-sequences of matrix and MIM proteins are processed by the MPP and the residual pre-
sequence peptide is degraded by the matrix peptidasome — PreP or Cym1 (Johnson et al., 2006;
Mossmann et al., 2014). Some MIM sorted pre-proteins undergo two cleavage events — by MPP in
the matrix and by IMP to remove the hydrophobic sorting sequence that releases the mature
protein in the IMS or leaves it anchored in the MIM (Glick et al., 1992).

1.3.4 Import and integration into the MIM

Protein import and membrane integration of MIM proteins is divided into two models: the stop
transfer pathway (as described in 1.3.2) or conservative sorting. Pre-proteins encoded by the
mitochondria genome follow the conservative sorting mechanism and are exported into the MIM
by Oxal. These pre-proteins are co-translationally inserted into the MIM by Oxal and Mbal
(Pfeffer et al., 2015). More recently, Oxal has been shown to also sort nuclear-encoded proteins
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including precursors of the TOM and TIM23 complex, as well as the carrier translocase TIM22.
These proteins are imported via the TOM40 and TIM23-PAM complexes, and inserted into the
MIM with the help of Oxal (Hildenbeutel et al., 2012; Stiller et al., 2016). More thorough
systematic analyses concluded that single-spanning cleavable MIM proteins are inserted via the
stop-transfer pathway and multi-spanning cleavable ones use a combination of stop-transfer and
conservative sorting mechanisms (Park et al., 2013; Stiller et al., 2016).

The import of MIM carrier proteins relies on the TIM22 complex. These metabolite carriers have
internal targeting sequences and six a-helices. Due to their high hydrophobicity, cytosolic
chaperones like Hsp90 and Hsp70 maintain these proteins in an import competent formation and
recruit them to the mitochondrial receptor, Tom70 (Young et al., 2003). The import of some carrier
proteins is regulated by the cellular energy levels that can affect the phosphorylation status of
Tom70, rendering them active or inactive (Kliza et al., 2021; O. Schmidt et al., 2011). Once these
pre-proteins are through the TOM complex, they are bound by a helical wheel-like complex of
Tim9 and Tim10 at the IMS which further interacts with MIM-bound Tim12 (Neupert & Herrmann,
2007). This complex of Tim9, Tim10, and Tim12 is suggested to tether to Tim54, the membrane
integrated subunit of the TIM22 complex with a large IMS exposed domain (Petrungaro &
Kornmann, 2019; Rehling et al., 2003, 2004; Sirrenberg et al., 1998). Tim22 serves as the central
pore of this complex and allows for membrane potential dependent release of the carrier proteins
into the MIM.

1.3.5 Import into the IMS

All IMS proteins are encoded by nuclear DNA. These proteins are recognized by and imported via
either characteristic bipartite sequence or distinct cysteine motifs. Proteins with these cysteine
motifs also contain a 9 amino acids long ITS (MISS) which is essential for protein targeting into the
IMS. While proteins with a bipartite sequence are imported in an ATP independent manner
wherein two cleavage events — by MPP in the matrix and IMP in the IMS, releases the mature
protein in the IMS, the population with characteristic cysteine motifs relies on the disulfide relay
or Mia40 import pathway (Petrungaro & Kornmann, 2019; Sideris et al., 2009).

Mia40 is bound to the MIM with its C-terminus accessibly protruding into the IMS. The C-terminus
of Mia40 contains a CPC (cys-pro-cys) motif that forms transient disulfide bonds with precursors,
trapping them in the IMS (Chacinska et al., 2004; Muller et al., 2008). In yeast, Fcjl or Mitofilin
recruits Mia40 to the IMS side of the TOM complex by structuring contact sites between the MOM
and MIM (von der Malsburg et al., 2011). This increases the proximity of the incoming precursors
with Mia40. In lower eukaryotes, Mia40 is a large protein with a cleavable presequence, but
in higher eukaryotes it is rather small consisting of only the conserved C-terminal domain with
active cysteines and no pre-sequence (Banci et al., 2009; Chacinska et al., 2004, 2008; Grumbt
et al., 2007). For the incoming pre-protein to mature and release into the IMS, Mia40
catalyzes the formation of intramolecular disulfide bonds within the pre-protein, and in-turn
gets re-oxidized by Ervl with the help of Hotl3 to initiate a new cycle (Chacinska et al., 2004;
Grumbt et al., 2007; Mdller et al.,, 2008). Ervl is a FAD linked sulfhydryl oxidase that

homodimerizes to enable electron
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exchange. This dimerization is crucial for the activity of the protein. Erv1l accepts electrons from
Mia40 via its shuttle cysteine motif. Next, the electrons are passed onto a central CXXC motif
within Ervl, to covalently bound FAD, and finally shuttled to cytochrome c (cyt-c), cyt-c oxidase,
and cyt-c peroxidase or O3 is used resulting in hydrogen peroxide production (Dabir et al., 2007,
Farrell & Thorpe, 2005). Erv1 directly associates with Mia40 and the precursor proteins to form a
ternary complex that might be involved in assisting the formation of multiple cysteine bonds in
the protein. This ‘disulfide channeling’ minimizes alternative contacts between the substrate,
Mia40, and Ervl. (Banci et al., 2011; Bihlmaier et al., 2007; Mesecke et al., 2005; Stojanovski et al.,
2008). Additionally, the yeast thiol peroxidase Gpx3 was also reported to maintain the redox state
of Mia40 (Edwards et al., 2021)

Some substrates of the Mia40 pathway, like Tim22, do not contain canonical cysteine motifs but
still solely depend on it for their import (Chatzi et al., 2016).

1.3.6 Import and integration into the MOM

All MOM proteins are synthesized on cytosolic ribosomes and are maintained in an import
competent fashion by cytosolic chaperones like Hsp70 and their co-chaperones (Jores et al., 2018).
These proteins can be divided into two major membrane protein classes, a-helical and B-barrel
proteins.

1.3.6.1 Biogenesis of B-barrel proteins

B-Barrel proteins are inserted into the membrane with the help of multiple anti-parallel,
transmembrane B-strands. These proteins are exclusively found in organelles originating from an
endosymbiotic event. Some major MOM B-barrel proteins are Tom40, Porin, Sam50/Tob55, and
Mdm10. Precursors of B-barrel proteins are targeted to the Tom40 channel where they are
recognized by Tom20 and Tom70, translocated to the IMS, where Tim9-Tim10 and Tim8-Tim13
complexes guide these pre-proteins to the SAM (Sorting and Assembly Machinery) complex (Habib
et al., 2005; Jores et al., 2016; Paschen et al., 2003; Wiedemann et al., 2003). The TOM and SAM
complexes are linked by the cytosolic domains of their subunits Tom22 and Sam37, respectively,
which makes substrate handover easier (Qiu et al., 2013; Wenz et al., 2015). Thus, the biogenesis
of Tom40 requires a pre-existing mature TOM complex for its import.

Once in the membrane, these B-barrel proteins mature by oligomerizing (Porin) or by associating
with the subunits of its complex (Tom40). Mdm10 is another MOM [-barrel protein involved in
the assembly of MOM protein complexes. Found in association with two major protein complexes,
ERMES and TOB/SAM, Mdm10 promotes the release of Tom40 from the TOB/SAM complex and
promotes the integration of Tom22 into the MOM. This in turn enables the formation of the TOM
complex (Meisinger et al., 2004; Petrungaro & Kornmann, 2019; Wideman et al., 2010; Yamano et
al., 2010b). More recently, Porin/VDAC has also been shown to modulate the assembly of the TOM
complex.
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1.3.6.2 Biogenesis of a-helical proteins

a-helical MOM proteins are also synthesized on cytosolic ribosomes and brought to the
mitochondrial receptors Tom20 and Tom70 with the help of chaperones (Cichocki et al., 2018;
Opalinski et al., 2018; Papic¢ et al., 2013). Mutations or loss of the targeting sequence in these
proteins leads to mislocalization to the ER or peroxisomes (Cichocki et al., 2018; Okreglak &
Walter, 2014; Vitali et al., 2018). So far, no clear import machinery has been identified for the
insertion of these proteins. The MOM insertase Mim1 is suggested to promote the insertion of
tail-anchored MOM proteins (Becker et al., 2008; Popov-Celeketic¢ et al., 2008). Other mechanisms
for membrane integration include contribution of the SAM complex as well (Otera et al., 2007,
Petrungaro & Kornmann, 2019). For some tail-anchored proteins, membrane lipid composition
has been shown to affect membrane targeting and insertion (Krumpe et al., 2012).

Multi-spanning MOM proteins like Ugol are recognized by Tom70 and transferred to the MIM
complex that integrates them into the membrane (Becker et al., 2011; Dimmer et al., 2012). The
MIM complex consists of Mim1 and Mim2, but the exact stoichiometry is still unknown. While
mutational studies have confirmed that oligomerization of Mim1 is essential for the complex, the
precise structure and molecular mechanism of the complex still need to be studied (Dimmer et al,,
2012; Popov-Celeketi¢ et al., 2008).
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Figure 1. Protein import pathways of mitochondrial proteins.

Most mitochondrial proteins are synthesized on cytosolic ribosomes and translocated into the mitochondria
through the TOM (translocase of the outer membrane) complex. After import, various protein translocases
sort the precursor proteins into different mitochondrial subcompartments. The mitochondrial import (MIM)
complex inserts proteins with a-helical membrane into the outer membrane (1). The mitochondrial
intermembrane space import and assembly (MIA) pathway facilitates the uptake and oxidative folding of
cysteine-rich proteins into the intermembrane space (2). The presequence translocase (TIM23 complex)
transports precursors with a cleavable presequence across the inner membrane in a membrane potential-
dependent manner (Ay). These pre-proteins are either inserted into the MIM or the presequence
translocase-associated motor (PAM) uses ATP hydrolysis to drive them into the matrix where the
mitochondrial processing peptidase (MPP) removes the presequence (3). Additionally, small TIM proteins
transfer hydrophobic carriers to the carrier translocase (TIM22 complex), which then inserts these carrier
proteins into the inner membrane, also in a membrane potential-dependent manner (4). The sorting
assembly machinery (SAM complex) integrates B-barrel proteins into the outer membrane, with small TIM
proteins assisting their transfer from the TOM complex to the SAM complex (5). MOM stands for
mitochondrial outer membrane, IMS for intermembrane space, and MIM for mitochondrial inner
membrane.
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1.4 Crosstalk between mitochondria and other organelles

Mitochondria maintain their different functions by forming functionally essential contacts with
most organelles in the cell. These contact sites are regions of very close apposition between the
organellar membranes with a defined proteome and lipidome. In the past decades, several
mitochondrial contact sites have been identified and/or suggested, existing in variable numbers
and with distinct functions.

1.4.1 ERMES: ER-mitochondria encounter structures

The ER is the central hub of phospholipid synthesis in the cell. These lipids and lipid precursors are
then distributed to other organelles as well as the plasma membrane, either through vesicular
transport or through contact sites. While initial studies suggested the role of lipid transfer proteins
(LTPs) in transporting lipids from one organelle to another by hosting them in a hydrophobic cavity,
the discovery of ER-mitochondria contact sites suggests an alternative pathway for lipid exchange.

Initially identified in a high throughput screen in yeast, the ERMES (ER-mitochondria encounter
structure) complex is made of both membrane-bound and soluble proteins and has a distinct role
in mitochondrial distribution and physiology. Mutations in any component of this complex yield
swollen, aggregated mitochondria (Berger et al., 1997; Petrungaro & Kornmann, 2019, 2019; Sogo
& Yaffe, 1994). The core components of the complex are Mdm10, Mdm12, Mdm34, and Mmm1,
all stably interacting at the interface of mitochondria and ER (Berger et al., 1997; Ellenrieder et al.,
2016; Flinner et al., 2013; Sogo & Yaffe, 1994). Mdm10 is a B-barrel protein also associated with
the SAM/TOB complex of the MOM and is suggested to aid protein assembly and insertion.
Mdm12, Mdm34, and Mmm1 share a protein domain, the SMP (found in Synaptotagmin-like
Mitochondrial and lipid-binding Protein) domain. As the name suggests, the SMP domain is
essentially an elongated, hydrophobic cavity with an affinity for lipids (AhYoung et al., 2015).
Multiple studies have confirmed the lipid binding and transporting activity of Mmm1 and Mdm12,
at least in liposomes, and this feature of the ERMES complex components makes it a suitable
candidate for lipid import into mitochondria (AhYoung et al., 2015; Petrungaro & Kornmann,
2019). However, ERMES mutants are still able to import lipids into the mitochondria, which can be
attributed to the inconsistent rescue-ability of the different ERMES components. Mutants of
MDM12 and MDM34 can be easily rescued by artificial tethers between ER and mitochondria. On
the other hand, MMM1 and MDM10 mutants are only poorly rescued by this artificial protein
(Petrungaro & Kornmann, 2019). These observations and the fact that mitochondria lacking
ERMES components are viable and possess lipids in their membranes, suggests that there are
alternative pathways for lipid import into the mitochondria (Petrungaro & Kornmann, 2019, 2019).

Over the years, many genes with the ability to suppress the phenotypes of ERMES mutations have
been identified. Overexpressing Mcp1, a MOM protein, and Mcp2, a MIM protein, can suppress
the phenotype of cells lacking MDM10 (Tan et al., 2013). Both proteins have also been shown to
restore the anomalous lipid composition of mdm10A cells (Tan et al., 2013). Other studies to
identify ERMES suppressors yielded Vps39 and Vps13, both involved in mitochondrial contact sites
and will be discussed in the next section (Lang et al., 2015; Petrungaro & Kornmann, 2019).
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MAMs (mitochondria-associated ER membranes) have been identified in mammalian cells but
there is still some speculation about the composition of these sites. So far, the involvement of
Mitofusin 2 (MFN2) —a MOM protein also localizing to the ER membrane as well as membrane
structures consisting of VDAC1 and IP3R (inositol receptor on the ER membrane) have been
reported (de Brito & Scorrano, 2008; Szabadkai et al., 2006).

1.4.2 vCLAMP: Vacuolar-mitochondria patch

The discovery of high-copy ERMES suppressors like Mcpl and Mcp2 was an indication that
mitochondria can receive lipids from potentially redundant pathways. In a high-throughput
screen, Schuldiner et al discovered two vacuolar proteins — Vps39 and Vam7, whose absence led
to an increase in ERMES sites in the cell (Honscher et al., 2014; Petrungaro & Kornmann, 2019).
Vps39 is a subunit of the HOPS (homotypic fusion and protein sorting) complex that facilitates
fusion events at the vacuole (Brocker et al., 2012; Seals et al., 2000). As a tethering protein, it was
also reported to generate contact sites between vacuoles and mitochondria (with Tom40). This
contact site, vVCLAMP, is functionally and structurally distinct form the HOPS complex, as Vps39
was able to form the vCLAMP complex even in the absence of HOPS components (Honscher et al.,
2014; Petrungaro & Kornmann, 2019). Overexpression of Vps39 could rescue growth defects
associated with the ERMES complex, and the absence of both vVCLAMP and ERMES complexes
yielded unviable cells (Gonzédlez Montoro et al., 2018; Petrungaro & Kornmann, 2019).

Mcpl was also reported to interact with Vps13, an endosomal fusion protein. Overexpressing
Vps13 could rescue the phenotype of ERMES mutants, suggesting its involvement in an ERMES
bypass pathway (Lang et al., 2015). Since Vps13 is found in different organelle contact sites, it
allows Mcp1 to interact with vacuoles and endosomes. Moreover, Vps13 harbors a lipid-transport
domain which can accommodate several lipid molecules, indicating a potential contribution to
lipid exchange (John Peter et al., 2017; Kumar et al., 2018).

1.4.3 Mitochondria and peroxisomes

Peroxisomes are very often found in close proximity to mitochondria or near ER-mitochondrial
contact sites. Since mitochondria and peroxisomes are co-dependent for metabolic pathways
including organelle division, there is much speculation about them sharing physical tethers (Delille
et al., 2009; Fransen et al., 2012; Wanders, 2014). The localization of peroxisomes near ER-
mitochondrial contact sites indicates a possibility of a three-way junction (Cohen et al., 2014).
While proteins such as Pex11 and Mdm34 were initially suggested to form these tethers, recent
split-Venus based discovered Fzol and Pex34 as contact sites proteins between mitochondria and
peroxisomes (Mattiazzi USaj et al., 2015; Shai et al., 2018).

1.4.4 Mitochondria and lipid droplets (LDs)

LDs store neutral lipids that can be utilized for energy production under conditions of stress. Since
mitochondria house the enzymes responsible for energy metabolism, contact sites between the
two organelles would ensure efficient substrate handover.
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In mammalian cells, PLIN5 (Perilipin 5) has been suggested to act as a tether between LD and
mitochondria in highly oxidative tissues (Wang et al., 2011; Boutant et al., 2017; Gemmink et al.,
2018; Kimmel & Sztalryd, 2016). PLIN5 has been reported to interact with Mitofusin 2 (MFN2) and
its overexpression induces recruitment of mitochondria and LDs towards each other (Boutant et
al., 2017). Another protein that has been suggested to tether mitochondria and LDs is SNAP23, a
SNARE protein in mouse fibroblasts. Depletion of this protein results in decreases organellar
interaction, but the mechanism of this observation is unknown (Jagerstrom et al., 2009). The
vacuolar protein Vps13 has also been shown to bind to LDs through its V-shaped alpha helices at
the C-terminus and to mitochondria via its N-terminus (Li et al., 2020). Moreover, Vps13 has been
shown to bind to fatty acids in vitro, but whether it’s capable of doing the same in vivo is still
unconfirmed (Kumar et al., 2018; Li et al., 2020). MIGA2, a MOM protein with a similar C-terminal
structure as Vpsl13, is also suggested to facilitate LD-mitochondria contact sites (Freyre et al,,
2019).

In yeast, several large-scale studies have been conducted to identify LD-mitochondria contact
sites. One of these was a bimolecular fluorescence (BiFC) study which revealed Erg6 and Pet10 as
putative subunits of tethering complexes between the two organelles (Pu et al., 2011).
Meanwhile, Enkler et al have identified Arfl as a regulator of contact sites between LD-
mitochondria, LD-peroxisomes, or all three (Enkler et al., 2023). The same study reports that Arfl
can change membrane properties to regulate contact site formation, and its overexpression can
recruit factors to increase these organellar junctions (Enkler et al., 2023).

1.5 Lipid biosynthesis in yeast cells

Lipids are not only important structural components of membranes but also play an important
role in energy metabolism, apoptosis, as signaling molecules, and more. Cellular lipids can be
broadly categorized into fatty acids, membrane lipids (phospholipids, sphingolipids, and sterols),
and storage lipids (TAGs, steryl esters) (Klug & Daum, 2014).

Fatty acids (FAs) are the building blocks of most lipids. In yeast, FAs are either synthesized de novo
or obtained from the hydrolysis of complex lipids. The most abundant FAs in yeast are palmitoleic
acid, oleic acid, palmitic acid, and stearic acid (Tuller et al., 1999; Viljoen et al., 1986). Moreover,
the composition of FAs varies between different organelles, and can also depend on growth
conditions. The biosynthesis of FAs occurs primarily in the cytosol and selectively in mitochondria,
and further modifications take place in the ER. Yeast can also take up FAs from their environment
through diffusion or with the help of transporters. These FAs are then used for synthesizing
phospholipids, stored as neutral lipids by the cell, or undergo B-oxidation in peroxisomes.

The major PLs in S. cerevisiage are phosphatidylcholine (PC), phosphatidylserine (PS),
phosphatidylinositol (PI), and phosphatidylethanolamine (PE). Other than PLs, another class of
membrane lipids that is essential for cells is sterols. Ergosterol is the predominant sterol in yeast,
and cholesterol in mammals.
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Phosphatidic acid (PA) is the central metabolite for the biosynthesis of phospholipids. Derived
from glycerol-3-phosphate (from glucose metabolism), PA can either enter the lipid storage
pathway or participate in PL biosynthesis (Athenstaedt & Daum, 1997; Horst et al., 1997). PA can
be converted to cytidine di-phosphate diacylglycerol (CDP-DAG) by Cds1 (in ER) or Tam41 (in
mitochondria) (Shen et al., 1996; Tamura et al., 2013). CDP-DAG is the main precursor molecular
for other PLs, and depending on which head group it conjugates with, forms either PS, PI, or PGP
(phosphatidylglycerolphosphate).

To form PE, PS is decarboxylated by Psd1 (in the MIM) or Psd2 (in Golgi/vacuoles) (E. Y. L. Chan &
McQuibban, 2012; Trotter & Voelker, 1995). PE is then successively methylated, thrice, by Cho2
and Opi3 to yield PC (Kodaki & Yamashita, 1989). Both PE and PC can also be synthesized via the
Kennedy pathway in the ER wherein exogenous ethanolamine or choline are taken up through
specific transporters, phosphorylated, and conjugated with diacylglycerol. This final reaction is
catalysed by phosphotransferases — Eptl or Cptl (Blrgermeister et al., 2004; Hjelmstad & Bell,
1990). Interestingly, the formation of DAG from PA is a bi-directional reaction, and PA can be
resynthesized from DAGs by the DAG kinase Dgk1 (Han et al., 2008).

The turnover of PLs is maintained by several enzymes including phospholipases, phosphatases,
and remodeling enzymes like acyltransferases and transacylases.

1.5.1 Neutral lipids are stored in LDs

The term lipotoxicity was first used to describe the severe effects of free FAs overload on
pancreatic islets. In yeast too, an excess of lipids can cause stress and eventually cell death. To
circumvent this, free FAs and sterols are converted to neutral lipids like triacylglycerols (TAGs) and
sterol esters (SEs) and stored in LDs (Obaseki et al., 2024).

Since the enzymes required for neutral lipid synthesis reside in the ER, LDs develop from or close
to the ER membrane. Currently, there are several models to explain the formation of LDs from ER.
The ER budding model proposes that LDs grow from the ER bilayer and eventually bud off, as TAGs
begin to accumulate between the two leaflets. The bicelle formation model suggests that both
leaflets of the ER membrane contribute to the formation of a PL monolayer by encasing neutral
lipids. According to the lensing model, the outer leaflet stretches to accommodate neutral lipids
until the lens buds off (Ploegh, 2007), and finally the vesicular budding model suggests the
formation of a bilayer vesicle which is subsequently filled by neutral lipids (Walther & Farese, 2009)
(Walther & Farese, 2012).

When not involved in PL biosynthesis, PA can be cleaved by phosphatases like Pahl to generate
DAGs, which are the precursors for TAG synthesis (Grimsey et al., 2008). DAGs can also be acquired
from the degradation of phospholipids by phospholipases or deacylation of TAGs. Acyltransferases
such as Dgal and Lrol can then create TAGs either using in an acyl-coA dependent reaction as for
Dgal or using PL, as is observed for Lrol (Oelkers et al., 2000; Sorger & Daum, 2003).
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The second major component of LDs are SEs which are synthesized by two enzymes — Arel and
Are2, both located at the ER. These enzymes catalyse a reaction between ergosterol (both Arel
and Are2) or lanosterol (only Arel) precursors with activated FAs to form SEs. Arel and Are2 are
the main SE synthases in yeast and have also been reported to show minor acyltransferases activity
(Yang et al., 1996; C. Yu et al., 1996; Zweytick et al., 2000).

All the enzymes required for neutral lipids synthesis are found in the ER, or dually localized to LDs
and ER. A quadruple deletion of ARE1/ARE2/DGA1/LRO1, while viable, is completely devoid of LDs
(Sandager et al., 2002).

When required, TAGs and SE can be mobilized from LDs to provide DAGs, FAs, and sterols for
various cellular processes. The degradation of TAGs is catalyzed by TAG lipases of the Tgl family:
Tgl3, Tgl4, and Tgl5, all localizing to the LDs (Athenstaedt & Daum, 2003; Grillitsch & Daum, 2011).
More recently, Ayrl, a bifunctional TAG lipase and acyltransferase has also been recognized and
it localizes to LDs as well as the MOM (Ploier et al., 2013; Zahedi et al., 2006). SE hydrolysis is
achieved by Tgl1, Yeh1, and Yeh2 of which Tgl1 and Yeh1 are found in LDs while Yeh2 is localized
to the plasma membrane (Koffel et al., 2005).

A fifth TAG lipase, Tgl2, was identified in yeast mitochondrial fractions but its physiological
relevance is still undefined (Ham et al., 2010).
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1.5.2 Mitochondria have limited contribution to lipid biosynthesis

Mitochondrial lipid homeostasis depends on acquiring lipids from associated organelles such as
ER and in organello synthesis of some PLs, primarily cardiolipin (CL). Once imported, these lipids
have to be trafficked between the MIM and MOM as well the leaflets of the individual membranes
(Tatsuta & Langer, 2017).

1.5.2.1 Cardiolipin biosynthesis

Cardiolipin (CL) is a PL exclusive to the mitochondria and is synthesized at the matrix site of the
MIM using precursors from the ER. PA from the ER is transported from the MOM to the MIM by
the heterodimeric Ups1/Mdm35 (yeast) or PRELID1-TRIAP1 (mammals) complex (Miliara et al.,
2015; Potting et al., 2010; Tamura, Onguka, Hobbs, et al., 2012). The loss of these transporter
proteins does not result in a complete loss of mitochondrial CL, suggesting a redundant
mechanism.

A biosynthesis cascade converts PA to CL at the MIM, where the final step is a reaction between
CDP-DAG and PG catalysed by Crdl (Connerth et al.,, 2012; Tamura et al., 2013). The newly
synthesized CL often contains saturated acyl chains which need to be remodeled. This is a
reversible reaction catalyzed by Cld1 to yield mono-lyso CL (MLCL), and is reversed by Taz1 (Baile
et al., 2013). Interestingly, Tazl is found at both the mitochondrial membranes indicating that
MLCL could be transported between the two membranes (Claypool et al., 2008; Y.-W. Lu et al.,,
2016). Defects in CL remodeling and biosynthesis causes severe defects in humans such as ataxia,
Sengers syndrome, Barth syndrome, and several metabolic disorders (Bertero et al., 2020).

1.5.2.2 PE biosynthesis

Mitochondria also contain PE in notable amounts, especially in the MOM. It is either generated
from decarboxylation of PS by Psd1, a MIM protein, or through the Kennedy pathway in the ER (E.
Y. L. Chan & McQuibban, 2012; Trotter et al., 1995). To be decarboxylated, PS needs to be
transported across the IMS by PS-specific lipid transporter protein complex, Ups2-Mdm35 (yeast)
or SLMO2-TRIAP1 (mammals). PS can also be decarboxylated in the MOM, but this depends on
efficient membrane apposition by the MICOS (mitochondria-cristae organization site) complex
(Birner et al., 2001; Miyata et al., 2016; Trotter et al., 1995). The MICOS complex enables the MIM
and MOM to be in close proximity and its disruption severely disturbs the mitochondrial
ultrastructure as well as PE biosynthesis. In experiments employing artificial protein tethers to
restore MICOS like MOM-MIM apposition, PE-related defects could be recovered (Aaltonen et al.,
2016).

1.5.2.3 Ups/PRELI complex mediated PL trafficking

Ups1 was first identified as an important factor for the biogenesis of the mitochondrial fusion
protein, Mgm1. The observation that the loss of Ups1 also leads to a decrease in mitochondrial CL
amounts was an indication of its contribution to lipid metabolism (Osman et al., 2009; Tamura,
Endo, et al., 2009). This was subsequently proven when Upsl and Mdm35 were co-purified and
tested for binding PLs in liposomes (Potting et al., 2010; Tamura et al., 2010). The complex could
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bind to PA, CL, PG, PS, Pl, and CDP-DAG and could also transfer PA between liposomes (Connerth
et al., 2012). Ups1 has two homologues — Ups2 and Ups3, both capable of binding to Mdm35.
Moreover, Ups2 can compensate for the CL decrease in cells lacking UPS1 (Aaltonen et al., 2016;
Miyata et al., 2016). Further biochemical analysis and pulse-chase experiments suggest that Ups1
and Ups2 regulate PE levels in the cell, perhaps even antagonistically. While Ups1 facilitates PE
export from the MIM to the MOM, and accelerates the conversion of PE to PC, Ups2 prevents PE
hydrolysis and export from the MIM (Horvath & Daum, 2013; Tamura, Onguka, Hobbs, et al., 2012;
Tamura, Onguka, Itoh, et al., 2012). Despite its important lipid transport activity, Ups1l is
dispensable for PA transport in vivo.

The Ups1/Mdm35 complex interacts with the membrane via the membrane binding residues of
Ups1, and the transfer activity is mediated by very fine conformational changes in the proteins.
Ups1 possesses a flexible loop and a long, mobile C-terminal helix that can function as a lid. As
Ups1 binds to the membrane, it dissociates from Mdm35, allowing the lid domain to open and
accommodate substrates (e.g. PA). Once loaded with PA, Ups1 forms a complex with Mdm35 to
remain protected from MIM proteases like Ymel. The complex dissociates upon approaching the
MIM and the substrate is released. Further substrate loading is controlled by several factors
including CL concentration in the MIM, which prevents dissociation of Ups1, and the cycle is
discontinued (J. Lu et al., 2020; Miliara et al., 2015; Watanabe et al., 2015; F. Yu et al., 2015).

1.5.2.4 Possible alternative routes

Lipid trafficking within and between the mitochondrial membranes is an active process, most likely
mediated by PL scramblases. So far, the only known mitochondrial scramblase is PLSCR3 (PL
scramblase 3), which can promote PL flipping and can increase CL levels at the mitochondrial
surface (Liu et al., 2008).

Mdm31, a MIM protein has also been suggested to have lipid mediating/regulating activity
between the MOM and MIM. Required for normal mitochondrial morphology and maintaining
mtDNA, Mdm31 exhibits synthetic lethality with most ERMES genes (Dimmer et al., 2002, 2005;
Tamura, Onguka, Hobbs, et al., 2012). Moreover, overexpression of the protein can restore the
phenotypes of cells lacking ERMES and UPS1 e.g. abnormal mitochondrial morphology, CL
accumulation, growth defects, etc., which was not achievable when Ups1 was overexpressed in
MDM31 lacking cells (Dimmer et al., 2005; Tamura, Onguka, Hobbs, et al., 2012).
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Figure 2. Phospholipid metabolism in yeast mitochondria

A brief overview of the biosynthesis of lipids in and in association with yeast mitochondria. Red
arrows depict trafficking within or between organelles. Black arrows depict reactions catalyzed by
corresponding enzymes. See text for details.

Adapted from Dimmer and Rapaport, 2016.
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Research Objectives

The bacterial ancestry of mitochondria is made evident by their structure, protein machineries,
and their ability to replicate semi-autonomously. These evolutionarily conserved features such as
B-barrel proteins have been studied extensively and their physiological importance has ensured
their conservation to higher eukaryotes. Other conserved features, while retained in yeast, are
lost in higher eukaryotes.

In my thesis, | studied two evolutionarily conserved features of mitochondria. The first one is a
putative lipase in the mitochondrial IMS which shares homology with primarily bacterial lipases
and is not conserved in mammals. The second are B-barrel proteins which are highly conserved
proteins in organelles with endosymbiotic origin.

Characterization of Tgl2, a putative lipase in yeast mitochondria
The research goals of this chapter are to characterize Tgl2 in greater detail and gain insight into its
structure, molecular function, and understand its contribution to cellular lipid homeostasis.

Tiku, V., Tatsuta, T., Jung, M., Rapaport, D., Dimmer, K., (submitted, pre-print on BioRxiv).
Characterization of Tgl2, a putative lipase in yeast mitochondria. 10.1101/2024.05.08.593122.

Yeast mitochondria can process de novo designed - barrel proteins

The research objectives of this chapter are to express de novo designed synthetic B-barrel proteins
in yeast cells, investigate their mitochondrial import behavior, and the role of key mitochondrial
components in the biogenesis of these artificial proteins.

Moitra, A., Tiku, V. and Rapaport, D. (2024), Yeast mitochondria can process de novo designed
B-barrel proteins. FEBS J, 291: 292-307. https://doi.org/10.1111/febs.16950
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Characterization of Tgl2, a putative lipase in yeast mitochondria

Tiku, V., Tatsuta, T., Jung, M., Rapaport, D., Dimmer, K., (submitted, pre-print on BioRxiv).
Characterization of Tgl2, a putative lipase in yeast mitochondria. 10.1101/2024.05.08.593122.

Personal Contribution

| studied the oligomerization behavior of Tgl2 where co-immunoprecipitation assays confirmed
that it forms a homodimer under non-reducing conditions. | performed alkaline extraction to
confirm the membrane topology of the homodimer, and sucrose gradient to determine the
membrane tethering properties of monomeric Tgl2. Through antibody shift assays and non-
denaturing PAGE, | found that the Tgl2 complex contains multiple copies of the protein. | also
analyzed the quality control mechanism of the protein with the help of previously reported
misfolded protein variants. | used disulfide bond prediction tools to predict the oxidative state of
the cysteine residues of Tgl2 and used this to determine the impact of mutating 3 out of 8 cysteine
residues on the stability of the protein. In addition to this, | compared the structure of Tgl2 with
its closest structural homologue, LipA, and determined its catalytic triad using structure prediction
tools. | performed site-directed mutagenesis to understand the contribution of the catalytically
essential residues of Tgl2 to protein function and stability. Finally, | determined the neutral lipid
composition of mitochondria isolated from cells lacking TGL2 and MCP2 through thin-layer
chromatography. | co-wrote the manuscript and prepared all the figures.

Author Contributions

VT and KSD co-wrote the manuscript and designed and analysed the experiments. VT performed the
experiments and prepared the figures. KSD supervised the project, acquired funding, and performed the
tetrad dissection experiments. DR co-supervised the project and contributed to the manuscript. TT
performed the lipidomics analysis and analysed the data. MJ and TT provided critical feedback on the
manuscript.

Materials and methods
The materials and methods for this chapter can be found in the article — Characterization of Tgl2,
a putative lipase in yeast mitochondria.
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3.1 Introduction

Yeast cells store free sterols and fatty acids in their inert forms as SEs and TAGs, in lipid droplets.
This prevents lipotoxicity and ensures an energy reservoir for high energy demanding situations.
Enzymes like TAG lipases mobilize TAGs into DAGs and free fatty acids that can be used for various
cellular pathways including phospholipid biosynthesis and even as signaling molecules (Grillitsch
& Daum, 2011; Walther & Farese, 2012).

TAG lipases are hydrolytic enzymes relying on interfacial activation to carry out their function. This
entails notable conformational changes that expose a hydrophobic pocket and the active site. The
active site is buried under the lid domain, which is a short, mobile helical fragment. The lid domain
is reported to be important for substrate specificity, and mutating it affects enzyme activity and
specificity (Brady et al., 1990; Grillitsch & Daum, 2011; Ham et al., 2010; Khan et al., 2017; van
Tilbeurgh et al., 1993).

The active site of lipases consists of a Ser-Asp-His catalytic triad, and this triad can also be found
in a/B fold enzymes as well as serine proteases. While the serine and histidine residues are
functionally essential, they do not contribute to protein stability. On the other hand, the aspartate
residue is essential for protein stability as mutating it leads to a dramatic reduction in protein
expression and/or function. This can be attributed to the stabilizing interactions of the carboxylate
group (Brady et al., 1990; Jaeger et al., 1994; Lowe, 1992; @sterlund et al., 1997).

The only characteristic property of lipases is the conserved A/GXSXG motif where the serine is
catalytically essential. Some lipases also possess the ‘Patatin-domain’, which was first identified in
a plant protein with lipid acyl hydrolase activity (Mignery et al., 1988). In addition to this, some
lipases are known to dimerize or contain intramolecular disulfide bridges that contribute to
protein stability (Brady et al., 1990; Liebeton et al., 2001).

The Tgl family of lipases is a well-studied protein family of S. cerevisiae. It consists of 5 members
found in LDs (Tgl1, Tgl3, Tgl4, and Tgl5) or mitochondria (Tgl2).

Tgl3 was the first member of the Tgl family to be discovered, and was found to be localized to LDs
(Athenstaedt & Daum, 2003). A minor population of the protein can be found in the ER (C. Schmidt
et al., 2013). Tgl3 possesses the canonical lipase motif and has a C-terminal hydrophobic domain
which is a typical feature of LD proteins. The absence of TGL3 was reported to have no growth
phenotype but it does lead to a notable increase in cellular TAGs levels. Interestingly, the absence
of TGL3 causes hypersensitivity towards cerulenin —a FA synthesis inhibitor (Athenstaedt & Daum,
2003; I. Klein et al., 2016; C. Schmidt et al., 2013). Further sequence analysis revealed the H(X)4D
domain in Tgl3, which is the signature sequence of acyltransferases. Follow up enzyme assays
confirmed lysophosphatidylethanolamine acyltransferase function of Tgl3, acting independent of
its lipase function (Rajakumari & Daum, 2010a).

Tgl4 and Tgl5 were discovered when lipase activity was still detected in yeast cells lacking TGL3,
suggesting redundancy.Predominantly found in LDs, Tgl4 can stably localize to the ER in the
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absence of LDs. It is a multifunctional enzyme with TAG lipase, acyltransferase, and phospholipase
activity (Rajakumari & Daum, 2010b). These observations were confirmed not only by the
presence of the corresponding signature motifs but also through enzymatic assays which suggest
specific lipase activity towards TAGs esterified with myristic acid (C14) and palmitic acid (C16).
Moreover, the protein appears to be regulated by phosphorylation and cell cycle progression
wherein phosphorylation by the cyclin-dependent kinase 1 (Cdk1) activates the protein, initiating
lipolysis to support bud formation (Athenstaedt & Daum, 2005; Rajakumari & Daum, 2010b). The
multifaceted nature of the protein can be confirmed by the phenotypes exhibited by yeast cells
overexpressing the protein such as increased FFAs due to increased lipase activity as well as
increased PL levels due to increase PL biosynthesis via acyltransferase activity (Athenstaedt &
Daum, 2005; Grillitsch & Daum, 2011).

The third lipase, Tgl5, also exhibits dual function. Tgl5 is a lipase for TAGs containing long chain
FAs like C26. The other function of Tgl5 is that of an acyltransferase, and like Tgl4, it acts on
acylated phosphatidic acid. In the absence of LDs, Tgl5 localizes to the ER where it is highly
unstable and is rapidly degraded. As with Tgl4, the lipase and acyltransferase activities of Tgl5 are
regulated independent of each other. Additionally, both Tgl4 and Tgl5 are reported to be
downregulated in the absence of non-polar lipids (Athenstaedt & Daum, 2005; I. Klein et al., 2016;
Rajakumari & Daum, 2010a).

In yeast, SE hydrolase activity is collectively mediated by Yehl, Yeh2, and Tgll. Even though it
contains the lipase motif, Tgll predominantly exhibits SE hydrolase activity. The protein co-
localizes with Erg6, a LD marker protein as does Yehl. On the other hand, Yeh2 can be found
associated with the plasma membrane. A triple deletion of these genes leads to a complete loss
of SE hydrolysis activity in yeast, but SE biosynthesis as well as TAG metabolism remain unaffected.
Additionally, in silico structural analysis of Tgll predicted 1 — 3 transmembrane domains with the
catalytically essential C-terminus extended inside the LD and the N-terminus exposed to the
cytosol (Jandrositz et al., 2005; Koffel et al., 2005).

Tgl2 is also an unusual member of the Tgl family of yeast lipases. It is obviously smaller than the
other Tgl proteins and is found in the mitochondrial fraction. Homologous to mostly bacterial
lipases, the closest structural homologue of the protein is the periplasmic lipase, LipA, from P.
aeruginosa (Figure 3). Tgl2 has been categorized as a lipase as it contains the conserved A/GXSXG
lipase motif, where the serine is catalytically active (Ham et al., 2010). Initial studies with Tgl2
reported lipolytic activity towards DAGs and TAGs with short chain fatty acids and the ability to
complement for the loss of a DAG kinase in E. coli. The phenotype observed upon DAG
accumulation can be rescued by overexpressing Tgl2 (Van Heusden et al., 1998). In their study,
Ham et al enriched Tgl2 from yeast and performed in vitro enzyme assays where they observed
lipolytic activity towards long chain TAGs, with optimal activity for tributyrin. Moreover, they could
confirm mitochondrial localization through fluorescence microscopy, and also showed that while
cells lacking TGL2 have no growth phenotype, they do exhibit decreased TAG mobilization (Ham
et al., 2010). More recent studies have determined negative genetic interactions between TGL2
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and MCP2 (CQD2). Mcp2 (Cqd2) is a MIM protein that was earlier reported to be a high-copy
suppressors of the ERMES mutant mdm10A (Odendall et al., 2019; Tan et al., 2013). Kemmerer et
al show that the protein regulates ubiquinone (CoQ) levels in the mitochondria (Kemmerer et al.,
2021). The double deletion strain (mcp24/tgl2A) shows a growth phenotype on non-fermentable
carbon sources like glycerol which can be rescued when Tgl2 is reintroduced (Odendall et al,,
2019).

S

Figure 3. Structural homology between LipA and Tgl2

The crystal structure of LipA and AlphaFold prediction of Tgl2 compared using ChimeraX. The
residues in yellow are cysteines and the residues with the highlighted side chains are the active
sites of the two proteins.

Odendall et al also confirmed the subcellular localization of Tgl2 through differential centrifugation
experiments, and showed that it’s a soluble IMS protein (Odendall et al., 2019). Since Tgl2 contains
8 cysteine residues, it’s a plausible candidate for import via the disulfide relay pathway (Hell,
2008). This was determined through radiolabeled import assays with WT and Mia40 depleted
yeast cells. Indeed, protein import was inhibited in cells depleted for Mia40. Additionally, the
import for a Tgl2 variant where all the cysteines are mutated to serine showed dramatically
reduced kinetics as well as multiple proteolytic fragments (Odendall et al., 2019). It’s important to
note that the cysteine residues of Tgl2 do not exist in the conserved CX3C or CXoC motifs (Hell,
2008; Sideris & Tokatlidis, 2007).

The overarching aim of my thesis is to further characterize Tgl2 and form a comprehensive link
between a TAG lipase in the IMS, where one lacks reportable amounts of TAGs, and cellular lipid
metabolism.
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| observed that Tgl2 can homodimerize in the absence of reducing agents, and this dimer is
probably a result of disulfide bridges. Further, Tgl2 also forms a cysteine-dependent complex in
native PAGE which can be disrupted using strong detergents. | also characterized the lipase motif
mutant - S144A which was previously reported to be essential for lipolytic activity of the protein.
The mutated protein was unable to rescue the growth phenotype of Amcp2/Atgl2 confirming loss
of function. Additionally, | identified the catalytic triad of the protein and mutating the active site
— D259A also led to loss of function as well as protein instability. Steady state levels analyses with
unstable Tgl2 variants helped identify Yme1l as the protease responsible for the quality control of
Tgl2. The mutants that were either undetectable or only weakly detectable in WT or Atg/2 yeast
could be detected like native Tgl2 in the absence of Yme1l. Finally, | could show that mitochondria
lacking MCP2 and TGL2 have more TAGs than WT mitochondria. This could be a direct
consequence of the lack of Tgl2 — a TAG lipase. However, the contribution of Mcp2 to this
phenotype is still puzzling.

Given the bacterial ancestry of mitochondria and the similarity of Tgl2 with mostly bacterial
lipases, one could speculate that the protein was conserved to eukaryotes like yeast. However,
why higher eukaryotes lack any such mitochondrial lipases is a question yet to be answered.
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3.2 Results

3.2.1 Tgl2 forms homodimers in the absence of a reducing agent

All previous experiments with Tgl2 were performed under reducing conditions. Since the protein
contains 8 cysteine residues, we were curious to study its behavior in the absence of a reducing
agent. We isolated crude mitochondria from yeast cells over-expressing N-terminally HA tagged
Tgl2 (HA-Tgl2) and omitted any reducing agents in the loading dye. The samples were analysed by
SDS-PAGE and immunodecoration. A higher molecular weight species, approximately twice the
size of Tgl2, was observed (Fig. 4A). Moreover, this species was lost over time since it was more
easily detected in whole cell lysates and crude mitochondria isolated after mechanical rupturing
than in mitochondria obtained from spheroplasting-based isolation protocols (Fig. 4B). This higher
molecular weight species was quantified using the MOM protein Tom20 as a loading control and
we observed that it contributes to almost half of the total protein in shorter isolation protocols
whereas its appearance is noticeably reduced upon longer isolation protocols (Fig. 4B).

Next, we wanted to determine if this higher molecular weight variant is a homodimer of the
protein, since its size corresponds to two molecules of the protein. To address this, we isolated
mitochondria containing two variants of Tgl2 - N-terminally FLAG- or HA- tagged and performed
co-immunoprecipitation assays using magnetic anti-FLAG beads. Samples from input, unbound,
wash, and eluate fractions were collected and analyzed by SDS-PAGE and Western blotting using
anti-HA and anti-FLAG antibodies. HA-tagged Tgl2 was detected only in the eluate fraction from
mitochondria containing both tagged proteins. Moreover, we could confirm that the anti-FLAG
beads do not unspecifically interact with HA-Tgl2 (Fig 4C).
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Figure 4. Tgl2 forms a homodimer that is sensitive to reducing agents.

(A) Tgl2 forms a higher molecular weight adduct under non-reducing conditions. Cells lacking
TGL2 (tgl2A) were transformed with a plasmid encoding HA-Tgl2 and grown to mid-logarithmic
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phase. Mechanical lysis was used to isolate whole cell (W), cytosolic (C), and mitochondrial (M)
fractions. The samples were mixed with sample buffer with or without B-mercaptoethanol (B —
ME) and analysed by SDS-PAGE and immunodecoration with antibodies against the HA-tag, as
well as Tom20 (mitochondrial marker) and Bmhl (cytosolic marker). The higher molecular weight
adduct is marked by an arrowhead. (B) The higher molecular weight adduct is more pronounced
upon shorter isolation protocols. Cells expressing HA-Tgl2 were grown to mid-logarithmic phase
and mitochondrial fractions were isolated afterwards either mechanical lysis (1) or
spheroplasting (2). The samples were analysed by non-reducing SDS-PAGE and
immunodecoration. Quantification of the adduct was done with Tom20 as a loading control and
the total Tgl2 amounts were taken as 100%. The graph represents the mean values * SD of four
independent experiments. (C) The adduct is a homodimer of Tgl2. Mitochondria were isolated
from tgl2A cells expressing either HA-Tgl2 or co-expressing HA-Tgl2 and FLAG-Tgl2. The
organelles were solubilized and subjected to co-immunoprecipitation with anti-FLAG beads.
Samples from input (I), unbound (U, 5%), wash (W, 5%) and eluate fractions (E, 50%) were
analyzed by SDS-PAGE and immunodecoration with antibodies against the FLAG-tag. (D) Tgl2
dimer is soluble. Mitochondria containing HA-Tgl2 were subjected to alkaline extraction at
different pH values. The supernatant (S) and pellet (P) fractions were analysed by SDS-PAGE and
immunodecoration with the indicated antibodies. Tom20 (membrane integrated protein), Hep1l
(soluble matrix protein), Mcrl (a protein with two isoforms, long 34 kDa form embedded in the
MOM and shorter soluble form in the IMS).
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3.2.2 Tgl2 is a soluble protein associating with the mitochondrial inner membrane
The solubility of Tgl2 was previously confirmed using alkaline extraction experiments. Since this
experiment was performed for the monomeric form, we applied the same approach to analyse
the solubility of the dimer. Isolated mitochondria were subjected to alkaline extraction assay and
the pellet and supernatant fractions were analysed by SDS-PAGE and immunodecoration was
performed with Tom20, Mcrl, and Hepl as controls for membrane integrated and soluble
proteins (Fig. 4D). We observed that the dimeric form is also found in the soluble fraction,
indicating that both forms of the protein are soluble.

Since lipases are lipid-binding proteins, Tgl2 would need to access its potential substrates by
binding to either or both mitochondrial membranes. To determine this, we performed a sucrose
gradient centrifugation with mitochondrial vesicles containing HA-Tgl2 (Fig. 5A). Of note, the
majority of the protein was found in the vesicle fraction (Fig 5A SG). The fractions were analyzed
by immunodecoration where Tgl2 could be detected in fractions also containing Cox2, an
MIM protein. The MOM marker protein Tom20 was completely absent in these fractions
suggesting that a large population of Tgl2 associates with the MIM (Fig 5B and C).
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Figure 5. Tgl2 associates with the mitochondrial inner membrane.

(A) The majority of Tgl2 is found in mitochondrial vesicles. Mitochondrial vesicles were obtained
after swelling and sonication of mitochondria from cells containing HA-Tgl2. The indicated
control fractions were collected after swelling, vesicle generation, and clarifying spins. The
sample was sonicated to form vesicles followed by clarifying spin to yield supernatant —SV and
pellet — PV fractions. The vesicles in PV was sonicated again and subjected to a slower clarifying
spin resulting in SG (supernatant) and PG (pellet). Fraction SG was further subjected to a sucrose
gradient to separate the MOM and MIM vesicles. The fractions were analysed by SDS-PAGE and
immunodecoration. (B) Tgl2 associates with MIM vesicles. The mitochondrial vesicles from SG
fraction (depicted in panel A) were separated by sucrose density centrifugation. Fractions were
collected and analysed by SDS-PAGE and immunodecorated with the indicated antibodies, Cox2
(MIM protein) and Tom20 (MOM protein).
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(C) Tgl2 and Cox2 containing fractions coincide. Intensities corresponding to Tgl2, Cox2, and
Tom20 were quantified and normalized to the total content of each protein

3.2.3 Tgl2 is a subunit of a higher molecular weight complex

Tgl2 was identified in a high throughput screen as a negative interactor of MCP2, an MIM protein
suggested to be involved in lipid metabolism and CoQ homeostasis (Kemmerer et al., 2021;
Odendall et al., 2019). Despite trying several different approaches, we could not establish any
physical interaction between Mcp2 and Tgl2. We enriched HA-Tgl2 through performed co-
immunoprecipitation assays and subjected this to proteomics analyses. The data failed to reveal
Mcp2 as an interaction partner and, moreover, no other protein of interest could be identified
from the dataset (data not included).

Interestingly, Tgl2 does form a complex in native gels. We isolated mitochondria from yeast
overexpressing HA-Tgl2, solubilized them with either digitonin or Triton X-100, and subjected them
to blue native (BN)- PAGE followed by immunodecoration. We observed that Tgl2 migrates as part
of a complex of 500kDa that was more stable upon mild solubilization using digitonin (Fig. 6A). We
applied this approach to a wide range of deletion mutants where yeast deletion strains of potential
physical interactors selected by educated guess, transformed with HA-Tgl2, and the isolated
mitochondria were analysed by BN-PAGE. However, the Tgl2 complex was unaltered in these
mutants (Figure 7A). In addition to this, we also compared the steady state levels of the protein in
the same mutants but no notable variations were observed (Fig. 7B). Of note, the Tgl2 complex
appears as a sharp solitary band in BN-PAGE unlike known mitochondrial membrane embedded
complexes like TOM complex that displays a rather broad band in native gels. This behaviour
further suggests that Tgl2 is indeed a soluble protein of defined quaternary structure without
associated membrane lipids.

To understand the composition of the complex, we performed an antibody-shift assay with
solubilized mitochondria containing both HA-Tgl2 and FLAG-Tgl2 or only FLAG-Tgl2. The
mitochondrial lysate was incubated with anti-HA antibody, subjected to BN-PAGE, and
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immunodecorated against anti-FLAG antibody. We observed a size shift only for the sample
containing both tagged Tgl2 variants (Fig. 6B). As expected, the complex was not shifted
in mitochondria containing only FLAG-Tgl2. These observations indicate that the complex
contains at least two copies of Tgl2.
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Figure 6. Tgl2 is a component of a higher molecular weight complex

(A) Tgl2 forms a higher molecular weight complex. Mitochondria containing HA-Tgl2 were
solubilized with either digitonin or TritonX-100 (TX-100) and subjected to BN-PAGE (4-14%) and
immunodecoration with antibodies against either HA-tag or Tom40, as a loading control. (B) Tgl2
complex contains at least 2 copies of the protein. Mitochondria containing either only HA-Tgl2 or
HA-Tgl2 and FLAG-Tgl2 were solubilized with digitonin. The lysate was incubated with 0, 0.5, or 1
uL anti-HA antibody (a-HA) and analysed by BN-PAGE (4-14%) and immunodecoration with anti-
FLAG antibody.
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Figure 7. Tgl2 complex in different deletion mutants

(A) The Tgl2 complex is unaffected in the absence of the indicated strains. Mitochondria were
isolated from the mentioned strains, solubilized with digitonin, and analysed by BNPAGE (4-14%)
and immunodecoration against HA-tag. There were no noticeable effects on the complex
formation. (B) Steady state levels of Tgl2 in different deletion strains. Mitochondria were isolated
from the indicated strains expressing HA-Tgl2 and analysed by SDS-PAGE and immunodecoration
with an antibody against HA-tag. The Western blots are representative of some strains used in
this experiment (n = 3).
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3.2.4 The MIM protease Ymel mediates the quality control of Tgl2

Previous studies on the quality control of IMS proteins have identified Yme1, an iAAA protease of
the MIM, to be responsible for degrading misfolded or unstable proteins in the IMS (Leonhard et
al., 1999; Schreiner et al., 2012). Many of these proteins are also substrates of the disulfide relay
import pathway. We previously observed that C-terminally modified Tgl2 (Tgl2-HA) and Tgl2¢ys,
with all cysteine residues mutated to serine, were barely detectable in WT yeast cells and failed to
rescue the growth defect in the mep24/tgl2A double mutant (Odendall et al., 2019). To test if non-
functional and potentially misfolded Tgl2 variants are substrates of Ymel, we compared the
steady-state levels of HA-Tgl2, Tgl2-HA, and HA-Tgl2¢s in tgl2A and ymelA cells. We previously
reported that only a functional Tgl2 variant can rescue the growth phenotype in mcp24/tgl2A, and
used this system to assess the functionality of the different protein variants. A complementation
assay on non-fermentable (glycerol) carbon sources confirmed these observations (Fig. 8A and
(Odendall et al., 2019)). A significant growth defect was seen for mep2A/tgl2A on glycerol medium,
which could only be rescued by reintroducing HA-Tgl2, and not the other two variants, confirming
that Tgl2-HA and HA-Tgl2.sare indeed non-functional. To compare the steady-state levels of these
variants, we obtained whole cell lysate, cytosolic, and crude mitochondrial fractions from either
tgl2A or yme1A cells expressing these protein variants and analyzed them by Western blotting (Fig.
8B). Native-like HA-Tgl2 was detected in both tg/2A and yme 1A cells, while Tgl2-HA and HA-Tgl2¢ys
were only detected in ymelA cell fractions. These results confirm that Ymel eliminates non-
functional Tgl2 variants. Interestingly, HA-Tgl2¢s cannot form a homodimer, supporting the
hypothesis that the observed dimer is due to disulfide bridges.

Next, we wanted to analyse the complex formation of these non-functional variants of Tgl2.
Mitochondria isolated from tg/2A or yme1A were subjected to BN-PAGE and immunodecoration.
We could detect the complex for HA-Tgl2 in mitochondria isolated from either both tg/2A and
ymelA cells. In contrast, a complex containing Tgl2-HA could be detected only in mitochondria
lacking Yme1l (Fig. 8C). HA-Tgl2¢ys is unable to form a complex even in the absence of Ymel
suggesting that the complex is dependent on cysteine residues. The levels of the loading control -
TOM complex were detected with an antibody against Tom40, and are not altered (Fig. 8C). To
confirm that the cells expressed the different proteins, a fraction of the solubilized mitochondria
was also loaded on SDS-PAGE and analysed using the indicated antibodies (Fig. 8D).
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Figure 8. The MIM protease Ymel mediates the quality control of Tgl2

(A) C-terminally tagged Tgl2 and a Tgl2 variant with all its cysteine residues mutated to serine do
not rescue the growth defect of mep2A/tgl2A. WT or mcp2A/tgl2A cells were transformed with
an empty vector (@) or a plasmid encoding the indicated variants were grown to logarithmic
phase, and dropped on SG-Leu plates in a 1:5 dilution series. Plates were incubated at 30°C and
imaged after 5 days. (B) WT or ymelA cells encoding the indicated Tgl2 variants were grown to
mid-logarithmic phase and whole cell (W), cytosolic (C), or mitochondrial (M) fractions were

isolated by mechanical lysis. The samples were analysed by SDS-PAGE and immunodecoration
with antibodies against HA and Tom20 as a loading control.
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(C) Mitochondria isolated from either WT or ymelA cells expressing the indicated Tgl2 variants
were solubilized with digitonin and analysed by BN-PAGE (4-14%) and immunodecoration with
antibodies against HA or Tom40, as a loading control. (D) Aliquots (5%) of the solubilized
mitochondria described in (C) were taken after the clarifying spin and analysed by SDS-PAGE and
immunodecoration against HA and Tom20, as a loading control.
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3.2.5 Analysis of single cysteine residues of Tgl2

The closest structural homologue of Tgl2 is a bacterial lipase — LipA, an extracellular lipase in the
periplasmic space of P. aeruginosa. LipA has an intramolecular disulfide bond (between C183 and
C235) which is important for the stability of the protein (Noble et al., 1993; Papadopoulos et al.,
2022). Disruption of this disulfide bridge results in loss of lipolytic function as well as rapid
degradation of the protein (Jaeger et al., 1994; Liebeton et al.,, 2001). We used AlphaFold for
structural prediction of Tgl2 (Fig 9A and Jumper et al., 2021; Varadi et al., 2022) and bioinformatics
tools ((Cheng et al., 2006; Ferre & Clote, 2005a, 2005b) to predict the oxidation states of all the
cysteine residues and to predict disulfide bridges between them (Fig 9B and C). Using these tools,
we identified and selected three candidates — C31, C232, and C256, and performed site-directed
mutagenesis to create HA-Tgl2¢c31a, HA-Tgl2c2324, and HA-Tgl2c2s6a, and transformed them into
Atgl2, Amcp2/Atgl2, and Aymel strains. Our complementation assays revealed that all three
mutants could rescue the growth defect of Amcp2/Atgl2 (Fig 9D). Thus, these cysteine residues
are not essential for the functionality of the protein. To study the steady-state levels of the three
mutants, we isolated crude mitochondrial fractions from Atg/2 and Aymel yeast and analysed
them by SDS-PAGE and immunodecoration. We observed expression levels comparable to the
native protein, and, disappointingly, no impact on the stability of the protein. In addition to this,
none of these point mutations had an impact on the homodimerization although C256 and C232
(partially) are exposed outwards and could be involved in intermolecular disulfide bridges (Fig 9E
and F).
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Since the Tgl2 complex is cysteine dependent (Fig 8C), we wanted to analyse if these
cysteine residues are essential for its formation or stability. To achieve this, we performed native
PAGE and immunodecoration with solubilized mitochondria containing either HA-Tgl2c31a, HA-
Tgl2c232, Or HA-Tgl2c256a (Fig 9F). We could not observe any difference in the complex formation
or stability between the native protein and the cysteine mutants. From this we could conclude
that these single point mutations by themselves are not sufficient to destabilize either the
homodimer or oligomer formed by Tgl2 and therefore have no obvious impact on the
functionality of the protein.
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Figure 9. Analysis of the contribution of single cysteine residues of Tgl2

(A) Tgl2 has 8 cysteine residues that can potentially form intra or intermolecular disulfide bridges.
Predicted structure of Tgl2 with the cysteine residues highlighted in red (functional group buried)
or yellow (functional group exposed). (B) Schematic representation of the cysteine residues of
Tgl2 marked with blue arrows and the canonical lipase motif marked in green (Created with
Biorender). (C) Prediction of putative disulfide bonds within Tgl2 using using DIANNA and DIPro.
The cysteine pairs are in decreasing order of probability of disulfide bond formation.
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(D) WT or mcp24/tgl2A cells were transformed with an empty vector ® or a plasmid encoding
the indicated variants were grown to logarithmic phase, and dropped on SD-Leu or SG-Leu plates
in a 1:5 dilution series. Plates were incubated at 30°C and imaged after several days. (E) tg/2A
cells expressing the indicated variants of Tgl2 were grown to mid-logarithmic phase and the crude
mitochondrial fractions were isolated. The samples were analysed by SDS-PAGE and
immunodecoration with the indicated antibodies. (F) Mitochondria from tg/2A cells expressing
the indicated protein variants were solubilized with digitonin and analysed by BN-PAGE (4-14%)
and immunodecoration with antibodies against HA or Tom40.

3.2.6 The predicted catalytic triad of Tgl2 is required for its functionality

The canonical lipase motif - (G/A)XSXG of Tgl2 identifies it as a lipase. The serine residue of this
motif is catalytically active (Fig 10A (Grillitsch & Daum, 2011)). In in vitro lipase assays using
affinity tag-enriched protein extarcts, Ham et al. report that mutating the Serine 144 to
Alanine (HA-Tgl2s144a) leads to loss of lipolytic activity of Tgl2. Moreover, prokaryotic and
eukaryotic lipases typically contain a catalytic triad consisting of Ser-Asp-His, wherein the serine
is often part of the conserved lipase motif. This triad is also analogous to the catalytic center of
serine proteases as well as acyltransferases such as Tgl3 and Lrol (Athenstaedt & Daum, 2003;
Choudhary et al,, 2011; Jaeger et al., 1994) (Fig 10B). We used the structural data of LipA as well
as other bacterial lipases that share homology with Tgl2, to gain more insight into the catalytic
triad of Tgl2. In silico analysis
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of the predicted structure of Tgl2 suggest a catalytic triad comprising of Ser144, Asp259, and
His281 (Fig 10B) (Jumper et al., 2021; Noble et al., 1993; Varadi et al., 2022).

We performed site-directed mutagenesis to mutate the catalytically active S144 and D259 to
alanine, and used the resulting protein variants for our studies. In our complementation assays,
HA-Tgl2s144n was unable to complement the growth phenotype exhibited by Amcp2/Atgl2 on
glycerol-containing medium (Fig 10C). Moreover, HA-Tgl2p2s0a is also unable to rescue the
growth phenotype of Amcp2/Atgl2 on non-fermentable carbon sources (Fig 10D). Therefore, the
residues S144 and D259 are involved in the catalytic triad as loss of these residues leads to
improper or loss of protein function.
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Figure 10. The predicted catalytic triad of Tgl2 is required for its functionality

(A) Tgl2 belongs to the Tgl family of yeast lipases and has a characteristic lipase motif (green) with a
catalytically active serine (yellow arrow). Adapted from Papadopoulos et al 2022. (B) The predicted
catalytic triad of Tgl2 (Ser-Asp-His). The crystal structure of LipA (left) with the intramolecular
disulfide bond highlighted in yellow and the catalytic triad consisting of S82, D229, and H251
highlighted in blue (Noble et al 1993) was employed to predict the structure of Tgl2 (right) with its
cysteine residues in yellow and the predicted catalytic triad (S144-D259-H281) in blue (Jumper et al.,
2021; Varadi et al., 2022).
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(C) WT or mcp24/tgl2A cells transformed with the indicated variants were grown to logarithmic
phase, and dropped on either SD-Leu or SG-Leu plates in a 1:5 dilution series. Plates were
incubated at 30°C and imaged after several days.

3.2.7 Disruption of the catalytic triad affects protein stability

The HA-Tgl2s1444 variant is a non-functional mutant with expression levels comparable to the
native protein (Fig 11A). To determine its ability to form the Tgl2 complex, we solubilized
mitochondria isolated from Atg/l2 and Aymel cell harbouring HA-Tgl2 or HA-Tgl2s144a and
subjected them to native PAGE and immunodecoration. Fig 11B shows that the complex could be
detected comparably for both variants. From this we could conclude the Ser144 is vital for the
catalytic activity of the protein, but has no impact on the stability or structural integrity of the
different forms of the protein.

To characterize the aspartate mutant, we analysed its steady-state levels in Atg/2 and Aymel yeast
strains. We found that in addition to losing its function, the aspartate mutant is expressed notably
less than the native protein in Atgl2 cells but to nearly the same extent in Ayme1 (Fig 11C). This
was also observed for the protein complex, as the higher molecular weight complex is detectable
only in very little amounts for the mutated protein in Atgl2 cells, and comparably to the to the
native complex in Ayme1 yeast (Fig 11D). In contrast to the S144A variant, perturbing the catalytic
triad in mutating the aspartate residue leads to instability in complex formation in WT-like
conditions, suggesting that the aspartate residue is critical for the stability of Tgl2.

These observations are in congruence with previous studies where the catalytically active
aspartate residue was shown to be crucial for protein stability in lipases from G. candidum as well
as human pancreatic lipase and choline esterase. These studies have also confirmed that while
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mutating the serine leads to loss of function, it has no impact on protein stability (@sterlund et al.,
1997).
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Figure 11. Disruption of the catalytic triad leads to protein instability

(A) and (C) tgl2A and ymelA cells expressing the indicated Tgl2 variants were grown to mid-
logarithmic phase and crude mitochondrial fractions were isolated by mechanical lysis. The
samples were analysed by SDS-PAGE and immunodecoration with antibodies against HA and
Tom20, as a loading control.
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(B) and (D) Mitochondria isolated from tgl2A and ymelA cells expressing the indicated Tgl2
variants were solubilized with digitonin and analysed by BN-PAGE (4-14%) and
immunodecoration with antibodies against HA and Tom40.

3.2.8 Genetic interactions of MCP2, TGL2, and YME1 (performed by Dr Kai S Dimmer)

Of the mutants created in this study, the non-functional variants (HA-Tgl2¢ys, Tgl2-HA, HA-
Tgl2s144p, and HA-Tgl2p2s0a) either could not be detected or were detected in very low amounts in
Amcp2/Atgl2 (Fig. 12C). Thus, we needed to answer the question of whether these variants are
indeed non-functional due to loss of enzymatic capacity or are unable to complement due to
their low expression levels.

We attempted to create the triple mutant - Amcp2/Atgl2/Aymel to prevent degradation of the
mutated Tgl2 variants and to monitor their rescue-ability. The triple mutant always yielded non-
viable spores (Fig. 13A).

The lethality of the triple deletion is a consequence of the absence of all three genes, and not from
a combination of the three individual genes since all three single deletion mutants as well as all
combinations of double mutants show no growth defect on glucose at optimal temperatures.
Moreover, the loss of MCP2 or TGL2 does not worsen the growth defect of ymelA cells at elevated
temperatures. Finally, unlike mcp2A/tgl2A, ymelA cells do not show a growth defect on non-
fermentable carbon sources (Fig. 13B). So far we cannot explain the lethality caused by the triple
deletion of MCP2, TGL2 and YME1. We assume that all three IMS proteins share a functional
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relationship. As expected, when we express functional plasmid borne Tgl2 in heterozygous diploid
triple mutant cells prior to tetrad dissection we can retrieve triple deletion cells expressing plasmid
borne Tgl2. On the other hand, plasmids encoding non-functional Tgl2 variants (e.g. Ser144A
mutant) fail to yield triple deletion cells expressing the mutant proteins (data not shown).
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Figure 12. Steady state levels of Tgl2 mutants

(A-C) The expression Tgl2 mutants varies in WT, Aymel, and Amcp2/Atgl2 cells. Cells expressing
the the indicated variants of Tgl2 were grown to mid-logarithmic phase and crude
mitochondrial fractions were isolated. The organelles were analysed by SDS-PAGE and
immunodecoration with antibodies against the HA-Tag and Tom20, as a loading control. All
variants of Tgl2 can be detected in ymelA cells. D259A is detectable in WT cells only in higher
exposures. In Amcp2/Atgl2, only the functional variants can be detected at comparable levels
to the native protein.
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Figure 13. Genetic interactions of MCP2, TGL2, and YME1

Experiment performed by Dr Kai S Dimmer. (A) Excerpt of 11 out of more than 100 dissected
tetrads of the heterozygous triple deletion mutant (mcp2A/MCP2 - tgl2A/TGL2 - ymelA/YME]).
The table below the haploid clones shows the genotype analysis, m: mcp24, t: tgl24, y: ymel,
WT: wild type, (3A): triple deletion — not viable. (B) Growth analysis of single and double deletion
strains of the three genes. Growth at either 30°C or 37°C was analysed by drop dilution assay of
1:5 serial dilutions on synthetic medium containing either glucose (SD) or glycerol (SG).
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3.2.9 Mitochondria lacking Tgl2 have elevated levels of neutral lipids

Through lipidomics analysis from whole cell extracts, we previously reported elevated TAG and
DAG levels in Amcp2/Atgl2 yeast cells (Odendall et al., 2019). Since Tgl2 and Mcp2 are
mitochondrial proteins, we wondered if this perturbation is primarily caused by mitochondria. We
isolated neutral lipids from mitochondria (WT, Amcp2, Atgl2, and Amcp2/Atgl2) and subjected
them to TLC analysis (Fig. 14A). To asses this further, we isolated mitochondria from WT, Amcp2,
Atgl2, and Amcp2/Atgl2, trypsinized them, and purified them by a density gradient. The purity of
the mitochondria was confirmed by SDS-PAGE and immunodecoration against peroxisomal, ER,
and cytosolic proteins. Fig. 14B confirms that the mitochondrial fractions were prepared uniformly
with almost no indication of contact sites with the aforementioned organelles. Lipidomics analyses
of mitochondria revealed elevated TAG and DAG levels in Amcp2/Atgl2 as well as Atgl2. This
suggests that the previously observations reflected the mitochondrial neutral lipid levels, as the
effect appears to be amplified in our lipidomics analysis (Fig. 14C).

These results and the fact that TAG levels the increase observed from the cell lysates (Odendall et
al., 2019) is enhanced in the mitochondrial fractions suggests that the increase in TAG levels is due
to increased mitochondrial or mitochondria associated TAGs.
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Figure 14. Mitochondrial fractions from mcp2A/tql2A cells show increased TAG levels

(A) Neutral lipids were extracted from mitochondria of the indicated cells and analysed by thin-
layer chromatography. The lipids were stained with a primuline solution and visualised under UV-
light. The migration behaviour of standard neutral lipids is indicated on the left. (B) Mitochondria
were isolated from the indicated strains, treated with trypsin and further purified by sucrose
gradient. Crude and purified mitochondria (100 pg) were analysed by SDS-PAGE and
immunodecoration. Tom40 and Hep1, mitochondrial markers, Pex14, peroxisomal marker, and
Erv2, ER marker. (C) Pure mitochondria from (B) were analysed by mass spectrometric analysis.
The amounts of TAGs and DAGs versus total PL is shown as a mean with SD bars (n =3, * p <0.05,
GraphPad T-test calculator). MS analysis was performed by Dr T. Tatsuta (MPI-AGE, Koéln).
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3.3 Discussion

Lipids are the main structural components of biological membranes and their metabolism is crucial
for maintaining cellular health. Even in simpler model organisms like S. cerevisiae, deficiencies in
lipid metabolism result in impaired cellular function and, in some cases, severe growth defects
(Connerth et al., 2012; Enkler & Spang, 2024; Tatsuta & Langer, 2017). There have been significant
advancements in the field of lipid metabolism in the last few years wherein the cross talk between
mitochondria and other organelles has acquired a crucial role. Reports of protein tethers between
the mitochondrial outer membrane (MOM) and membranes of proximal organelles laid the
foundation of the concept of ‘contact sites’, which has become a topic of extensive research. The
ERMES complex was the first of such mitochondrial tethers to be recognized, and has been now
thoroughly elucidated ((AhYoung et al., 2015; Kawano et al., 2018; Kornmann & Walter, 2010).
ERMES subunits have been shown to bind to and traffic phospholipids between the ER and
mitochondria. The loss of these subunits results in severe growth phenotypes and anomalous
mitochondrial morphology (Burgess et al., 1994; Dimmer et al., 2002; Kornmann et al., 2009;
Youngman et al., 2004).

Communication between mitochondria and other organelles such as vacuoles and peroxisomes
has also been described wherein vVCLAMP — the contact sites between mitochondria and vacuoles
have been implicated in endocytosis. It is also known that the loss of VCLAMP leads to impaired PL
transport, suggesting its contribution towards lipid homeostasis (John Peter et al., 2017; Kakimoto
et al., 2018). Rather recently, contact sites between mitochondria with peroxisomes and lipid
droplets have also been suggested, but the exact mechanism of potential lipid transfer between
and within these organelles still needs much exploration (Enkler et al., 2023; Kakimoto et al., 2018;
Schuldiner & Bohnert, 2017; Shai et al., 2016).

In a previous study, we characterized a high copy suppressor of ERMES mutants — Mcp2 (now
Cgd2) which was more recently shown to be involved in CoQ metabolism yeast (Kemmerer et al.,
2021). We first identified Tgl2 in a high throughput screen of deletion of MCP2 where the two
genes displayed negative genetic interaction, more prominently on non-fermentable carbon
sources (Odendall et al., 2019). This growth defect is lost after prolonged growth on fermentable
carbon sources — a phenomenon often observed for lipid metabolism and ERMES mutants
(Burgess et al., 1994; John Peter et al., 2017; Sogo & Yaffe, 1994). We could also show that both
Mcp2 and Tgl2 are proteins located with their functional domains in the IMS (Kemmerer et al.,
2021; Odendall et al., 2019). Of the two, Tgl2 is a soluble protein and relies on the disulfide relay
pathway for its import into the IMS (Odendall et al., 2019).

In my work, we further characterized Tgl2 to gain a better understanding of its molecular function.
We observed that Tgl2 can form homodimers under non-reducing conditions. We suggest that the
dimer is a product of intermolecular disulfide bridges between two or more of the eight cysteine
residues of the protein. We could also confirm an oligomeric form of the protein containing at
least two copies of itself. Moreover, Tgl2 is not conserved amongst higher eukaryotes and has its
closest structural homologues in prokaryotes. These bacterial lipases e.g. LipA from P. aeruginosa,
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were shown to harbour intra as well as intermolecular disulfide bridges. Furthermore, extracellular
lipases of higher eukaryotes like human pancreatic lipase, and lipoprotein lipase also contain
disulfide bonds which are often essential for protein function, allowing dimerization that facilitates
substrate binding or protein stability (Gunn & Neher, 2023; Liebeton et al., 2001). Since mutation
of all cysteine residues of Tgl2 led to loss of function of the protein we decided to mutate three
single cysteine residues that according to structure prediction programs are likely to be involved
in intra- or intermolecular cysteine bridges. Taken together, mutation of cysteine 31, 232, or 256
had no influence on the quaternary structure or function of Tgl2.

The non-functional variants of Tgl2 like Tgl2-HA and Tgl2ys, are undetectable in WT or Atgl2 yeast,
indicating a quality control mechanism for the protein. A vast majority of the IMS proteins rely on
Ymel, an i-AAA protease in the MIM, for their folding and/or degradation (Schreiner et al., 2012).
Ymel has an IMS exposed catalytic domain which is suggested to have chaperone-like activity
(Leonhard et al., 1999). More studies have successfully shown protein folding and assembling
activity of Yme1 (Fiumera et al., 2009; Schreiner et al., 2012). By comparing the steady state levels
of native and non-functional variants of Tgl2, we could confirm that its quality control is
maintained by Ymel. The undetectable or weakly detectable protein mutants could be observed
in Aymel yeast, and were expressed similar to the native Tgl2.

Ham et al. previously characterized the lipase motif of Tgl2. By mutating the conserved serine
residue (S144), they could induce a loss of in vitro lipolytic activity (Ham et al., 2010). Our
observations agree with these studies that despite native-like expression levels in WT and Ayme1
yeast strains, Tgl2s144ais unable to rescue the growth defect of Amcp2/Atgl2.We also characterized
the predicted Ser-Asp-His catalytic triad of Tgl2 and showed that disrupting the catalytically active
aspartate (D259) to alanine leads to a non-functional, poorly expressing variant of the protein.
Studies pertaining to other lipases and acyltransferases show that while a conservative mutation
(aspartate to glutamate) results in only partial loss of function, mutating the aspartate to alanine
or valine leads to loss of enzyme activity as well as stability. This is potentially due to a
compensatory effect of the carboxylic group of glutamate. Since the carboxylic group is essential
for stabilizing interactions with other residues in its vicinity, its loss can lead to protein misfolding
and/or instability (Jiger & Demleitner, 1992; @sterlund et al., 1997).

The catalytic triad is a feature of several enzymes including proteases, acyltransferases, and lipases
(Fig. 15). Some members of the Tgl family exhibit lipase as well as acyltransferase activity,
suggesting that Tgl2 could be involved in transferring fatty acids between substrates rather than
hydrolysing TAGs (Grillitsch & Daum, 2011; Klug & Daum, 2014).

The lipolytic activity of Tgl2 was shown through in vitro lipase assays wherein Tgl2 enriched lysate
was used to hydrolyse different TAGs— of which tributyrin was the optimal substrate. In vivo
analyses using cerulenin could also confirm TAG-specific activity of Tgl2 (Ham et al., 2010; Van
Heusden et al., 1998). We performed lipidomics analysis using mitochondrial fractions devoid of
contact sites and could detect elevated levels of neutral lipids in fractions isolated from
Amcp2/Dtgl2 yeast cells. This observation aligns with our previous lipidomics analysis from whole
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cell lysate fractions of the same strains (Odendall et al.,, 2019). This observation could be
corroborated by TLC assays where, again, we observed higher amounts of TAGs in the lipid
fractions extracted from Amcp2/Atgl2 and Atgl2 mitochondria. Notably, the neutral lipid content
measured in the lipidomics analyses reflected primarily long chain fatty acids, which are the most
abundant forms of TAGs and DAGs. In conclusion, our experiments could show that absence of
Tgl2 results in increased neutral lipids in yeast mitochondria, and this phenotype is amplified in
Amcp2/Atgl2 yeast.

To achieve a rounded understanding of Tgl2, we tried to ascertain its physical interaction partners
through co-immunoprecipitation experiments. Despite using different affinity tags and
experimental conditions, we were unable to find any proteins of interest in our proteomics data.
In a recent mitochondrial complexome study, Tgl2 was shown to co-migrate with Ups1 and Ups3,
both of which are lipid transfer proteins in the IMS (Schulte et al., 2023). To investigate further,
we performed native PAGE with Aupsl yeast expressing HA-Tgl2 but the complex remains
unchanged in size and stability. We were also unable to detect any interaction partners in
preliminary chemical crosslinking experiments (data not shown). We applied the same approach
to Aups2 and Amdm35, proteins in involved in the lipid transfer complex of the IMS, but the
complex was still unchanged (Potting et al., 2010; Tamura, Onguka, Itoh, et al., 2012).

A suitable alternative to our methods could be a high throughout screen of TGL2 using the deletion
of TGL2 as the bait, which could streamline the process of finding genetic or physical interactors.
Another approach to determine interaction partners would be to identify the components of the
Tgl2 complex through complexome analysis. The complex from BN-PAGE could also be analyzed
by mass spectrometry using appropriate controls which might help us identify the components of
the complex. Given the bacterial ancestry of mitochondria and the similarity of Tgl2 with mostly
bacterial lipases, one could speculate that the protein was conserved to simpler eukaryotes like
yeast. However, why higher eukaryotes lack any such mitochondrial lipases is a question yet to be
answered. Finally, identification of the physiological substrates of Tgl2 would be the key to
understanding its true role in the IMS.

The cysteine-rich sequence of Tgl2 posed a challenge for recombinant expression. Despite trying
several affinity-tags and expression conditions, the protein was always insoluble or was co-purified
along with GroEL (data not shown). Extensive washing steps to remove the chaperone led to
destabilization of the protein leading to degradation. Table 2 gives a brief overview of the different
constructs created. In the future, one could also try to purify the protein without its unstructured
N-terminal region which could improve solubility (Fig. 16). Complementation assays with this
construct show that the truncation does not disturb the ability of Tgl2 to rescue the growth
phenotype of Amcp2/Atgl2 (data not shown).
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LipA

Figure 15. Catalytic triad of Lrol — a yeast acyltransferase
(A) Acyltransferases contain a catalytic triad consisting of Ser-Asp-His. Predicted structure of Lrol

with the intramolecular disulfide bonds in yellow and the catalytic triad highlighted in blue. (B)
The Ser-Asp-His catalytic triad of LipA (left, a bacterial lipase), Tgl2 (center, yeast putative TAG

lipase), and Lrol (right, yeast acyltransferase).

Characterization of Tgl2, a putative lipase in yeast mitochondria 47



Table 2. Constructs used for recombinant expression of Tgl2

- S. cerevisiae

Construct Organism Comments
GST-Tgl2 - E. coli BL21 (DE3) | - The construct is soluble but co-elutes with GroEL which
- E. coli Origami could not be removed. We were unable to accurately
B(DE3) estimate the protein amounts because of this reason.
- Construct was used to generate an antibody against
Tgl2.
MBP-Tgl2 - E. coli BL21 (DE3) | Solubility issues. Purification from inclusion bodies was
- E. coli Origami not successful.
B(DE3)
- E. coliRosetta
(DE3)
His-Tgl2 - E. coli - Could not be expressed in E. coli
- S. cerevisiae - Detection issues in both organisms
His-Sumo- - E. coliBL21 (DE3) | - Solubility issues. We tried to purify from inclusion
Tgl2 - E. coli C41 (DE3) bodies, but the construct is highly susceptible to
misfolding and could only be obtained as incorrectly
refolded protein.
- The soluble protein fraction (obtained in minor
amounts) could not be enriched sufficiently.
Strep-Tgl2 - E. coli Shuffle - The construct is soluble but co-elutes with GroEL.
Express
- E. coli C41 (DE3)
- S. cerevisiae
His-Tgl2(a1-17) | - E. coli BL21 (DE3) | - Truncated construct where the disordered N-terminal

region (17 amino acids) is removed to improve solubility.
- Solubility issues in E. coli so we did not pursue it.

- We could purify it in very small amounts from yeast
mitochondria.
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Figure 16. Unstructured N-terminal region of Tgl2

AlphaFold prediction of Tgl2 with the unstructured N-terminus (17 amino acids) highlighted in
red.
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4.1 Introduction

All B-barrel pre-proteins are synthesized by nuclear DNA and rely on cytosolic chaperones like
Hsp70, and its co-chaperones, to hold them in an import competent fashion. Upon recognition by
the TOM receptors Tom20 and Tom70, these precursor proteins are translocated through the
TOM complex (van Wilpe et al.,, 1999; Yamamoto et al., 2009; Yamano et al., 2008). Yeast
mitochondria consist of four main B-barrel proteins- Tom40 which is the main portal for all
mitochondrial proteins, Tob55/Sam50 which enables insertion of B-barrel proteins, the main ion
and metabolite channel VDAC, and Mdm10. Mdm10 exists in two populations, either associated
with the ERMES or the SAM complex (Chacinska et al., 2009; Gupta & Becker, 2021).

The SAM (Sorting and Machinery) or TOB complex consists of 3 subunits, the central B-barrel
subunit - Sam50/Tob55 and its peripheral subunits — Sam37/Tom37 and Sam35/Tob38. Sam50
belongs to the Omp85 protein family and is a 16-stranded B-barrel protein (Habib et al., 2005; A.
Klein et al., 2012; Kozjak et al., 2003; Paschen et al., 2003). It possesses an N-terminal POTRA
(Polypeptide transport associated) domain that protrudes into the IMS and is suggested to be
involved in the recognition of B-barrel precursor proteins (Habib et al., 2006; Hohr et al., 2015;
Noinaj et al., 2017). The last strand of Sam50 contains the canonical B-signal which mediates
binding of incoming precursor proteins with the SAM machinery. Both Sam35 and Sam37 are
known to interact with Sam50 but only Sam35 is in direct contact, capping the B-barrel (Diederichs
et al., 2020). Sam37 is exposed to the cytosolic face of the MOM, and is reported to maintain the
stability of the SAM complex (N. C. Chan & Lithgow, 2008). While the formation of the SAM
complex is poorly understood, multiple studies have confirmed its contribution to the assembly of
the TOM complex in cooperation with the MIM complex and Mdm10. The SAM-Mdm10 complex
not only promotes the release of Tom40 precursors for further assembly, but also promotes
Tom?22 to integrate into the MIM aiding its assembly with the small Toms (Yamano et al., 2010b,
2010a).

Extensive structural and biochemical studies have uncovered how the SAM machinery inserts
these pre-proteins into the MOM. The first and last strands of Sam50 form a lateral gate. The
incoming precursor protein interrupts this lateral gate as it interacts with the sixth- B strand of
Sam50, and undergoes a B-signal swap. The precursor protein is then sequentially inserted, folded,
and accumulated at the lateral gate. As the first and last B-strands of the pre-proteins form H-
bonds to form a B-barrel, itis released from the SAM complex into the MOM (N. C. Chan & Lithgow,
2008; Diederichs et al., 2020, 2020; Hohr et al., 2018). How the pre-protein is released exactly is
still unknown. Two theories have been suggested to explain this mechanism — the lateral gate
release theory suggests temporary membrane thinning at the vicinity of the gate which eases the
release of the pre-protein from Sam50 (Hohr et al., 2018). The barrel-swapping theory suggests
that the folded pre-protein forms a temporary complex with a Sam50, disrupting the dynamic
Sam50 homodimer. As the protein develops and dissociates, it is replaces by a Sam50 molecule to
restore the dimer (Takeda et al., 2021).
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The de novo design of soluble, small B-barrels proteins (<70 amino acids) was only recently
achieved as the small size poses a challenge to the overall stability of the protein. In their
experiments, Vorobieva et al successfully designed, purified, and characterized two artificial B -
barrel proteins — Tmb 2.3 and Tmb 2.17 using molecular simulation and x-ray crystallography
(Vorobieva et al., 2021). In our studies, we wanted to understand if these small, artificial -barrel
proteins emulate the behavior of canonical B-barrel proteins. To achieve this, we expressed these
proteins in yeast, assessed their integration into the mitochondria, and analyzed their behavior
using biochemical methods typical for mitochondrial B -barrel proteins.
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4.2 Results

4.2.1 The assembly of the TMBs depends to a variable extent on the TOB/SAM

complex

Precursors of beta-barrel are received by the TOM receptors and processed through the TOM
complex into the IMS. The small TIM chaperones in the IMS receive the pre-protein and prevent
its aggregation. From here, insertion into the MOM is mediated by the TOB/SAM complex
(Chacinska et al., 2009; Habib et al., 2005; Kozjak et al., 2003; Neupert & Herrmann, 2007,
Wiedemann et al., 2003). Since we could confirm mitochondrial targeting of the TMBs, we wanted
to assess if their insertion into the MOM is dependent on the TOB/SAM complex.

We transformed plasmids encoding either Tmb2.3-HA or Tmb2.17-HA into WT or cells lacking
Mas37/Sam37. The cells were grown at 24°C to avoid accumulation of suppressors at elevated
temperatures as Mas37/Sam37 is important for proper import by the TOB/SAM complex.
Cytosolic, mitochondrial, and ER fractions were obtained by sub-cellular fractionation and the
steady state levels of the TMBs were analyzed by SDS-PAGE and immunoblotting (Fig. 17A and B).

We observed that both Tmb2.3-HA and Tmb.217-HA behave like canonical mitochondrial B-barrel
proteins such as Tom40. The mitochondrial levels of the TMBs as well as Tom40 were significantly
reduced in mas37/sam37A cells as compared to those in WT cells. The steady state levels of the
ER protein, Erv2, and the cytosolic protein, Hsp82, remain unaffected.

While the decrease in the mitochondrial amounts of the TMBs could be explained by mistargeting
to another compartment such as ER, we could not detect any notable amounts of these proteins
in the ER or cytosolic fractions. These observations could also be explained by the reduced
amounts of Tom40 itself, and the lack of Sam37/Mas37 simply exaggerates this effect.
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Figure 17. The membrane integration of both TMBs requires Mas37/Sam37

(A, B) WT and mas37/sam37A yeast cells were transformed with a plasmid encoding for either
Tmb2.3-HA (A) or Tmb2.17-HA (B). Whole cell lysate (WCL), cytosol (Cyt), endoplasmic reticulum
(ER) and mitochondrial (Mito) fractions isolated from the transformed cells were subjected to
SDS-PAGE and immunoblotting with the indicated antibodies. Erv2 is an ER membrane protein,
while Hsp82 is used as a cytosolic marker.
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4.2.2 The POTRA domain is necessary for the oligomerization of Tmb2.3
Sam50/Tob55 is an essential component of the SAM complex. Itself a B-barrel protein, the N-
terminus of the protein protrudes into the IMS, and contains a polypeptide transport-associated
domain (POTRA) domain (Habib et al., 2006; Kutik et al., 2008). While there is contradicting
evidence about the involvement of the POTRA domain in pre-protein recognition, the role of
Sam50/Tob55 in the membrane integration of B-barrel precursors is indisputable.

Habib et al previously showed that the deletion of the POTRA domain results in impairment in the
biogenesis of B-barrel proteins (Habib et al., 2006). To analyze the involvement of this domain in
the biogenesis of the TMBs, we expressed Tmb2.3-HA in cells harboring truncated variants of
Tob55/Sam50. The truncated versions lacked either 50 - tob55(A50), or 102 - tob55(A102), amino
acid residues at the N terminus. BN-PAGE analyses of mitochondria isolated from these cells
revealed that these truncations prevent oligomerization of Tmb2.3-HA. These findings
demonstrate that the N-terminal region of Tob55/Sam50 is required for proper assembly of
Tmb?2.3-HA (Fig. 18).

WT | tob55(A50)| tob55(4102) WT | tob55(A50)| tob55(4102)
23-HA & : + - + + 5 + " +
kDa | & 242 ‘
242 -
146 ]
146 ’

Tob55

Figure 18. The POTRA domain is necessary for the oligomerization of Tmb2.3

Mitochondria were isolated from the indicated Tmb2.3-HA expressing cells harbouring
either native Tob55/Sam50 or its N-terminally truncated variants. Samples were
analysed by BN-PAGE and immunodecoration with antibodies against either the HA tag
(left panel) or Tob55/Sam50 (right panel).
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4.2.3 Point mutation in the B-signal does not significantly alter the biogenesis of

both TMBs

The last B-strand of mitochondrial B-barrel proteins contains a motif termed ‘B-signal’ which
facilitates their interaction with the TOB/SAM complex. This motif consists of Po-X-G-X-X-Hy-X-Hy-
X, where Po stands for a polar residue, G for Glycine and Hy represents a hydrophobic residue.
While alterations in the in the B-signal do not interfere with the initial targeting of newly
synthesized B-barrel proteins to mitochondria, it does affect their interaction with the TOB/SAM
complex (Kutik et al., 2008).

Since the TMBs differ in their targeting and oligomerization behaviours, we wanted to investigate
whether they possess a sequence similar to the B-signal and if further examination of this motif
could explain our observations. Sequence analysis of the TMBs revealed that Tmb2.3 indeed
contained a canonical B-signal, whereas Tmb2.17 had only a partial consensus sequence, wherein
the polar first residue was lacking (Q115 in Tmb2.3, A115 in Tmb2.17).

To assess whether this variation in their B-signals contributes to the differential dependence of
the TMBs on the SAM/TOB complex, the following mutants were generated - Tmb2.3q115a-HA and
Tmb2.17a1150-HA (Fig. 19A). BN-PAGE analysis of mitochondria harbouring these mutated TMBs
showed that Tmb2.3q115a-HA was unable to form oligomers to the same extent as native Tmb2.3-
HA. On the other hand, both Tmb2.18a1150-HA and Tmb2.17-HA were predominantly detected in
their monomeric forms (Fig. 19B). This effect should be further investigating by altering the C-
terminal end of the B-signal which also varies between the TMBs.
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Figure 19. Point mutation in the B-signal does not alter the assembly of Tmb2.3 and Tmb2.17

(A) Conserved mitochondrial B-signal motif (top) and the corresponding B-signal motif in the
TMBs (bottom). The B-signal residues are in red and the mutated residues in bold. Po, polar; Hy,
hydrophobic. (B) Mitochondria isolated from WT cells expressing either wild type or mutant
TMBs were subjected to BN-PAGE and immunoblotting with antibodies against the HA tag. A
high molecular weight form of Tmb2.3-HA is indicated by an asterisk.

4.2.4 Absence of the small TIMs - Tim8 and Tim13, does not affect the import of

the TMBs

The small TIM chaperones — Tim8, Tim9, Tim10, and Tim13, maintain the pre-protein in a soluble
fashion in the IMS, and bring them to the TOB receptor for membrane integration (Mokranjac &
Neupert, 2009). Since both Tim9 and Tim10 are essential proteins, the involvement of small TIMs
in the import of the TMBs could only be tested in the tim84/tim13A mutant (Curran et al., 2002,
2002; Davis et al., 2007; Vial et al., 2002). We expressed the TMBs in WT and tim84/tim134, and
analyzed their steady state levels by SDS-PAGE and immunoblotting. We could not observe any
alterations in the steady-state levels of the TMBs in the mutants. Moreover, there was no impact
on the behaviour of canonical B-barrel proteins as well (Fig. 20). However, import via the IMS has
some redundancy due to the presence of the other two TIM chaperones. Therefore, one cannot
dismiss the argument that the import route of the TMBs is through the IMS, after which they are
inserted into the MOM.
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Figure 20. Absence of the small TIMs - Tim8 and Tim13, does not affect the import of the TMBs

The TMBs were expressed in WT and tim8A4/tim13A yeast cells and the crude mitochondrial
fractions were isolated by mechanical rupture. Whole cell lysate (W) and cytosolic (C) fractions
were collected and subjected to TCA precipitation. The fractions — W, C, and mitochondrial (M)
were analysed by SDS-PAGE and immunoblotting against the indicated antibodies.
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4.3 Discussion

All B-barrel proteins are synthesized in the cytosol, maintained import competent by cytosolic
chaperones and co-chaperones that bring them to the TOM receptors. After their translocation
through the Tom40 pore, the B-barrel proteins are passed on to small TIM chaperones in the IMS
which initiate MOM integration with the help of the TOB/SAM complex (Chacinska et al., 2009;
Neupert, 1997; Neupert & Herrmann, 2007).

In our study, we examined the behavior of two synthetic B-barrel proteins in a physiological
environment typical for B-barrel proteins (Vorobieva et al., 2021). We wanted to investigate the
recognition and assembly of these proteins by the mitochondrial import machinery, and to also
better understand the principles of B-barrel protein biogenesis.

We analyzed the role of the TOB/SAM complex in the assembly of the artificial TMBs by studying
the steady state levels of these proteins in the absence of Sam37/Mas37, which is known to
stabilize the TOB/SAM complex (Kozjak et al., 2003; Wenz et al., 2015). We observed a decrease
in the steady state levels of the TMBs in the mitochondrial fraction in sam37A cells. Previous
studies have reported that destabilization of the complex affects the efficiency with which B-barrel
proteins such as Tom40 are inserted into the MOM (N. C. Chan & Lithgow, 2008; Waizenegger et
al., 2004; Wiedemann et al., 2003). Moreover, this decrease in Tom40 levels could also contribute
to the observed decrease in steady state levels of the TMBs.

Since truncations in the N-terminal POTRA domain of Tob55/Sam50 has been reported to impair
the biogenesis of B-barrel proteins (Habib et al., 2006), we performed BN-PAGE of mitochondria
with N-terminal truncations of Sam50/Tob55. The observations that the higher oligomers of
Tmb2.3 are dramatically reduced in the POTRA domain mutants demonstrate the importance of
the TOB/SAM complex not only for the general import of Tmb2.3-HA, but also for its assembly into
oligomers.

Throughout the course of our study, we observed subtle variations in the behaviours of the two
TMBs - such as the partial mislocalization to the ER of 2.17 and its inability to form higher
oligomers. Sequence analysis revealed variations in the putative B-signal of the two proteins,
which we tried to compensate for by site-directed mutagenesis. Unfortunately, the point
mutations in the B-signal of the proteins did not alter the behavior significantly, and the differential
behavior of Tmb2.17 remained unchanged. The TMBs possess several other diverging properties
such as variable hydrophobicities of the B-strands, thermodynamic stabilities, sequence
dissimilarity, as well as differences in the putative B-signal that could be responsible for their
differential behaviours.

Collectively, this study demonstrates that the biogenesis of de novo designed TMBs, Tmb2.17 and
Tmb2.3, is independent of the TOM receptors and depends variably on the TOB/SAM complex.
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Abstract

Mitochondria derive the majority of their lipids from other organelles through contact sites. These lipids,
primarily phosphoglycerolipids, are the main components of mitochondrial membranes. In the cell, neutral
lipids like triacylglycerides (TAGS) are stored in lipid droplets, playing an important role in maintaining
cellular health. Enzymes like lipases mobilize these TAGs according to cellular needs. Neutral lipids have
not yet been reported to play an important role in mitochondria so the presence of a putative TAG lipase —
Tgl2, in yeast mitochondria is surprising. Moreover, TGL2 and MCP2, a high-copy suppressor for ERMES
deficient cells, display genetic interactions suggesting a potential link to lipid metabolism. In this study, we
characterize in detail Tgl2. We show that Tgl2 forms dimers through intermolecular disulfide bridges and
a cysteine-dependent high molecular weight complex. Furthermore, we could identify the lipase motif and
catalytic triad of Tgl2 through in silico comparison with other lipases and mutated the catalytically active
residues accordingly. Both mutants failed to rescue the growth phenotype of mcp2A/tgl2A double deletion
strain suggesting that the residues are indeed essential for the protein’s function. Additionally, we
discovered that the catalytically active aspartate residue is important for protein stability. Steady state level
analyses with non-functional variants of Tgl2 led to the identification of Ymel as the protease responsible
for its quality control. Finally, we provide evidence that the overall increase in TAGs in cells lacking Mcp2
and Tgl2 originates from the mitochondria. Collectively, our study provides new insights into a key player
in mitochondrial lipid homeostasis.
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Introduction

Mitochondria are complex organelles with a wide array of functions. Their endosymbiotic bacterial ancestry
has enabled them to evolve into semi-autonomous, bilayered entities consisting of an outer (MOM) and an
inner mitochondrial membrane (MIM) (1, 2). These membranes are distinct in their protein content and
lipid composition, separating the organelle into two agueous sub-compartments — the matrix and the
intermembrane space (IMS) (1).

Mitochondrial membranes have a dynamic architecture which is enabled by a continuous supply of lipids
and proteins. While some lipids like cardiolipin are synthesized in organello from its precursor phosphatidic
acid, mitochondria predominantly acquire lipids from the ER. Contact sites facilitating lipid exchange
between mitochondria and lipid droplets (LDs), have also been suggested (3, 4). Once imported, these lipids
need to be re-distributed between the two membranes, but the exact mechanism for this is still unknown.
Alterations in the MICOS (mitochondrial contact site) complex have been shown to disturb mitochondrial
ultrastructure and disrupt cristae morphology, suggesting a potential contribution to lipid metabolism (5—
7). Further, lipid transfer proteins (LTPs) mediating a constant exchange of precursor lipids between the
MIM and MOM, by shuttling them across the IMS have also been reported (8, 9).

The IMS is a small and rather crowded sub-compartment, housing ~50 proteins in yeast and humans (10,
11). While these numbers account for the soluble protein population, there is also a considerable fraction
of MIM and MOM proteins that protrude into the IMS. As a buffer between the two membranes, the IMS
allows for exchange of lipids, metabolites, and movement of proteins to maintain mitochondrial function.
These proteins are typically small and are imported through either the disulfide relay pathway or the stop-
transfer pathway. Additionally, some proteins such as CytC, Prx1, and Adkl to name a few, are imported
through atypical pathways some of which are yet to be fully elucidated (12, 13).

Tgl2 is a TAG lipase localized to the mitochondrial intermembrane space (14, 15). It belongs to the Tgl
family of lipases in S. cerevisiae of which Tgl1, Tgl3, Tgl4, and Tgl5 can be found in LDs or cytosol (16).
A previous study suggested lipolytic activity of Tgl2 towards short-chain TAGs and DAGs and long-chain
TAGs (14). The protein has also been shown to compensate for the absence of DAG Kinase in E. coli (17).
While deletion of TGL2 does not result in a detectable phenotype, we previously reported negative genetic
interactions of TGL2 with MCP2 (15). Elevated levels of Mcp2 appear to maintain lipid trafficking to and
from mitochondria in ERMES (ER mitochondria encounter structure) deficient yeast (18), and the protein
was more recently suggested to be involved in CoQ mobilization from the MIM (19).
Phosphatidylethanolamine (PE) and cardiolipin (CL), which is exclusive to mitochondria, are synthesized
in mitochondria from precursor phosphoglycerolipids (PGL) that not only need to be imported but also
have to be transported across the IMS, since certain biosynthesis steps take place in the MIM. PE is
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synthesized from phosphatidylserine (PS) by the MIM decarboxylase Psd1 (20). CL is assembled from the
precursor phosphatidic acid (PA) in the MIM, before maturation of the unique lipid takes place in the MOM
(9). Of the repertoire of IMS proteins, the only evolutionarily conserved lipid transfer system is the
Ups1/Ups2/Mdm35 complex (9, 21-23). This system is involved in the trafficking of the aforementioned
lipids PA and PS (9, 20, 22, 23). Therefore, and since neutral lipids like TAGs are primarily stored in and
mobilized from LDs, reports on the presence of a putative TAG lipase in the IMS are of high interest.

In this study, we characterized Tgl2 and study its quality control. We identified its putative catalytic site
and investigated its effect on cellular neutral lipid content.
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Results

Tgl2 forms a homodimer that is sensitive to reducing agents

Tgl2 harbours 8 cysteine residues that are essential for its import through the Mia40 pathway (15). Since
all our previous studies about Tgl2 were performed under reducing conditions, we asked whether the protein
would behave differently under non-reducing conditions, especially since the IMS has a more oxidizing
environment than the cytosol or matrix (24). We isolated crude mitochondria from yeast cells over-
expressing N-terminally HA tagged Tgl2 (HA-Tgl2) and omitted any reducing agents during SDS-PAGE.
A higher molecular weight species, approximately twice the size of Tgl2, was observed (Fig. 1A). Further,
this species was lost over time as it could be detected more evidently in whole cell lysates and crude
mitochondria isolated after mechanical rupturing but to a lesser extent in mitochondria obtained from
spheroplasting-based isolation protocols (Fig. 1B). We further quantified this higher molecular weight
species using the MOM protein Tom20 as a loading control. We observed that after shorter isolation
protocols, this species contributes to almost half of the total protein whereas its appearance is noticeably
reduced upon longer isolation protocols (Fig. 1B). Therefore, we assume that the species is not a
consequence of oxidation, which would be expected to increase over time.

Since the size of this higher molecular weight species is twice that of Tgl2, we assumed that it could be a
homodimer of Tgl2. To test our hypothesis, we isolated mitochondria containing two variants of Tgl2 — N-
terminally tagged with either HA- or FLAG-tag and performed co-immunoprecipitation with beads
containing antibodies against the FLAG-tag. We analysed the fractions by Western blotting and
immunodecoration with antibodies against the two different tags. HA-tagged Tgl2 was detected only in the
eluate fraction from mitochondria containing both tagged proteins. As a control, we could verify that the
anti-FLAG beads do not unspecifically interact with HA-Tgl2. Furthermore, we could also detect the higher
molecular weight species of both variants in the eluate fraction (Fig. 1C, arrowhead). Taken together, the
two tagged Tg2 species are indeed interacting with each other, and the higher molecular species is a
homodimer.

The submitochondrial localization of Tgl2 was previously determined through hypo-osmotic lysis assays.
We previously showed by alkaline extraction that monomeric Tgl2 is not embedded in a mitochondrial
membrane (15). However, we wondered if varying the pH could alter the response of the either the
monomeric or the dimeric forms of the protein to alkaline extraction, by retaining any membrane
interactions. Isolated mitochondria were subjected to alkaline extraction assay and the pellet and
supernatant fractions were analysed by SDS-PAGE and immunodecoration was performed with Tom20,
Mcrl, and Hepl as controls for membrane integrated and soluble proteins (Fig. 1D). We observed that the
dimeric form is also found in the soluble fraction, indicating that both forms of the protein are soluble.
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Tgl2 is associated with the mitochondrial inner membrane

A protein like Tgl2, with a suggested affinity for lipids, would need to bind to either of the mitochondrial
membranes to gain access to potential substrates. We asked whether we could observe a specific interaction
of Tgl2 with vesicles of one of the mitochondrial membranes. To ascertain this, we performed a sucrose
gradient centrifugation with mitochondrial vesicles containing HA-Tgl2 (Fig. 2A). The fractions of the
gradient with increasing density were analysed by Western blotting. Tgl2 was found in vesicles of higher
density that also contained the bona fide MIM protein Cox2 and was almost completely absent in lighter
fractions marked by the presence of the MOM protein Tom20 (Fig. 2B and C). These observations suggest
that the vast majority of Tgl2 tends to associate with the MIM.

Tgl2 is a component of a higher molecular weight complex

We previously identified TGL2 in a synthetic genetic array as a negative interactor of MCP2 - encoding the
kinase Mcp2, an IMS facing protein involved in mitochondrial lipid and coenzyme Q homeostasis (15, 18,
19). Although we tried several different experimental approaches, we could not observe any physical
interaction between Tgl2 and Mcp2. (data not shown). Furthermore, co-immunoprecipitation experiments
with tagged Tgl2 (HA-Tgl2) and subsequent proteomic analysis failed to reveal Mcp2 as a putative
interactor. Of note, no other prominent putative interaction partner(s) could be identified through
proteomics analysis (data not shown). The proteomics analysis revealed as hits, ribosomal proteins and
abundant mitochondrial proteins such as Porin and Om45. The dataset also contained MIM proteins like
Mirl, Cox2 and Cycl.

Even though we could not identify any promising putative interactors, we wanted to know if Tgl2 forms a
higher molecular weight complex. To address this, we isolated mitochondria from yeast overexpressing
HA-Tgl2, solubilized them with either digitonin or Triton X-100, and subjected them to blue native (BN)-
PAGE followed by immunodecoration. We observed that Tgl2 migrates as part of a complex of 500kDa
that was more stable upon mild solubilization using digitonin (Fig. 3A). As expected, and to verify that the
anti-HA does not display any cross-reactivity, no signal was detected in cells transformed with an empty
vector. This approach was also used to analyse the Tgl2-complex in yeast deletion strains of potential
physical interactors selected by educated guess. Table S1 provides an overview of the different deletion
mutants analysed and the roles of the respective proteins in mitochondrial physiology. We did not observe
a reduction in size or loss of the Tgl2-complex in any of these mutants. We also monitored the steady state
levels of monomeric and dimeric Tgl2 in the various deletion strains and the dimeric protein was always
detected (Fig. S1). Of note, the Tgl2 complex appears as a sharp solitary band unlike known mitochondrial
membrane embedded complexes like TOM complex that displays a rather broad band in native gels (Fig.
3A). The precise apparent complex of Tgl2 is supported also by a recent high throughput complexome
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study (25). This behaviour further suggests that Tgl2 is indeed a soluble protein of defined quaternary
structure without associated membrane lipids.

We next asked if the Tgl2-containing complex contains multiple copies of the protein. To address this, we
performed an antibody shift assay with solubilised mitochondria containing one or two differently tagged
variants of Tgl2. Prior to the BN-PAGE analysis we incubated the mitochondrial lysate with an antibody
against the HA-tag and immunodecorated against the FLAG-tag. We observed a size shift only for the
sample containing both tagged Tgl2 variants (Fig. 3B). In contrast, the complex was not shifted when
mitochondria containing only FLAG-TgI2 were used. These observations indicate that the complex contains
at least two copies of Tgl2.

The MIM protease Ymel mediates the quality control of Tgl2

Previous studies regarding quality control of IMS proteins have reported that Ymel —an iAAA protease of
the MIM, is responsible for degrading misfolded or unstable proteins in the IMS (26, 27). Many of these
proteins are also substrates of the disulfide relay import pathway. We previously observed that C-terminally
modified Tgl2 and Tgl2¢ys, whose cysteine residues were mutated to serine, were hardly detectable in WT
yeast cells. These protein variants were also unable to rescue the growth defect exhibited by the
mcp2A/tgl2A double mutant (15). To test whether non-functional and potentially misfolded Tgl2 variants
are substrates of Ymel, we compared the steady state levels of N-terminally tagged Tgl2 (HA-Tgl2), C-
terminally tagged Tgl2 (Tgl2-HA), and a variant of Tgl2 wherein all the cysteines are mutated to serine
(HA-Tgl2¢s) in tgl2A to those in ymelA cells. We previously reported that only a functional variant of Tgl2
can rescue the growth phenotype exhibited by mcp2A/tgi2A, and consequently used this as a system to
assess the functionality of HA-Tgl2, Tgl2-HA, and HA-Tgl2.ys, We performed a drop-dilution assay on non-
fermentable (glycerol) carbon sources and could confirm these observations (Fig. 4A and (15)). A stark
growth defect was observed for mcp2A/tgi2A on glycerol-containing medium which could only be rescued
by introducing HA-Tgl2 but not the other two variants, further confirming that Tgl2-HA and HA-Tgl2ys
are non-functional. To compare the steady state levels of these variants, we obtained whole cell lysate,
cytosolic, and crude mitochondrial fractions from either tgl2A or ymelA expressing these protein variants,
and analysed them Western blotting (Fig. 4B). We could detect the native-like HA-TgI2 in tgl2A as well as
ymelA cells. However, Tgl2-HA and HA-Tgl2.s were only detected in the fractions from ymelA cells.
These findings confirm the notion that Ymel is involved in the elimination of non-functional variants of
Tgl2. Interestingly, HA-Tgl2. is unable to form a homodimer, strengthening the hypothesis that the
observed dimer is indeed due to disulfide bridges.
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Next, we wanted to analyse if non-functional Tgl2 variants form higher molecular weight complexes, and
if these complexes behave similar to the native one. We isolated mitochondria from tgl2A and ymelA cells
expressing the variants of interest, solubilized them with digitonin, and analysed them by native PAGE and
immunodecoration (Fig. 4C). We could detect the complex for HA-Tgl2 in mitochondria isolated from
either both tgl2A and ymelA cells. In contrast, a complex containing Tgl2-HA could be detected only in
mitochondria lacking Ymel (Fig. 4C). Of note, HA-Tgl2ys is unable to form a complex even in the absence
of Ymel indicating that the complex is dependent on the cysteine residues. As a control, the levels of the
TOM complex, detected with an antibody against Tom40, are not altered (Fig. 4C). To confirm that the
cells expressed the different proteins, a fraction the solubilized mitochondria was also loaded on SDS-
PAGE and analysed using the indicated antibodies (Fig. 4D).

Analysis of the contribution of single cysteine residues of Tgl2

The closest structural homologue of Tgl2 is a bacterial lipase — LipA, in the periplasmic space of

P. aeruginosa. LipA has an intramolecular disulfide bond (between C183 and C235) which is important for
the stability of the protein (28, 29). Disruption of this disulfide bridge results in loss of lipolytic function as
well as rapid degradation of the protein (28). Since the Tgl2.s variant is highly unstable (Fig. 4B), we
wondered if Tgl2 has any specific intramolecular disulfide bonds that are essential for its stability. Using
AlphaFold for structural prediction of Tgl2, we found cysteine residues (C31 and C150) that are potentially
involved in intramolecular disulfide bridges (Fig. 5 and B, 30, 31). Additionally, we used bioinformatics
tools (32—-34) to predict the oxidation states of all the cysteine residues and to predict disulfide bridges
between them (Fig. 5C). Based on these tools, we selected three cysteine residues — C31, C232, and C256,
and replaced them by site-directed mutagenesis with alanine residues, creating HA-Tgl2¢cz1a, HA-TQI2c2324,
and HA-Tgl2¢zs6a, respectively. Next, we transformed them into tgl2A, mep2A/tgi2A, and ymelA strains.
Surprisingly, we observed that all three mutants could rescue the growth defect of mcp2A/tgi2A (Fig. 5D).
Thus, it seems that despite their predicted participation in disulfide bridges, these cysteine residues are not
essential for the functionality of the protein.

To study the steady-state levels of the three mutants, we isolated crude mitochondrial fractions from tgl2A
and ymelA yeast and analysed them by Western blotting. We observed that the expression levels and the
stability of the cysteine variants were comparable to that of the native protein. Moreover, none of these
point mutations had an impact on the homodimerization although C256 and C232 (partially) are exposed
on the surface of the protein and could be involved in intermolecular disulfide bridges. (Fig. 5E).
Since the Tgl2 complex is cysteine dependent (Fig. 4C), we wanted to analyse if residues C31, C232, and
C256 are essential for its formation and/or stability. With that aim, we analysed isolated mitochondria
harbouring the cysteine variants of Tgl2 by BN-PAGE (Fig. 5F). We could not observe any difference in
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the complex formation or stability between the native protein and the cysteine mutants. Thus, we conclude
that these single point mutations by themselves are not sufficient to destabilize either the homodimer or
oligomer formed by Tgl2 and therefore have no obvious impact on the functionality of the protein.

The predicted catalytic triad of Tgl2 is required for its functionality

Tgl2 was first categorized as a lipase due to its canonical lipase motif - (G/A)XSXG, of which the serine is
the catalytically active residue (Fig. 6A, adapted from (16)). In in vitro lipase assays using affinity tag-
enriched protein, Ham et al reported that mutating the Serine 144 to Alanine (HA-Tgl2s144a) leads to loss
of lipolytic activity of Tgl2 (14). Moreover, prokaryotic and eukaryotic lipases typically contain a catalytic
triad consisting of Ser-Asp-His, wherein the serine is often part of the conserved (G/A)XSXG motif. This
triad is also analogous to the catalytic centre of serine proteases as well as acyltransferases such as Tgl3
and Lrol (35-37 and Fig. S3). We used structural data on LipA as well as other bacterial lipases that share
homology with Tgl2, to gain more insight into the catalytic triad of Tgl2 (38). In silico analysis of the
predicted structure of Tgl2 suggest a catalytic triad comprising of Serl144, Asp259, and His281 (Fig. 6B)
(30, 31, 38).

We performed site-directed mutagenesis to mutate the catalytically active S144 (14) or D259 to alanine.
Next, we tested the ability of the resulting HA-Tgl2s144a and HA-Tgl2p2504 CONstructs to complement the
growth phenotype exhibited by mcp2A/tgi2A cells. As expected, we could observe comparable growth
behaviours of all the tested strains on fermentable carbon sources. In agreement with the previous reports,
HA-Tgl2s142a Was unable to complement the growth phenotype exhibited by mcp2A/tgI2A on glycerol-
containing medium (Fig. 6C). In addition, HA-Tgl2p259a Was also unable to rescue the growth phenotype
under these conditions. These findings indicate that the residues S144 and D259 are potentially involved in
the catalytic triad of the protein function.

Disruption of the catalytic triad leads to protein instability

HA-Tgl2s1444is @ non-functional mutant which can be overexpressed to the same levels as the native protein
and could also form the dimeric form of Tgl2 (Fig. 7A). To study the impact of this mutation on the
quaternary structure of Tgl2, we solubilized mitochondria isolated from tgl2A and ymelA cell harbouring
HA-Tgl2 or HA-Tgl2s144a and subjected them to BN-PAGE and immunodecoration with antibodies against
the HA-tag and Tom40.

Figure 7B shows that the complex could be detected comparably for both variants. We conclude that while
the Ser144 is vital for the catalytic activity of the protein, it has no impact on the stability or structural
integrity of the monomeric, dimeric, or oligomeric form of the protein.
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To analyse if the catalytically active aspartate is crucial for protein stability, we analysed its steady-state
levels in tgl2A and ymelA yeast cells. We found that in addition to losing its function, the aspartate mutant
is expressed notably less than the native protein in tgl2A cells yet to the same extent in ymelA (Fig. 7C).
This expression behaviour was similar for the protein complex, as the higher molecular weight complex is
detectable only in very little amounts for the mutated protein in tgl2A cells, but rather similar to the native
complex in ymelA yeast (Fig. 7D). In contrast to the S144A variant, perturbing the catalytic triad in
mutating the aspartate residue leads to instability in complex formation in WT-like conditions, suggesting
that the aspartate residue is critical for the stability of Tgl2.

These observations are in congruence with previous studies where the catalytically active aspartate residue
was shown to be crucial for protein stability in lipases from G. candidum as well as human pancreatic lipase
and choline esterase. These previous studies have also reported that while mutating the serine residues in
the catalytic triad leads to loss of function, it has no impact on protein stability (39).

Genetic interactions of MCP2, TGL2, and YME1

In this study, we assess several different mutants of Tgl2 to gain a better understanding of the protein’s
structure-function relationship. We use complementation of mcp2/Atgi2A under non-fermentable
conditions as a tool to analyse functionality. Of the mutants created in this study, the non-functional variants
(HA-Tgl2¢ys, Tgl2-HA, HA-Tgl2s1444, and HA-TQgl2p2504) either could not be detected or were detected in
very low amounts in mep2A/tgl2A (Fig. S2). Naturally, this raises the question — are these variants indeed
non-functional due to loss of enzymatic capacity or are they unable to complement the growth phenotype
simply due to their low expression levels.

Since we could show that Ymel is responsible for the turnover of Tgl2 (Fig. 4B), we attempted to create
the triple mutant strain - mcep2A/tgl2A/yme I A to ensure that the mutated Tgl2 variants are not degraded and
the growth defect caused by the absence of Mcp2 and Tgl2, can be analysed in the absence of Ymel.
Interestingly, the deletion of all three genes always yielded non-viable spores. Figure 8A shows an excerpt
from n>100 tetrads dissected.

Of note, we observed that lethality of the triple deletion mutant does not stem from a simple combination
of growth defects caused by the three individual genes. All three single deletion mutant cells as well as all
combinations of double mutations show no growth defect on glucose containing synthetic medium at
normal temperatures. Furthermore, the growth defect of ymelA cells at elevated temperatures is not
worsened by loss of Mcp2 or Tgl2. Finally, on non-fermentable carbon sources where mcp2A/tgl2A cells
show the pronounced growth defect, ymelA cells grow like wild type (Fig. 8B).
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Although we so far cannot explain the cause of lethality of the combined deletion of MCP2, TGL2 and
YMEL, we assume that all three proteins share a functional relationship. As expected, when we express
functional plasmid borne Tgl2 in heterozygous diploid triple mutant cells prior to tetrad dissection we can
retrieve triple deletion cells expressing plasmid borne Tgl2. On the other hand, empty plasmids or plasmids
encoding the non-functional Tgl2 variant Ser144A failed to yield triple deletion cells expressing the mutant
proteins (data not shown).

Mitochondria lacking Tgl2 have elevated levels of neutral lipids

Previous lipidomics analysis from whole cell extracts, indicated elevated TAG and DAG levels in
mep2A/tgl2A yeast cells (15). Since Tgl2 and Mcp2 are mitochondrial proteins, we wondered if this
perturbation is primarily caused by mitochondrial alternations. To that goal, we extracted neutral lipids
from isolated mitochondria (WT, mcp2A, tgl2A, and mcp2A/tgi2A) and subjected them to thin-layer
chromatography (TLC) analysis. We observed a slight increase in TAG levels in organelles from
mep2A/tgi2A (Fig. 9A). To further analyse the lipid composition of the isolated organelles, we trypsinized
the mitochondria from WT, mcp2A, tgl2A, and mep2A/tgi2A, to eliminate protein-mediated mitochondrial
contact sites, and purified the organelles by a density gradient. The purity of the mitochondria was
confirmed by SDS-PAGE and immunodecoration with antibodies against peroxisomal (Pex14), ER (Erv2),
and mitochondrial (Tom40 and Hepl) marker proteins. Figure 9B confirms that the mitochondrial fractions
are essentially free from ER and/or peroxisome contaminations. Lipidomics analyses of the purified
mitochondria revealed elevated TAG and DAG levels in mcp2A/tgi2A (Fig. 9C). Collectively, these results
suggest that the combined deletion of TGL2 and MCP2 results in an increase mitochondrial or
mitochondria-associated TAGs.
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Discussion

The importance of cellular lipid homeostasis is highlighted by its implication for human health (40, 41).
Even in simpler model organisms like S. cerevisiae, deficiencies in lipid metabolism result in impaired
cellular function and, in some cases, severe growth defects (40, 41). There have been significant
advancements in the field of lipid metabolism in the last few years wherein the cross talk between
mitochondria and other organelles has acquired a crucial role. Reports of protein tethers between the
mitochondrial outer membrane (MOM) and membranes of proximal organelles laid the foundation of the
concept of ‘contact sites’, which has become a topic of extensive research. The ERMES complex was the
first of such mitochondrial tethers to be recognized, and has been now thoroughly elucidated (42—44).
ERMES subunits have been shown to bind to and traffic phospholipids between the ER and mitochondria.
The loss of these subunits results in severe growth phenotypes and anomalous mitochondrial morphology
(45-48).

In a previous study, we characterized a high copy suppressor of ERMES mutants — Mcp2 (now Cqd2)
which was more recently suggested to be involved in CoQ metabolism in yeast (19). To better characterize
MCP2/CQD2, we performed a high throughput screen of mcp2A and identified TGL2 as a hit, where the
two genes displayed negative genetic interaction, more prominently on non-fermentable carbon sources

(15). This growth defect is lost after prolonged growth on fermentable carbon sources — a phenomenon
often observed for lipid metabolism defects and ERMES mutants (46, 49, 50). We could also show that
both Mcp2 and Tgl2 are located with their functional domains in the IMS. Of the two, Tgl2 is a soluble
protein and relies on the disulfide relay pathway for its import into the IMS (15).

In our current study, we further characterized Tgl2 to gain a better understanding of its molecular structure
and function. We observed that Tgl2 can form homodimers under non-reducing conditions and suggest that
the dimer is a product of intermolecular disulfide bridges between one of the eight cysteine residues of each
monomer of the protein. We could also confirm an oligomeric form of the protein containing at least two
copies of Tgl2. This complex is also thiol dependent and is susceptible to treatment with stronger detergents.
The formation of a structural important disulfide bridge would agree with a more oxidising environment in
the IMS, similar to the periplasm of bacteria. Moreover, Tgl2 is not conserved amongst higher eukaryotes
and has its closest structural homologues in prokaryotes. These bacterial lipases e.g. LipA from

P. aeruginosa, were shown to harbour intra- as well as intermolecular disulfide bridges. Furthermore,
extracellular lipases of higher eukaryotes like human pancreatic lipase, and lipoprotein lipase also contain
disulfide bonds which are often essential for protein function, allowing dimerization that facilitates
substrate binding or protein stability (28, 51, 52). Since mutation of all cysteine residues of Tgl2 led to loss
of function of the protein we started to mutate three single cysteine residues that according to structure
prediction programs are likely to be involved in intra- or intermolecular cysteine bridges. However,
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replacing the cysteines 31, 232, or 256 to alanine had no influence on the quaternary structure or function
of Tgl2. We cannot exclude the possibility that the function of the cysteine residues is somewhat redundant,
and therefore a single replacement can be compensated by the other seven cysteine residues.

The non-functional variants of Tgl2 like Tgl2-HA and Tgl2.ys, are nearly undetectable in WT or tgl24 cells
despite their over-expression, indicating a strict quality control mechanism for the protein. A vast majority
of the IMS proteins rely on Ymel, an i-AAA protease in the MIM, for their folding and/or degradation (26).
Ymel has an IMS exposed catalytic domain which is suggested to have chaperone-like activity (27). By
comparing the steady state levels of native and non-functional variants of Tgl2, we could confirm that its
quality control is maintained by Ymel. The undetectable or weakly detectable protein mutants could be
observed upon deletion of YMEL, in amounts similar to those of native Tgl2. We also found a synthetic
lethal genetic interaction of MCP2, TGL2, and YME1 which suggests a functional relationship beyond the
quality control of Tgl2 by Ymel. Further studies are required to understand this observation.

Ham et al. previously characterized the lipase motif of Tgl2. By mutating the conserved serine residue
(S144), they could show a loss of in vitro lipolytic activity (14). Our observations that despite native-like
expression levels, Tgl2s144a is unable to rescue the growth defect of mcp2A/tgl2A, agree with their report.
We also characterized the predicted Ser-Asp-His catalytic triad of Tgl2 and showed that disrupting the
catalytically active triad by replacing the aspartate by alanine leads to an unstable, poorly expressing variant
of the protein (51). Studies pertaining to other lipases and acyltransferases show that while a conservative
mutation (aspartate to glutamate) results in only partial loss of function, mutating the aspartate to alanine
or valine leads to loss of enzyme activity and stability. Since the carboxylic group is essential for stabilizing
interactions with other residues in its vicinity, its loss can lead to protein misfolding and/or instability (37,
39)

The catalytic triad is a feature of several enzymes including proteases, acyltransferases, and lipases (Fig.
S3 and (51)). Some members of the Tgl family exhibit lipase as well as acyltransferase activity, therefore
Tgl2 could also be involved in transferring fatty acids between substrates rather than hydrolysing TAGs
like classical lipases (16, 53).

The lipolytic activity of Tgl2 was shown through in vitro lipase assays wherein Tgl2 enriched lysate was
used to hydrolyse different TAGs — of which tributyrin was the optimal substrate (14). Of note, tributyrin
is not a typical physiological substrate in mitochondria. We performed lipidomics analysis of purified
mitochondrial fractions and could detect elevated levels of neutral lipids in fractions isolated from
mcp2A/tgl2A yeast cells. This observation aligns with our previous lipidomics analysis from whole cell
lysate fractions of the same cells (15). Notably, the neutral lipid content measured in the lipidomics analyses
reflected primarily long chain fatty acids, which are the most abundant forms of TAGs and DAGs in yeast
cells. In conclusion, our experiments could show that the combined absence of Tgl2 and Mcp2 results in
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increased neutral lipid amounts in yeast cells which is mainly caused by an increase in TAGSs in
mitochondrial fractions. Further experiments are required to clarify whether TAGs indeed occur in between
the leaflets of either the MIM or the MOM. We cannot exclude that stronger interaction between LDs and
mitochondria, in the absence of Mcp2 and Tgl2, leads to an increased LD co-sedimentation during isolation
of mitochondria. The physiological function of Tgl2 in the IMS is currently unclear and further studies are
required to confirm whether it behaves as a classical TAG lipase or it evolved to perform a different role.
To achieve a comprehensive understanding of Tgl2’s function, we tried to identify its physical partners
through co-immunoprecipitation experiments followed by mass spectrometry experiments. Despite using
different affinity tags and experimental conditions, we were unable to find any proteins of interest in these
assays. In a recent mitochondrial complexome study, Tgl2 was shown to have a similar migration behaviour
as Upsl and Ups3, lipid transfer proteins in the IMS (25). To investigate potential Tgl2-Upsl interactions,
we performed BN-PAGE with ups1A yeast cells expressing HA-Tgl2 but the complex remains unchanged
in size and stability (Fig. S1). We applied the same approach to ups2A and mdm35A, proteins involved in
the lipid transfer complex of the IMS (22, 23), but the complex was still unchanged (Fig. S1).

The closest structural homologue of Tgl2 is a bacterial TAG lipase — LipA, which is located in the
periplasm. Given the bacterial ancestry of mitochondria and the similarity of Tgl2 with mostly bacterial
lipases, one could speculate that during the course of evolution, the protein was maintained in simpler
eukaryotes like yeast but was lost in higher organisms. Taken together, our study sheds new light on the
structure-function relationship of the mitochondrial protein Tgl2.
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Experimental procedures

Yeast strains and growth conditions

Yeast strains were grown in standard rich medium (YP) or synthetic medium (S) with either glucose,
galactose, or glycerol as the carbon source.

Transformation of yeast cells was done using the lithium acetate method. For strains transformed with
plasmids, synthetic media with appropriate selection marker(s) were used.

For drop dilution assays, yeast cells were cultured to an ODggo of 1.0 and serially diluted in five-fold
increments. An aliquot of the serially diluted cultures (5 pL) was spotted onto the corresponding solid
medium, and the cells were incubated at 30 or 37°C.

All deletion strains were made using tetrad dissection and confirmed by PCR using primers specific for the
genes of interest.

All S. cerevisiae strains used in this study are listed in Table 2.

Recombinant DNA technigues

The previously constructed plasmid pGEM-Tgl2 (15) was used as a template for inserting a FLAG tag at
the N-terminus of the ORF of Tgl2. The construct pPGEM-HAT(gI2 was created using primers from (15) and
this construct served as a template for site-directed mutagenesis reactions. Primer pairs containing the
mutation of interest were used to generate a mutated sequence of Tgl2. The PCR products were digested
using Dpnl and transformed into E. coli cells for further screening. After confirmation with sequencing, the
mutated constructs were cloned into a yeast expression plasmid.

All primers and plasmids used in this study are listed in Table 1 and 3, respectively.

Isolation of mitochondria

Mitochondria were isolated from yeast cells using a previously published protocol based on differential
centrifugation (54). Yeast cultures (2-5 L) were grown at 30°C and harvested at an ODgoo 0f 0.8-1.6 by
centrifugation (3000 xg, 5 min, RT). The cell pellets were washed, weighed and resuspended in
resuspension buffer (100 mM Tris and 10 mM DTT). The cell suspension was incubated at 30°C for 10
min after which the cells were harvested as above. The cell pellets were washed with a spheroplasting buffer
(1.2 M Sorbitol and 20 mM Sodium Phosphate, pH 7.2). Next, the cell pellets were resuspended in
zymolyase-containing spheroplasting buffer and incubated at 30°C for at least 1 h with constant shaking.
The spheroplasts were harvested (1100 xg, 5 min, 2°C), resuspended in Homogenization buffer (0.6 M
Sorbitol, 1 mM EDTA, 1 mM PMSF, 0.2% (w/v) fatty-acid free BSA, and 10 mM Tris pH 7.4), and dounced
10-12 times. The lysed spheroplasts were first subjected to a clarifying step (2000 xg, 5 min, 2°C) and then
to a high-speed centrifugation step (17,500 xg, 15 min, 2°C). The pellets were washed with the isotonic
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SEM buffer (250 mM sucrose, 1 mM EDTA, and 10 mM MOPS/KOH pH 7.2) containing 2 mM PMSF
and centrifuged as in the previous step. The pellet obtained after the high-speed spin is the mitochondrial
fraction. The pellet was resuspended in SEM buffer, snap-frozen in liquid N, and stored at -80°C until
further use.

To obtain pure mitochondrial fractions, the mitochondrial pellet obtained after differential centrifugation
was subjected to trypsinization (5 pg of trypsin per mg of mitochondrial protein) on ice for 20 min. The
reaction was stopped by adding Soybean Trypsin Inhibitor (STI) (10 pug STI per ug of Trypsin) and
incubated on ice for 30 min. The trypsinized mitochondria were mixed with 2-3 mL of SEM buffer
containing 1 mM PMSF and loaded on a sucrose step gradient (20, 30, 40, 50, and 60% (w/v) sucrose in 10
mM MOPS/KOH pH 7.4, 100 mM KCI, 1 mM EDTA, 1 mM PMSF). The gradients were centrifuged
(210,000 xg, 16 h at 4°C) using a swing-out rotor (SW40Ti). The fractions between the 40%-60% phase -
the mitochondrial fractions, were collected and diluted with 35 mL SEM buffer containing 2 mM PMSF.
A pure mitochondrial pellet was harvested by centrifuging the suspension (17500 xg, 15 min at 4°C). The
pellet was resuspended in SEM buffer, snap-frozen, and stored at -80°C until further use.

Alkaline Extraction

Isolated mitochondria (50 pg) were resuspended in 50 puL of 20 mM MOPS/KPH pH 7.5. Next, 50 pL of
0.1 M Sodium carbonate solution of varying pH (11 or 11.5) was added to the samples, which were then
incubated on ice for 30 min. The samples were centrifuged (94000 xg, 30 min, 4°C), the pellet was
resuspended in sample buffer. The supernatant was subjected to trichloroacetic acid (TCA) precipitation
and the resulting pellet was also resuspended in sample buffer. The samples were boiled at 95°C for 10 min
and analysed by SDS-PAGE and immunodecoration.

All antibodies used in this study are listed in Table 4.

Isolation of mitochondria by mechanical rupture.

Yeast cultures (100-200mL) were grown at 30°C and harvested at an ODggo 0f 0.8-1.6 by centrifugation
(3000 xg, 5 min, RT). The pellet was resuspended in SEM buffer and the cells were disrupted by repeated
cycles of vortexing with glass beads at 4°C. The lysed cells were centrifuged (2000 xg, 3 min, 4°C) to
remove unbroken cells and the crude mitochondria were pelleted from the supernatant by centrifugation
(14000 xg, 12 min 4°C).
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Co-Immunoprecipitation

Mitochondria (1 mg) were re-isolated and solubilized in 500 uL of Tris-buffered saline (TBS) supplemented
with protease inhibitor cocktail and 1% (w/v) digitonin. The mitochondria were incubated on an orbital
shaker for 30 min at 4°C and the solubilized material was centrifuged (18000 xg, 30 min, 4°C). Magnetic
Anti-FLAG beads were incubated with the supernatant on an orbital shaker for 1 h at 4°C. The beads were
washed three times with 500 pL of TBS supplemented with protease inhibitor cocktail, and the bound
proteins were eluted using a three-fold excess of FLAG peptide (150 ng/uL in TBS).

BN-PAGE

Mitochondria (50 pg) were solubilized in 50 pL of SEM buffer supplemented with either Triton X-100
(0.5% (v/v)) or digitonin (1% (w/v)). The solution was incubated for 30 min at 4°C on an orbital shaker
and the solubilized fraction was subjected to a clarifying spin (20000 xg, 15 min, 4°C). The supernatant
was mixed with the loading dye (5% (w/v) Coomassie blue G, 500 mM 6-amino-N-caproic acid, 100 mM
Bis-Tris, pH 7.0) and analysed on a 4-14% acrylamide blue native gel. The gels were blotted onto a PVDF

membrane and further analysed by immunodecoration.

Antibody shift assay

Mitochondria (50 pg) were resuspended in 50 yuL of SEM buffer supplemented with 1% digitonin and
incubated on an orbital shaker for 30 min at 4°C. The solubilized mitochondria were subjected to a
clarifying spin (20000 xg, 30 min, 4°C) and the supernatant was incubated with 1 pL of SEM buffer or 0.5
pL or 1 pL of anti-HA antibody. The samples were incubated on ice for 30 min and then centrifuged briefly
(13000 xg, 10 min, 4°C). The supernatant was mixed with the loading dye as above and analysed by BN-
PAGE and immunodecoration.

Extraction and analysis of mitochondrial neutral lipids

Lipid extraction of isolated mitochondria was done according to a published protocol (55).

Briefly, 500 ug of mitochondria were resuspended in a mixture of chloroform:methanol 1:2 (v/v), vortexed,
and incubated on ice for 30 min. Next, 1.25 volumes of chloroform followed by 1.25 volumes of water
were added - the samples were vortexed vigorously after each addition. The organic and inorganic phases
were separated by centrifuging the samples (1000 xg, 10 min, RT). The lower, organic phase was collected
with a Pasteur pipette and the samples were evaporated by SpeedVac. The lipids were resuspended in 30 pL
of chloroform:methanol 1:1 (v/v) and immediately used for TLC.

Neutral lipids were separated by TLC using glass plates of pre-coated 0.25 mm silica gel with fluorescent
indicator UVass. The silica plates were prepared by washing them with a mixture of chloroform:
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methanol 1:1 (v/v) and then allowing them to dry for 15-20 min. The plates were then sprayed with a
solution of 2.3% boric acid (w/v) in ethanol and dried in an oven for 15 min at 100°C.

The lipids were spotted gradually (3-5 pl at a time) until the entire volume was spotted onto the TLC plate.
The spots were air dried and then separated by a solvent mixture of
chloroform/ethanol/water/trimethylamine (30:35:7:35, v/v/iv/v). After the samples have migrated through
the whole distance completely, the plate was air dried and the run was repeated to ensure successful
separation. The plate was allowed to dry completely and then sprayed with a 0.05% (w/v) primuline solution
in 80% (v/v) acetone. The plate was visualised under a UV-lamp.

Sucrose Gradient

A sucrose gradient (0.9/1/1.1/1.2/1.3 M) to separate MIM and MOM vesicles was performed according to
a previously published protocol (18). Briefly, Mitochondria (3 mg) were reisolated and resuspended in 10
mL of swelling buffer (20 mM HEPES/KOH pH 7.4, 2 mM EDTA, 2 mM PMSF) and incubated for 1 h at
4°C on an orbital shaker. The sucrose concentration was adjusted to 0.45 M using a High Sucrose buffer
(2.3 M Sucrose 20 mM HEPES/KOH pH 7.4, 2mM EDTA, 2 mM PMSF). The suspension was sonicated
eight times with 10 second pulses, alternating with a break of 1 min on ice. The sonicated sample was
clarified (35000 xg, 30 min, 4°C) and the pellet was resuspended in 15 mL of swelling buffer. The solution
was centrifuged (200,000 xg, 2 h, 4°C) to harvest the mitochondrial vesicles. The pellet was resuspended
in 400 L of low sucrose buffer (0.45 M Sucrose 20 MM HEPES/KOH pH 7.4, 2 mM EDTA, 2 mM PMSF),
pipetted up and down several times, and sonicated in a sonifying bath at 4°C for 5 min.

Next, the sample was clarified (35000 xg, 15 min, 4°C) and the pellet was resuspended in 1.5 mL of swelling
buffer. The supernatant (350 pL) was transferred to a new tube and the sucrose concentration was adjusted
to 0.85M using the sucrose gradient buffer (2.5 M sucrose, 5 mM MOPS/KOH, 1 mM EDTA, 50 mM KClI).
The supernatant was loaded onto a sucrose step gradient assembled using the sucrose gradient buffer and
the gradient buffer (5 MM MOPS/KOH, 1 mM EDTA, 50 mM KCI) where each layer has a volume of 625
pL. The gradient was centrifuged in a SW60 rotor (230000 xg, 16 h, 4°C) such that the lighter MOM
vesicles float up while the denser MIM vesicles settle at the bottom. After the centrifugation step, fractions
(250 uL, each) were collected starting from the top of the gradient, resuspended in sampled buffer, and
analysed by SDSPAGE and immunoblotting.
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Mass spectrometric lipid analysis

Quantitative analysis of lipids was performed by standard nanoelectrospray ionization mass spectrometry
(56, 57). Lipids were extracted from 50 g of yeast mitochondria in the presence of internal standards for
the major phospholipid classes and neutral lipids (PC 17:0-14:1, PE 17:0-14:1, P1 17:0-14:1, PS 17:0-14:1,
PG 17:0-14:1, 15:0-18:1-d7-PA; Cardiolipin mix I; d5-TG ISTD Mix I; d5-DG ISTD Mix I; d5-DG ISTD
Mix II, all from Avanti Polar Lipids). Extraction was performed according to Bligh and Dyer with some
optimization for whole yeast cells (52). Lipids were dissolved in 10 mM ammonium acetate in methanol
and analyzed in a QTRAP 6500 triple quadrupole mass spectrometer (SCIEX) equipped with a
nanoinfusion spray device (TriVersa NanoMate, Advion). Mass spectra were processed by LipidView
Software Version 1.2 (SCIEX) for identification and quantification of lipids. Lipid amounts (pmol) were
corrected for response differences between internal standards and endogenous lipids.
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Figure Legends

Fig. 1 Tgl2 forms a homodimer that is sensitive to reducing agents.

(A) Tgl2 forms a higher molecular weight adduct under non-reducing conditions. Cells lacking TGL2
(tgl2A) were transformed with a plasmid encoding HA-Tgl2 and grown to mid-logarithmic phase.
Mechanical lysis was used to isolate whole cell (W), cytosolic (C), and mitochondrial (M) fractions. The
samples were mixed with sample buffer with or without B-mercaptoethanol (B —ME) and analysed by SDS-
PAGE and immunodecoration with antibodies against the HA-tag, as well as Tom20 (mitochondrial
marker) and Bmhl (cytosolic marker). The higher molecular weight adduct is marked by an arrowhead. (B)
The higher molecular weight adduct is more pronounced upon shorter isolation protocols. Cells expressing
HA-Tgl2 were grown to mid-logarithmic phase and mitochondrial fractions were isolated afterwards either
mechanical lysis (1) or spheroplasting (2). The samples were analysed by non-reducing SDS-PAGE and
immunodecoration. Quantification of the adduct was done with Tom20 as a loading control and he total
Tgl2 amounts were taken as 100%. The graph represents the mean values £+ SD of four independent
experiments. (C) The adduct is a homodimer of Tgl2. Mitochondria were isolated from tgl2A cells
expressing either HA-TgI2 or co-expressing HA-Tgl2 and FLAG-Tgl2. The organelles were solubilized
and subjected to co-immunoprecipitation with anti-FLAG beads. Samples from input (1), unbound (U, 5%),
wash (W, 5%) and eluate fractions (E, 50%) were analyzed by SDS-PAGE and immunodecoration with
antibodies against the FLAG-tag. (D) Tgl2 dimer is soluble. Mitochondria containing HA-Tgl2 were
subjected to alkaline extraction at different pH values. The supernatant (S) and pellet (P) fractions were
analysed by SDS-PAGE and immunodecoration with the indicated antibodies. Tom20 (membrane
integrated protein), Hepl (soluble matrix protein), Mcrl (a protein with two isoforms, long 34 kDa form
embedded in the MOM and shorter soluble form in the IMS).

Fig. 2 Tgl2 associates with the mitochondrial inner membrane.

(A) The majority of Tgl2 is found in mitochondrial vesicles. Mitochondrial vesicles were obtained after
swelling and sonication of mitochondria from cells containing HA-Tgl2. The indicated control fractions
were collected after swelling, vesicle generation, and clarifying spins. The sample was sonicated to form
vesicles followed by clarifying spin to yield supernatant — SV and pellet — PV fractions. The vesicles in PV
was sonicated again and subjected to a slower clarifying spin resulting in SG (supernatant) and PG (pellet).
Fraction SG was further subjected to a sucrose gradient to separate the MOM and MIM vesicles. The
fractions were analysed by SDS-PAGE and immunodecoration. (B) Tgl2 associates with MIM vesicles.
The mitochondrial vesicles from S4 fraction (depicted in panel A) were separated by sucrose density
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centrifugation. Fractions were collected and analysed by SDS-PAGE and immunodecorated with the
indicated antibodies, Cox2 (MIM protein) and Tom20 (MOM protein). (C) Tgl2 and Cox2 containing
fractions coincide. Intensities corresponding to Tgl2, Cox2, and Tom20 were guantified and normalized to
the total content of each protein.

Fig. 3 Tgl2 is a component of a higher molecular weight complex

(A) Tgl2 forms a higher molecular weight complex. Mitochondria containing HA-Tgl2 were solubilized
with either digitonin or TritonX-100 (Tx-100) and subjected to BN-PAGE (4-14%) and immunodecoration
with antibodies against either HA-tag or Tom40, as a loading control. (B) Tgl2 complex contains at least 2
copies of the protein. Mitochondria containing either only HA-Tgl2 or HA-Tgl2 and FLAG-Tgl2 were
solubilized with digitonin. The lysate was incubated with 0, 0.5, or 1 pL anti-HA antibody (a-HA) and
analysed by BN-PAGE (4-14%) and immunodecoration with anti-FLAG antibody.

Fig. 4 The MIM protease Ymel mediates the quality control of Tgl2

(A) C-terminally tagged Tgl2 and Tgl2 variant with all its cysteines mutated to serine do not rescue the
growth defect of mcp2A/tgl2A. WT or mcp2A/tgl2A cells were transformed with an empty vector (<) or a
plasmid encoding the indicated variants were grown to logarithmic phase, and dropped on SG-Leu plates
in a 1:5 dilution series. Plates were incubated at 30°C and imaged after 5 days. (B) WT or ymelA cells
encoding the indicated Tgl2 variants were grown to mid-logarithmic phase and whole cell (W), cytosolic
(C), or mitochondrial (M) fractions were isolated by mechanical lysis. The samples were analysed by SDS-
PAGE and immunodecoration with antibodies against HA and Tom20 as a loading control. (C)
Mitochondria isolated from either WT or ymelA cells expressing the indicated Tgl2 variants were
solubilized with digitonin and analysed by BN-PAGE (4-14%) and immunodecoration with antibodies
against HA or Tom40, as a loading control. (D) Aliquots (5%) of the solubilized mitochondria described in
(C) were taken after the clarifying spin and analysed by SDS-PAGE and immunodecoration against HA
and Tom20, as a loading control.

Fig. 5 Analysis of the contribution of single cysteine residues of Tgl2

(A) Tgl2 has 8 cysteine residues that can potentially form intra or intermolecular disulfide bridges.
Predicted structure of Tgl2 with the cysteine residues highlighted in red (functional group buried) or yellow
(functional group exposed). (B) Schematic representation of the cysteine residues of Tgl2 marked with blue
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arrows and the canonical lipase motif marked in green (Created with Biorender). (C) Prediction of putative
disulfide bonds within Tgl2 using using DIANNA and DIPro. The cysteine pairs are in decreasing order of
probability of disulfide bond formation. (D) WT or mcp2A/tgl2A cells were transformed with an empty
vector () or a plasmid encoding the indicated variants were grown to logarithmic phase, and dropped on
SD-Leu or SG-Leu plates in a 1:5 dilution series. Plates were incubated at 30°C and imaged after several
days. (E) tgl2A cells expressing the indicated variants of Tgl2 were grown to mid-logarithmic phase and
the crude mitochondrial fractions were isolated. The samples were analysed by SDS-PAGE and
immunodecoration with the indicated antibodies. (F) Mitochondria from tgl2A cells expressing the
indicated protein variants were solubilized with digitonin and analysed by BN-PAGE (4-14%) and
immunodecoration with antibodies against HA or Tom40.

Fig. 6 The predicted catalytic triad of Tgl2 is required for its functionality

(A) Tgl2 belongs to the Tgl family of yeast lipases and has a characteristic lipase motif (green) with a
catalytically active serine (yellow arrow). Adapted from (16). (B) The predicted catalytic triad of Tgl2 (Ser-
Asp-His). The crystal structure of LipA (left) with the intramolecular disulfide bond highlighted in yellow
and the catalytic triad consisting of S82, D229, and H251 highlighted in blue ((29, 30) was employed to
predict the structure of Tgl2 (right) with its cysteine residues in yellow and the predicted catalytic triad
(S144-D259-H281) in blue. (C) WT or mcp2A/tgl2A cells transformed with the indicated variants were
grown to logarithmic phase, and dropped on either SD-Leu or SG-Leu plates in a 1:5 dilution series. Plates
were incubated at 30°C and imaged after several days.

Fig. 7 Disruption of the catalytic triad leads to protein instability

(A) and (C) WT and ymelA cells expressing the indicated Tgl2 variants were grown to mid-logarithmic
phase and crude mitochondrial fractions were isolated by mechanical lysis. The samples were analysed by
SDS-PAGE and immunodecoration with antibodies against HA and Tom20, as a loading control. (B) and
(D) Mitochondria isolated from WT and ymelA cells expressing the indicated Tgl2 variants were
solubilized with digitonin and analysed by BN-PAGE (4-14%) and immunodecoration with antibodies
against HA and Tom40.

Fig. 8 Genetic interactions of MCP2, TGL2, and YME1
(A) Excerpt of 11 out of more than 100 dissected tetrads of the heterozygous triple deletion mutant
(mep2A/MCP2 - tgl2A/TGL2 - ymelA/YMETI). The table below the haploid clones shows the genotype
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analysis, m: mcp2A, t. tgl2A, y: ymelA, WT: wild type, (3A): triple deletion — not viable. (B) Growth
analysis of single and double deletion strains of the three genes. Growth at either 30°C or 37°C was
analysed by drop dilution assay of 1:5 serial dilutions on synthetic medium containing either glucose (SD)
or glycerol (SG).

Fig. 9 Mitochondrial fractions from mcp2A/tgl2A cells show increased TAG levels.

(A) Neutral lipids were extracted from mitochondria of the indicated cells and analysed by thin-layer
chromatography. The lipids were stained with a primuline solution and visualised under UV-light. The
migration behaviour of standard neutral lipids is indicated on the left. (B) Mitochondria were isolated from
the indicated strains, treated with trypsin and further purified by sucrose gradient. Crude and purified
mitochondria (100 pg) were analysed by SDS-PAGE and immunodecoration. Tom40 and Hepl,
mitochondrial markers, Pex14, peroxisomal marker, and Erv2, ER marker. (C) Pure mitochondria from (B)
were analysed by mass spectrometric analysis. The amounts of TAGs and DAGs versus total PL is shown
as a mean with SD bars (n = 3, * p < 0.05, GraphPad T-test calculator).
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Tables

Table 1: Primers used in this study

Name Sequence Remarks
FLAG- GGGGAATTCATGGACTACAAAGACGATGACGACAAG Insert
Tgl2-For | AAAAATGATAATAAAGCTAATGATATAATAATA i
terminus of
Tgl2
Tgl2S144A- | CTAATCGCACACGCAATGGGGGGAC Mutate Ser
F (TCA) to
or Alanine
Tgl2S144A- | GTCCCCCCATTGCGTGTGCGATTAG (GCA) at
position
Rev 144
Tgl2o0s0a- | GGTTGCCCCAACGCTGGCCTTGTAACCATA Mutate Asp
For (GAT) to
0 Alanine
Tgl2oos0a- | TATGGTTACAAGGCCAGCGTTGGGGCAACC (GCT) at
position
Tol2cyss1a- | AAMAAATCCTATTGTATTTGCCCATGGTTTATCAGGATTT | Mutate
Cys(TGC)
For to
Tgl2cyssia- | AAMATCCTGATAAACCATGGGCAAATACAATAGGATTTTT | Ala(GCC)
at position
Rev 31
Tgl2cys232a1- | TCTTATTTTTCGTATGGAGCCTCCTTTGTGCCTAAGTG Substitution
of
For Cys(TGC)
Tgl2cys232a1- | CACTTAGGCACAAAGGAGGCTCCATACGAAAAATAAGA toI 6c0)
Ala
Rev at position
232
Tgl2cys2s6a1- | AGGTCTAAAGGTGCCCCCAACGATGGCCT Substitution
of
For Cys(TGC)
Tgl2cys2s6a1- | AGGCCATCGTTGGGGGCACCTTTAGACCT to
Ala(GGC)
Rev at position
256
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Table 2: S. cerevisiae strains used in this study

Name Genotype Reference

W303a MAT a; ade2-1; can1-100; his3-11; leu2-3,112; (Thomas & Rothstein,
trplA2; ura3-52 1989)

W303a MAT a; ade2-1; can1-100; his3-11; leu2-3,112; (Thomas & Rothstein,
trplA2; ura3-52 1989)

YKD432 | W303a; mcp2A::HIS3MX6 (Tanetal., 2013)

YKD898 | W303a; tgl2A:: KanMX4 (Odendall et al., 2019)

YKD1009 | W303a; mcp2A:: HIS3MXG; tgl2A::KanMX4 (Odendall et al., 2019)

YKD552 | W303a; ymelA:: KanMX6 Gift from T. Langer

YKD492 | W303a; gep4A:: KanMX4 (Odendall et al., 2019)

YKD472 | W303a; psd1A:: KanMX4 (Odendall et al., 2019)

YTT158 | W303a; ups2A::Nat (Potting et al., 2010)

YTT159 | W303a; upsiA::Nat (Potting et al., 2010)

YKD806 | W303a; mdm35A::HIS3MX6 Lab stock

YKD180 | W303a; mdm3IA::KANMX4 (Dimmer et al., 2002)

YKD182 | W303a; mdm32A::HIS3MX6 (Dimmer et al., 2002)

YKD175 | W303a; fz0/A::HIS3MX6 Lab stock

BY4741 | MATa his3A1 leu 2A0 met15A0 ura3A0 Lab stock

YMS306 | BY4741;0m45A::KANMX4 Euroscarf

YKD986 | W303a; tglIA::KANMX4 Lab stock

YKD991 | W303a; tg/3A::KANMX4 Lab stock

YDP038 | W303a; fisIA::KANMX4 Lab stock

YFO002 | W303a; rho® Lab stock

YDA283 | BY4741,; crdIA::HIS3MX6 Euroscarf

YDA107 | BY4741; tazIA::KANMX4 Euroscarf
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Table 3: List of plasmids used in this study

Name Promoter Markers | Coding Sequence

pYX142-HA-Tgl2 TPI LEU2, Tgl2 with N-terminal HA-Tag
AmpR

pYX142-Tgl2-HA TPI LEUZ, Tgl2 with C-terminal HA-Tag
AmpR

pPYX142-HA-Tgl2¢ys TPI LEU2, Tgl2 with N-terminal HA-Tag, all cysteines
AmpR mutated to serine

pGEMA4-HA-Tgl2 T7 AmpR Tgl2 with N-terminal HA-Tag

pYX122-FLAG-Tgl2 | TPI HIS3, Tgl2 with N-terminal FLAG-Tag
AmpR

pYX142-HA-TQl2s144n | TPI LEU2, Tgl2 with N-terminal HA-Tag, S144A
AmpR mutation

pYX142-HA-Tgl2czia | TPI LEUZ, Tgl2 with N-terminal HA-Tag, C31A
AmpR mutation

PYX142-HA-Tgl2c2324 | TPI LEU2, Tgl2 with N-terminal HA-Tag, C232A
AmpR mutation

pYX142-HA-Tgl2c2s6a | TPI LEU2, Tgl2 with N-terminal HA-Tag, C256A
AmpR mutation

pYX142-HA-Tgl2p250a | TPI LEU2, Tgl2 with N-terminal HA-Tag, D259A
AmpR mutation

Table 4: List of antibodies used in this study

Antibody Dilution | Source
Polyclonal rat anti-HA 1:1000 Roche

Polyclonal rabbit anti-Erv2 1:1000 Lab of Roland Lill
Polyclonal rabbit anti-Hepl 1:2000 Lab stocks
Polyclonal rabbit anti-Pex14 1:10000 | Lab stocks
Polyclonal rabbit anti-Bmh1l 1:10,000 | Lab stocks

Polyclonal rabbit anti-Tom20 1:4000 Lab stocks
Polyclonal rabbit anti-Tom40 1:4000 Lab stocks
Polyclonal rabbit anti-Tom70 1:2000 Lab stocks
Polyclonal rabbit anti-FLAG 1:2000 ThermoFischer

Horseradish peroxidase coupled ]
. . 1:10000 | 1721019 (Bio-rad)
goat anti-rabbit

Horseradish peroxidase coupled
. 1:5000 ab6845 (Abcam)
goat anti-rat
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Mitochondrial outer membrane b-barrel proteins are encoded in the

nucleus, translated in the cytosol and then targeted to and imported into
the respective organelles. Detailed studies have uncovered the mechanisms
involved in the import of these proteins and identified the targeting signals
and the cytosolic factors that govern their proper biogenesis. Recently,

de novo designed eight-stranded b-barrel proteins (Tmb2.3 and Tmb2.17)
were shown to fold and assemble into lipid membranes. To better under-
stand the general aspects of the biogenesis of b-barrel proteins, we investi-
gated the fate of these artificial proteins upon their expression in yeast
cells. We demonstrate that although these proteins are de novo designed
and are not related to bona fide mitochondrial b-barrel proteins, they were
targeted to mitochondria and integrated into the organelle outer mem-
brane. We further studied whether this integration requires components of
the yeast mitochondrial import machinery like Tom20, Tom70, Tob55/
Sam50 and Mas37/Sam37. Whereas it seems that none of the import recep-

tors was required for the biogenesis of the artificial b-barrel proteins, we
observed a strong dependency on the TOB/SAM complex. Collectively,
our findings demonstrate that the mitochondrial outer membrane is the
preferential location in yeast cells for any membrane-embedded b-barrel
protein.

Introduction

Membrane-embedded b-barrel proteins are found in a
myriad of organisms. They are a class of outer mem-
brane (OM) proteins that form a barrel-shaped hydro-
philic pore in the membrane. This structure can be
composed of 8-26 H-bonded, mostly antiparallel
b-strands [1,2]. These proteins perform a variety of func-
tions ranging from active transporters of solutes,
through enzymes or structural proteins to protein trans-
locons and membrane insertion machinery [3]. b-barrel
proteins are found in the OM of Gram-negative bacteria
and the two endosymbiont organelles, namely mito-
chondria and chloroplasts [4—6]. This relationship
matches the evolutionary origins of mitochondria and

Abbreviations

chloroplasts from a-proteobacterium and a photosyn-
thetic cyanobacterium, respectively. Over the course of
evolution, most of the organellar genes were transferred
to the nucleus with the mitochondrial and chloroplast
genome retaining the codes for only a few key compo-
nents [7,8]. Thus, the mitochondrial and chloroplast b-
barrel proteins are transcribed in the nucleus and trans-
lated on cytosolic ribosomes. Then, they need to be tar-
geted to the correct subcellular organelle and ultimately
integrated with the help of dedicated import machineries
into the respective OM.

The biogenesis pathways for b-barrel proteins are
evolutionarily conserved [9]. Precursors of bacterial

BN-PAGE, blue native polyacrylamide gel electrophoresis; HA, hemagglutinin; OM, outer membrane; PK, proteinase K; SAM, sorting and
assembly machinery; TMB, transmembrane barrel; TOB, topogenesis of mitochondrial outer membrane b-barrel proteins; TOM, translocase

of the mitochondrial outer membrane; WCL, whole cell lysate.
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b-barrel proteins are synthesised in the cytoplasm with
signal sequences, which are recognised by Sec chaper-
ones, who in turn guide them through the SecYEG
translocon across the inner membrane. Signal
sequences are next cleaved in the periplasm and the
periplasmic chaperones SurA and Skp mediate
the transfer of these proteins to the b-barrel assembly
machinery (BAM) that ultimately assembles the pro-
tein into the bacterial OM [10,11]. Mitochondrial b-
barrel proteins are synthesised on cytosolic ribosomes
and transported to the mitochondrial OM surface in
an import-competent conformation by chaperones of
the Hsp70 and Hsp40 families [12]. They are subse-
quently delivered to the mitochondria where a hydro-
phobic b-hairpin element can interact with the Tom20
receptor, and the precursors cross the OM via the
Tom40 pore [13—-17]. The combined contribution of
several b-hairpin motifs with a highly hydrophobic
face is crucial for efficient mitochondrial targeting of
b-barrel proteins [17,18]. The import and assembly of
the b-barrel precursors is facilitated by the translocase
of the outer membrane (TOM) [19-21] and topogenesis
of outer membrane b-barrel/sorting and assembly
machinery (TOB/SAM) complexes together with the
small translocase of inner membrane (STIM) chaper-
ones [22-31]. Chloroplasts b-barrel proteins like
OEP21, OEP24 and OEP37 are imported into chloro-
plasts with the help of translocase of the outer mem-
brane of chloroplast (TOC) and are inserted into the
plastid OM via interactions with OEP80, which is
related to BamA or Tob55/Sam50 of the BAM or
TOB/SAM complex in bacteria and mitochondria,
respectively [32,33].

Such conserved mechanisms prompted studies to
investigate the evolutionary lineage of these pathways.
Bacterial and chloroplast b-barrel proteins have been
shown to be targeted and integrated into mitochondria
upon their expression in yeast cells [17,34—37]. This
opened the realm of possibilities for the potential of
yeast cells to assemble and integrate novel b-barrel
proteins. A recent study from the Baker Lab showed
that de novo designed synthetic eight-stranded b-barrel
proteins (that were named Tmb2.3 and Tmb2.17)
could fold and assemble into synthetic lipid mem-
branes [38]. To better understand the basic principles
of the biogenesis of b-barrel proteins, we investigated
whether such artificial b-barrel proteins could be
expressed in yeast cells and integrated into the yeast
mitochondria. We further explored the role of
yeast mitochondrial import and assembly components
in the proper biogenesis of such b-barrel proteins.

Our results show that these de novo designed b-
barrels,  although not related to bonafide

Mitochondrial import of de novo designed b-barrels

mitochondrial b-barrel proteins, can be targeted to
and integrated into the yeast mitochondrial OM. We
demonstrate that one of them can even form higher
oligomers that depend on the TOB/SAM complex.
Collectively, our findings suggest that the strong evolu-
tionary conservation of pathways and machineries that
deal with b-barrel proteins allows processing of yet

completely artificial members of this family.

Results

TMBs can localise to and integrate into the
mitochondrial outer membrane

To better understand the biogenesis of b-barrel pro-
teins, we aimed to study the targeting and assembly of
de novo designed members of this family. To this end,
we utilised two recently reported artificial b-barrel pro-
teins that were named Tmb2.3 and Tmb2.17 [38]. To
facilitate their expression in yeast (Saccharomyces cere-
visiae), we created artificial genes with codon usage
optimised to that of S. cerevisiae. To allow detection

of the translated proteins, both DNA segments

included at their 3° end a sequence encoding a HA tag.
Trhe resuﬁ%ng coding sequergces were cl%ngd into t%%

yeast expression vector pY X142 where the expression
is under the control of the TPI (triosephosphate isom-
erase, a housekeeping enzyme) promoter.

Next, wild-type (WT) yeast cells were transformed
with either the empty vector or the vector coding for
either Tmb2.3-HA or Tmb2.17-HA. To test whether
the expression of these b-barrel proteins affects the
growth of the corresponding cells, growth curves of
liquid cultures were obtained and drop-dilution assays
were performed. Both approaches showed that the
expression of these TMBs does not have any influence
on the growth of yeast cells (Fig. 1A,B).

Confirming the lack of a toxic effect, we next
aimed to ascertain the subcellular location to which
these proteins are targeted. To address this question,
we performed subcellular fractionation of the above
cells. As a confirmation of the successful separation
of the different fractions, the mitochondrial OM pro-
tein Porin, the ER protein Erv2, and the cytosolic
protein hexokinase were detected in their respective
fractions. Interestingly, while Tmb2.3-HA was pre-
dominantly localised to mitochondria, Tmb2.17-HA
was found in both the ER and mitochondrial frac-
tions (Fig. 2). These findings demonstrate that at
least one of the TMBs behaved similarly to bacterial
and chloroplast b-barrel proteins that were also tar-
geted to mitochondria upon their expression in yeast
cells [34,35].
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Next, we investigated the membrane integration
ability of these TMBs by subjecting mitochondria har-
bouring either Tmb2.3-HA or Tmb2.17-HA, to alka-
line extraction. Bona fide membrane proteins like the
OM proteins Tom20 and Tom40 and mitochondrial
inner membrane (IM) protein Pic2 were found in the

Tmb 2.3-HA Tmb 2.17-HA
KDa WCL Cyt ER Mito WCL Cyt ER Mito
lO«‘ e ...,‘” ‘ | - ‘ HA
35“ o ‘ ‘ ‘—‘ Porin
25
| - | = |
55<1 ——— ‘ ‘ —— ‘ Hexokinase

Fig. 2. Tmb2.3 and Tmb2.17 are targeted mainly to mitochondria
upon expression in yeast cells. Wild-type (WT) yeast cells expres-
sing either Tmb2.3-HA (left panel) or Tmb2.17-HA (right panel)
were subjected to subcellular fractionation, followed by analysis of
the whole cell lysate (WCL), cytosol (Cyt), endoplasmic reticulum
(ER)/microsomes and mitochondria (Mito) fractions by SDS-PAGE
and immunodecoration with the indicated antibodies. Erv2 and
Porin/VDAC are ER and mitochondrial marker proteins, respec-
tively, while hexokinase is used as a cytosolic marker. A represen-
tative of three similar experiments is shown (n = 3).

A. Moitra et al.

SG-Leu, 5 days

Fig. 1. Expression of both transmembrane
barrels (TMBs) does not affect the growth
of yeast cells. (A) Wild-type (WT) yeast cells
were transformed with an empty plasmid
() or with a plasmid encoding for either
Tmb2.3-HA (2.3-HA) or Tmb2.17-HA (2.17-
HA). The growth of the cells was analysed
by drop-dilution assay on synthetic medium
containing glucose (SD), galactose (SGal) or
glycerol (SG) as carbon source. Plates were
incubated for the indicated number of days
at 24, 30 or 37 °C before pictures were
taken. (B) Cells transformed as in A were
grown in S(Gal+0.1%D)-Leu liquid media at
30 °C in a 96-well plate and growth was
monitored by measuring the OD at 600 nm.
The plot shows the mean values of OD of
three technical replicates for each strain
(n=23).

pellet (P) fraction, whereas the soluble matrix protein
Hsp60 was detected in the supernatant (S). Both
Tmb2.3-HA and Tmb2.17-HA were found in the pellet
fraction indicating that they are membrane-embedded
proteins (Fig. 3A,B).

To assess the topology of the TMBs and determine
in which mitochondrial membrane they reside, mito-
chondria containing these TMBs were subjected to
treatment with the proteases Proteinase K (PK) or
trypsin. OM proteins with an exposed cytosolic
domain like Tom20 were completely digested by these
proteases, whereas IM and matrix proteins like Pic2
and Hsp60, respectively, were protected from the pro-
teases. Both TMBs were partially susceptible to PK
and better protected from trypsin (Fig. 3A,B). As a
control, the addition of 1% Triton-X-100 to the reac-
tion, which leads to the solubilisation of the mitochon-
drial membranes, resulted in the complete degradation
of the proteins by the proteases (Fig. 3A,B). Thus, we
can conclude that both TMBs are embedded into the
mitochondrial OM with a topology that exposes part
of them to the cytosol.

Since we observed that a portion of both TMBs is
localised to the ER (Fig. 2), we wondered if these mol-
ecules are associated with the membrane of this com-
partment. To that aim, we performed a carbonate
extraction of the ER fraction and found that both
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Mitochondrial import of de novo designed b-barrels

(A) 2.3-HA
CE PK Trypsin
T S P 10 50 50+TX C 10 50 50+TX  (Mg/mL)
kDa
- e —— —— HA
10
Fig. 3. Both transmembrane barrels (TMBs) ~— | — ' Tom20
are embedded in the mitochondrial outer 15-
membrane. (A and B) Mitochondria isolated 2 w .
from wild-type (WT) yeast cells expressing 25 A~ D T —— Flez
either Tmb2.3-HA (A) or Tmb2.17-HA (B)
were left untreated (Total, T), subjected to 70 —(o— e — A A - Hsp60
carbonate extraction (CE) to obtain
supernatant (S) and pellet (P) fractions, or ®) 2.17-HA
were treated with either 10 or 50 Ig/mL of cE PK Trypsin
Proteinase K (PK) or Trypsin in the presence
or absence of 1% Triton-X-100 (TX). In the kDa T S B 10 50 _50+TX C_10 50 50+Tx  (kg/mL)
control lane (C), mitochondria were treated — -— - ———— HA
with 50 lg/mL of Trypsin, that had been 10
reincubated with trypsin inhibitor. Samples
\F/)vere finally analyse(;/[z)y SDS-PAGE andp 15 - - - Tom20
immunoblotting. Tom20 is a mitochondrial
OM protein exposed to the cytosol; Pic2 is -— - TN — Pic2
embedded in the mitochondrial inner 2
membrane; Hsp60 is a soluble 70 v — A Hsp60
mitochondrial matrix protein. (C) The ER
fraction isolated from WT yeast cells
expressing eith_er Tmb2.3-HA (left panel) or kég) TTmb 23'HAP Imb 2.517_H'l:
Tmb2.17-HA (right panel) were left 15 ]
untreated (T) or subjected to carbonate ——— . HA
extraction to obtain supernatant (S) and
pellet (P) fractions. Pdil, a soluble ER 70 4 womw - oo v | Pdil
protein; Erv2, an ER membrane protein. For
each part, ar.epresentative of three similar 25 - |
experiments is shown (n = 3).
proteins are in the pellet portion of this procedure WT, tom20D and tom70/71D yeast cells were trans-
(Fig. 3C). Although these findings suggest the potential formed with an empty vector (@) or a vector encoding
of both TMBs to associate with the ER membrane, either Tmb2.3-HA or Tmb2.17-HA. Then, we obtained
their conformation at this membrane is unknown. from the transformed cells fractions corresponding to
mitochondria (Mito), whole cell lysate (WCL) and
The biogenesis of the artificial TMBs does not cytosol (Cy1). .Subsequently, we analy§ed the protgins
. of these fractions by SDS-PAGE and immunoblotting.
depend on the import receptors Tom20 .
and Tom70 Surprisingly, the steady-state levels of b(_)th Tmb2.3-
HA and Tmb2.17-HA seem to be even higher in the
Next, we wanted to examine the possible import mitochondrial fraction of cells lacking the Tom20
machineries that these proteins utilise to arrive and receptor (Fig. 4A,B, respectively). Tom40 and Hexoki-
thrive in the mitochondria. b-barrel proteins have been nase are used as mitochondrial and cytosolic controls,
shown to interact with the TOM complex receptors respectively, and their levels remain unchanged. Of
[39]. Recently, it was shown that a hydrophobic b- note, the levels of the Tom70 receptor, which might
hairpin element could interact with Tom20, and a _compensate for the loss of Tc_)m20, are also_unaltered
chaperone-bound b-barrel precursor could bind to in cells delet_ed for Tom_20 (Fig. 4). Hence, '_t appears
Tom70 to enable the precursor to enter via the Tom40 that Tom20 |s.not requ!red for the proper import of
pore [12,17]. Hence, we wanted to check whether the 1€ TMBs to mitochondria.
rather small TMBs also depend on these receptors for ~_ Similar observations were made when the other
their entry into mitochondria. To address this issue, import receptors Tom70 and its paralog Tom71 were
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A. Moitra et al.

WT tom20t
(A)
2.3-HA 2.3-HA

WCL Cyt Mito | WCL Cyt Mito| WCL Cyt Mito| WCL Cyt Mito

kDa
- - — HA

10
25 7

- - | — Tom20
40 —[Ie— D — —-— L - 040

70 | —— | - -—

| ——— | TOM70

[ o — - - —— Hexokinase
WT tom207t
®) 2.17-HA 2.17-HA Fig. 4. Steady-state levels of both
transmembrane barrels (TMBSs) in yeast
kDa WCL Cyt Mito [ WCL Cyt Mito | WCL Cyt Mito| WCL Cyt Mito cells do not depend on Tom20. (A and B)
p— p— _— Wild-type (WT) and t.om20D yeast cells _
10 were transformed with an empty plasmid
25 | (u) or with a plasmid encoding for either
- _-_— Tom20 Tmb2.3-HA (A) or Tmb2.17-HA (B). Whole
cell lysate (WCL), cytosol (Cyt) and
| - dati b mitochondrial (Mito) fractions isolated from
40 — — A—— Q| Tom4o the transformed cells were subjected to
SDS-PAGE and immunoblotting with the
70 _|— — — — | Tom70 indicated antibodies. Tom40 and Tom70 are
mitochondrial OM proteins. For each part, a
55 | em— ——— s a— s Hexokinase representative of three similar experiments
is shown (n = 3).

deleted. The levels of both TMBs were somewhat
higher in the tom70/71D yeast cells (Fig. 5). However,
the steady-state levels of Tom20 were slightly higher in
the mutated organelles and this could potentially com-
pensate for the loss of Tom70/71. Thus, we can con-
clude that the TMBs can be targeted to the
mitochondria in the absence of either Tom20 or
the Tom70/71 receptors.

The assembly of the TMBs depends to a variable
extent on the TOB/SAM complex

Once the b-barrel protein precursors reach the mito-
chondrial surface, they are initially processed by the
TOM complex [40]. Then, they reach the IMS where
they are bound by the small TIM chaperones to pre-
vent aggregation [41]. Finally, the b-barrel precursors
are integrated into the mitochondrial OM via the
TOB/SAM complex, which consists of Mas37/Sam37,
Tob38/Sam35 and Tob55/Sam50 [22,25-28,31]. Thus,
we wanted to assess whether the absence of certain
critical components of the TOB/SAM complex could
affect the assembly of the artificial TMBs.

To that goal, we transformed plasmids encoding
either Tmb2.3-HA or Tmb2.17-HA into WT or cells
lacking Mas37/Sam37. The cells were grown at 24 °C
to avoid accumulation of suppressors at elevated tem-
peratures as Mas37/Sam37 is crucial for the proper
function of the TOB/SAM complex. Subcellular frac-
tions were obtained and the steady-state levels of both
TMBs analysed by SDS-PAGE and immunoblotting.
We observed that the mitochondrial levels of both
Tmb2.3-HA and Tmb2.17-HA were significantly lower
in mas37/sam37D cells as compared to those in control
samples (Fig. 6A,B, respectively). This behaviour is
similar to that of a canonical mitochondrial b-barrel
protein like Tom40 (Fig. 6). As expected, the levels of
the ER protein Erv2 or the cytosolic chaperone Hsp82
were unaltered (Fig. 6A,B). A possible explanation for
the reduced mitochondrial amounts of both TMBs is
mistargeting to another compartment in the absence of
Mas37/Sam37. However, the results depicted in Fig. 6
demonstrate that considerable mistargeting to either
ER or cytosol did not take place.

Next, we wanted to examine the role of Mas37/Sam37
in the assembly of these TMBs in the mitochondrial OM.
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(A) WT tom70/7111
2.3-HA 2.3-HA
KDa. WCL Cyt Mito | WCL Cyt Mito| WCL Cyt Mito| WCL Cyt Mito
. - -‘-.. ——— T — HA
10 - A .
70 | — Tom70
—-— r s
40 | Se— -_— -— -_— - 0
25 4 :
~— — -g - - - Tom20
55 | emmmr— e ———— emcom— Hexokinase
WT tom70/7111
B)
2.17-HA 2.17-HA
Fig. 5. Tom70 s notinvolved in the WCL Cyt Mito | WCL Cyt Mito |WCL Cyt Mito |WCL Cyt Mito
biogenesis of both transmembrane barrels KDa
(TMBs). (A, B) Wild-type (WT) anq tom70D / : | —— HA
tom71D cells were transformed with an 10 p—
empty plasmid (u) or with a plasmid
encoding either Tmb2.3-HA (A) or Tmb2.17- 70 | w— — e Tom70

HA (B). Whole cell lysate (WCL), cytosol

(Cyt) and mitochondrial (Mito) fractions
isolated from the transformed cells were

A0 | —

— Tom40

subjected to SDS-PAGE and 25

immunoblotting with the indicated -— — s Tom20
antibodies. For each part, a representative
of three similar experiments is shown &5 —— Hexokinase

(n=3).

Therefore, mitochondria isolated from WT or mas37/
sam37D cells expressing the TMBs were subjected to BN-
PAGE followed by immunoblotting. In the control
organelles, Tmb2.3-HA could form high molecular
weight oligomers, while Tmb2.17-HA was mostly present
as monomers. Interestingly, in the organelles lacking
Mas37/Sam37, Tmb2.3-HA could no longer assemble
into higher oligomers and was found to exist, similar to
Tmb2.17-HA, only as monomers (Fig. 6C, left panel). As
a control, the TOM complex, which was immunodeco-
rated at about 400 kDa with antibodies against Tom40,
was detected as expected in lower levels upon deletion of
MAS37/SAM37 (Fig. 6C, right panel). These findings
suggest that Tmb2.3-HA can assemble into higher oligo-
mers in a TOB/SAM complex dependent manner.
Observing this effect of Mas37/Sam37, we wanted to
assess the importance of Tob55/Sam50, the central
component of the TOB/SAM complex, for the biogen-
esis of the TMBs. A complete knockdown of Tob55/
Samb50 is detrimental for yeast cells. Hence, we trans-
formed an empty vector (u) or vector encoding either
Tmb2.3-HA or Tmb2.17-HA into cells expressing

Tob55/Sam50 under the control of the inducible
GAL10 promoter. To ensure the expression of Tob55/
Samb50, the cells were initially grown at 30 °C in selec-
tive lactate medium with galactose. Then, to deplete
Tob55/Sam50, the cells were harvested and resus-
pended in glucose-containing medium. Cells were then
harvested at various time points after a shift from
galactose- to glucose-containing medium, mitochondria
were isolated, and the steady-state levels of the TMBs
analysed by SDS-PAGE and immunoblotting.

We observed that the levels of Tob55/Sam50 were
depleted after about 51 h on glucose-containing
medium (Fig. 7A,B). Consequently, Porin/VDAC, a
quintessential mitochondrial OM b-barrel protein, that
depends on Tob55/Sam50 for optimum assembly, was
depleted after 71 h while steady-state levels of the
matrix protein Aconitase, whose biogenesis is indepen-
dent of Tob55/Sam50, remained unaffected (Fig. 7A,
B). Similar to Porin, Tmb2.3-HA levels decreased
upon Tob55/Sam50 depletion (Fig. 7A). Unexpectedly,
Tmb2.17-HA levels even slightly increased in the mito-
chondria from Tob55/Sam50-depleted cells (Fig. 7B).
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(A) WT + 2.3-HA mas371 1 + 2.3-HA
KDa. WCL Cyt ER Mito WCL Cyt ER Mito
0l ™ = o
08 - -
25 - = &
70 | == == s
(B) WT + 2.17-HA mas371 1 +2.17-HA
KD WCL Cyt ER Mito WCL Cyt ER Mito
a
-
10— . E ~
40 —| — - f—
25 - s
— L
70 | s — —
© WT mas371 1 WT
2.3 217 23217 2.3 2.17

A. Moitra et al.

Tom40

Erv2

Hsp82

Fig. 6. Membrane integration of both
transmembrane barrels (TMBs) requires

Tom40 Mas37/Sam37. (A and B) Wild-type (WT)
and mas37/sam37D yeast cells were

Erv2 transformed with an empty plasmid (¢) or
with a plasmid encoding for either Tmb2.3-
HA (A) or Tmb2.17-HA (B). Whole cell lysate

Hsp82 (WCL), cytosol (Cyt), endoplasmic reticulum
(ER) and mitochondrial (Mito) fractions
isolated from the transformed cells were

mas371 | subjected to SDS-PAGE and
2.3 2.17 immunoblotting with the indicated

kDa

242 _|
- -

480 | ’ l “.. TOM

antibodies. Erv2 is an ER membrane
protein, while Hsp82 is used as a cytosolic
marker. (C) Mitochondria isolated as in A
and B were analysed by BN-PAGE and
immunoblotting with antibodies against
either the HA tag (left panel) or Tom40
(right panel). Tom40 is a known substrate of
Mas37/Sam37. A high molecular weight
form of Tmb2.3-HA and the TOM complex
are indicated by an asterisk or TOM’,
respectively. For each part, a representative
of three similar experiments is shown

HA Tom40

These findings led us to ask whether Tob55/Sam50
was crucial also for the assembly of the higher oligo-
mers of Tmb2.3-HA. As we observed before, BN-
PAGE analysis revealed that Tmb2.3-HA could form
higher oligomers in the presence of Tob55/Sam50,
while Tmb2.17-HA was mostly present as monomers
(Fig. 7C, left panel). Of note, upon depletion of
Tob55/Sam50, Tmb2.3-HA could no longer assemble
into higher oligomers and was found to exist only as
monomers. In agreement with the analysis by SDS-
PAGE, Tmb2.17-HA monomers were detected in
increased amounts in the organelles depleted for
Tob55/Sam50 (Fig. 7C, left panel). As expected, Porin

(n=23).

also formed higher oligomers in the presence of
Tob55/Sam50, but their levels were substantially
decreased upon Tob55/Sam50 depletion (Fig. 7C, right
panel).

To further test the involvement of the TOB/SAM
complex in the formation of the oligomeric species of
Tmb2.3-HA, we express the latter protein in cells har-
bouring Tob55/Sam50 with truncations of either 50 or
102 amino acid residues at the N terminus [42]. Ana-
lysing mitochondria isolated from these cells by BN-
PAGE revealed that these truncations prevent the for-
mation of the oligomeric form of Tmb2.3-HA
(Fig. 7D). These findings clearly demonstrate that the
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(A) 2.3-HA B) 2.17-HA
tthy o 25 51 71 t(h) 0 25 51 71
kDa kDa

10 _| — e |HA 10 | M -

55 + : Tob55 55 + : Toh55
Fig. 7. Depletion of Tob55/Sam50 affects 35

the assembly of Tmb2.3 but not that of
Tmb2.17. (A and B) Plasmids encoding

——— Porin

35
S| POrin

Tmb2.3-HA or Tmb2.17-HA were
transformed into yeast cells expressing
Tob55/Sam50 under the control of the
GAL10 promoter. To induce the depletion of
Tob55/Sam50, cells were shifted att =0 ©
from galactose- to glucose-containing

medium and harvested at the indicated time

points after this shift. Mitochondria were

isolated and proteins were analysed by

SDS-PAGE and immunoblotting with

antibodies against the indicated proteins.

Aconitase (Acol) is a mitochondrial matrix

protein. (C) Mitochondria were isolated from

cells described above grown on galactose
(Tob55/Sam501) or depleted for Tob55/

Sam50 by growth for 71 h on glucose-

containing medium (Tob55/Sam504,).

Samples were analysed by BN-PAGE and
immunodecoration with antibodies against

either the HA tag (left panel) or Porin/VDAC (D)
(right panel). Porin/VDAC is a b-barrel
protein embedded in the mitochondrial OM

100

2.3-HA WT |tob55(A50)|tob55(A102)
+ + +

100 |
' Acol

Tob55 1 Tob55, Tob55 4 Tob55 |,
23217 23 217

23 217 23 217
kDa

480 —

242 -

146 | ‘ ..‘
HA

Porin

WT |tob55(A50)|tob55(A102)
+

_ + - + -

and a known substrate of Tob55/Sam50. (D) kDa
Mitochondria were isolated from the
indicated Tmb2.3-HA expressing cells '
harbouring either native Tob55/Sam50 or its 242 J
N-terminally truncated variants. Samples -~
were analysed by BN-PAGE and
immunodecoration with antibodies against
either the HA tag (left panel) or Tob55/
Samb50 (right panel). For each part, a
representative of three similar experiments

146 |

R |
242 4

v ‘;
. .“.‘..
~A‘|

is shown (n = 3).

N-terminal region of Tob55/Sam50 is required for
proper assembly of Tmb2.3-HA.

Taken together, these data indicate the differential
involvement of the TOB/SAM complex in the biogene-
sis and assembly of the artificial TMBs. Whereas the
complex facilitates the membrane integration and oli-
gomerisation of Tmb2.3-HA, it appears to be dispos-
able for the biogenesis of Tmb2.17-HA.

Single amino acid mutation in the b-signal does
not significantly alter the biogenesis of both
TMBs

The distinct behaviour of both TMBs prompted us to
search for reasons for this difference. We have

S

Tob55

previously demonstrated that a hydrophobic b-hairpin
can serve as a mitochondrial targeting signal [17].
Hence, a clear difference in the hydrophobicity of the
b-hairpins of both TMBs might explain the difference

in their subcellular distribution. To clarify this option,
we analysed the hydrophobicity patterns of the eight

b-strands of both TMBs (Fig. 8). However, despite
local variations in the hydrophobicity pattern between
the two proteins, we could not identify a major differ-
ence that can explain their distinctive localisation
(Fig. 8).

Previous studies showed that the last C-terminal b-
strand of mitochondrial b-barrel proteins contains a
stretch of amino acids that facilitate their interaction
with the TOB/SAM complex [26]. These residues were
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(A)

Tmb2.3 (13541 Da) (NMR PDB 6X1K) B strand

A. Moitra et al.

QAGLSYRIQP

MQDGPG TLDVFVAAGWN TDNTIEITGGATYQ LSPY IMVKAGYGW NNSSLNRFEFGGG
LQYKVTPDL ERYAWAGATYN TDNTLVPAAGAGFRYK VSPEVKLVVEYGW NNSSLQFL

Tmb2.17 (13415 Da) (Crystal Structure PDB 6X92) -

MEQKPGT LNVYAAMVGYN TONT VDVWGGAGYA V'S PY LFIDVEYGWNINSS INFLEVGE
BVS vk vsPD EEPYVRAGFEYN 10N T IKETAGAGALYRI 'S N EAIMVEYGW NN SSLBK

Fig. 8. Analysis of the amino acid sequence
and hydrophobicity patterns of the
transmembrane barrel (TMBs). (A) The
amino acid sequence of the two TMBs

N <0 along with the annotation of the eight b-
strands according to the published
structures from Vorobieva et al. [38]. (B)
(B) Tmb  Tmb © . Tmb  Tmb The average hydrophobicity of the
2.3 217 Hairpin 2.3 2.17 hydrophilic face (face A) and the
Strand 1 faceA -058 0.18 hp1 hydrophobic face (face B) of each of the
face B _ hp2 1.74 1.81 eight b-strands of Tmb2.3 and Tmb2.17
was calculated by summing up the
Strand 2 face A - -0.28 hp3 1.92 1.79 hydropathy values of the residues either
face B 11.82 1.70 hp4 11.28 1.64 facing the lipid environment (face B) or the
Strand 3 face A [-0.70 -1.00 hp5 - 1.39 b-barrel lumen (face A) and dividing it by the
faceB  1.66 1.92 hp611.31 1.51 number of the residues in that strand. The
hp7 1.74 1.80 values are colour coded, with blue, white

Strand 4 face A - 0.25
1225

face B
Strand 5 face A | 1.72 [E2I08)
faceB 0.50 1.61
Strand 6 face A 0.56 -1.01
faceB 1.22 1.16
Strand 7 face A | -0.90 -0.05
faceB 145 1.92
Strand 8 face A [=1.28 -0.92
faceB | 2.03 1.68

termed the b-signal and comprised of the following
motif: Po-X-G-X-X-Hy-X-Hy-X, where Po stands for
a polar residue, G for Glycine, and Hy represents a
hydrophobic residue. Deletion or mutation of the b-
signal did not interfere with the initial targeting of
newly synthesised b-barrel proteins to mitochondria.
We wanted to investigate whether sequences similar
to such a b-signal present within the TMBs, could
explain their differential dependence on the TOB/SAM
complex. To this end, we analysed the amino acid
sequence of both TMBs. They showed a 60% sequence
identity (using Clustal Omega [43], data not shown).
The amino acid sequence and the annotation of the eight
b-strands are shown in Fig. 8A (adapted from [38]). The
analysis revealed that Tmb2.3 indeed contained a
canonical b-signal, whereas Tmb2.17 had only a partial

and red representing the highest, median
and the lowest hydropathy values,
respectively. (C) The average hydrophobicity

of the hydrophobic face of the b-hairpins of
Tmb2.3 and Tmb2.17 was calculated by
summing up the hydropathy values of the
residues facing the lipid environment from
both b-strands that form each b-hairpin (hp)
and dividing it by the number of the
residues. The values are colour coded as in
B.

consensus sequence. Tmb2.17 lacked the polar residue
at the N terminus of the b-signal (Q115 in Tmb2.3,
A115in Tmb2.17) (Fig. 9A, wild-type TMBSs).
Considering this difference, we wanted to assess
whether this residue (Q115) of the b-signal was crucial for
the assembly of the TMBs into higher oligomeric forms.
Thus, we performed site-directed mutagenesis to swap
this residue between the two TMBs. In this way, the glu-
tamine residue of Tmb2.3 was replaced by alanine, result-
ing in the construct Tmb2.3q11sa-HA. Reciprocally, the
alanine residue of Tmb2.17 was changed to glutamine
obtaining the variant Tmb2.17a1150-HA (Fig. 9A,
mutant TMBs). Then, WT yeast cells were transformed
with vectors encoding these mutant TMBs and the trans-
formants were grown on S(Gal+0.1%D)-Leu media and
subjected to subcellular fractionation. The results
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(A) B-signal residue
B-signal motif
Po—X-G— X — X—Hy—X-Hy-X

wildtype

Tmb 2.3 Il AGLSY R I Q'

Tmb217 "B | G | A Y KV K™

mutant

Tmb 2.3 "IgfAGLSY R I Q3

Tmb217 "S@ |1 G 1 A Y K V K™

(8) Tmb2.3-Mutant Tmb2.17-Mutant
WCL Cyt ER Mito WCL Cyt ER Mito
kDa
- | el | HA

Fig. 9. Single amino acid mutation in the 354
b-signal does not alter the subcellular o — — S [ Porin
localisation or assembly of Tmb2.3 and
Tmb2.17. (A) Conserved mitochondrial 254
b-signal motif (top) and the corresponding
b-signal motif in the TMBs (bottom). The
b-signal residues are in red and the mutated S5 —— ———— Hexokinase
residues in bold. Po, polar; Hy, hydrophobic.
(B) Wild-type (WT) yeast cells expressing
Tmb2.3Q115A-HA and Tmb2.17A115Q-HA (c) WT Mutant

(mutants) were subjected to subcellular

kDa 2324733 247

fractionation, followed by analysis of the
whole cell lysate (WCL), cytosol (Cyt),

endoplasmic reticulum (ER) and

mitochondria (Mito) fractions by SDS-PAGE 480+ ‘.
and immunodecoration with the indicated )
antibodies. Erv2 and Porin/VDAC are ER and

mitochondrial marker proteins, respectively, 242 *

while hexokinase is used as a cytosolic

146 -
..I.

marker. (C) Mitochondria isolated from WT
cells expressing either wild-type or mutant
transmembrane barrel (TMBs) were
subjected to BN-PAGE and immunoblotting
with antibodies against the HA tag. A high
molecular weight form of Tmb2.3-HA is
indicated by an asterisk. For each part, a
representative of three similar experiments

is shown (n = 3). a—HA

revealed that the mutations did not interfere with the ini-
tial targeting of the TMBs. Tmb2.3q115a-HA was still
predominantly mitochondrial, while Tmb2.17 a1150-HA
was distributed between the ER and mitochondria
(Fig. 9B). BN-PAGE analysis followed by immunoblot-
ting of mitochondria isolated from cells expressing either
the control or mutant TMBs showed that replacement of
Q115 by alanine led to a minor decrease in the levels of
the higher oligomeric forms of Tmb2.30115a-HA com-
pared with the original Tmb2.3-HA (Fig. 9C). The

introduction of glutamine residue at position 115 of
Tmb2.17-HA did not cause it to form higher oligomers
(Fig. 9C). Overall, it seems that a single amino acid muta-

tion in the b-signal motif of the TMBs does not have an
observable effect on their overall biogenesis.

Discussion

The evolutionary conservation of the biogenesis path-
ways of b-barrel proteins allowed us in the past to
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express and target bacterial and chloroplast b-barrel
proteins into yeast mitochondria [17,34—37]. Recently,
Vorobieva et al. designed synthetic eight-stranded b-
barrel proteins, namely Tmb2.3 and Tmb2.17, that
could be assembled into a barrel structure in lipo-
somes [38]. To better understand the general principles
of the biogenesis of b-barrel proteins, we wanted to
test whether such artificially designed proteins could
also be recognised by and assembled into yeast mito-
chondria.  Subcellular  fractionation  experiments
revealed that both Tmb2.3 and Tmb2.17 could be tar-
geted to the mitochondria, with 2.17 also showing par-
tial ER localisation. Similar observations were also
made when bacterial secretins like PulD, InvG or
SsaC were expressed in yeast cells [37]. Of note,
Tmb2.3-HA was more efficiently localised to mito-
chondria in comparison with Tmb2.17-HA. b-barrel
proteins are targeted and assembled into the mito-
chondria based on the hydrophobicity and the
sequence of the last few b-hairpins [17,18,26]. How-
ever, we could not pinpoint the precise differences
between both proteins that cause this divergent behav-
iour. It is interesting to note that both TMBs,
although they contain only 8 b-strands, were inte-
grated properly into the mitochondrial OM, demon-
strating the capacity of the organelle to deal with any
type of membrane-embedded b-barrel proteins. These
observations are in line with our previous findings that
yeast mitochondria can deal, among other bacterial b-
barrel proteins, also with OmpA, which also contains
only 8 b-strands [34].

Interestingly, when we assessed the role of the TOM
complex receptors in the biogenesis of the TMBs, we
observed that in the absence of either one of the
receptors (Tom20 or Tom70), the mitochondrial
steady-state levels of the TMBs were enhanced. Similar
observations were made for the secretins InvG-HA
and SsaC-HA where the absence of Tom20 or Tom70
led to increased amounts of the protein in the mito-
chondria, respectively [37]. This behaviour might be
explained by the small size of the artificial TMBs that
have only 8 b-strands as compared to the 16 or 19
strands of bona fide mitochondrial b-barrel proteins.
As Tom70, in addition to its receptor function, is also
the docking site for cytosolic chaperones that escort
the newly synthesised b-barrel substrates, the smaller
size of the substrates might reduce the need for such
an escort and hence also the relevance of the chaper-
one docking site. An alternative, but not mutually
exclusive, option is a compensating function of the
remaining receptor in the absence of its counterpart.
Also, a possible role of Tom22 in the absence of either
Tom20 or Tom70 remains to be investigated.

A. Moitra et al.

Collectively, we can conclude that the absence of a sin-
gle receptor does not impair the biogenesis of
the TMBs.

After the initial recognition at the mitochondrial
surface, followed by the actual translocation through
the Tom40 pore, b-barrel proteins are assembled into
the mitochondrial OM with the help of sTIM chaper-
ones and the TOB/SAM complex [22-28,31,41,44].
We investigated the role of the TOB/SAM complex
in the assembly of the artificial TMBs. In the absence
of Mas37/Sam37, the mitochondrial steady-state levels
of the TMBs decreased, similar to the effect on
bona fide mitochondrial b-barrel protein like Tom40.
It is known that the absence of Mas37/Sam37
decreases the stability of the TOB/SAM complex,
thus affecting the efficiency of integration of the
TMBs into the mitochondrial OM. Additional
decrease in Tom40 levels, which by itself is a sub-
strate of the TOB/SAM complex, may also contribute
to the lower steady-state levels of the TMBs. BN-
PAGE analysis of mitochondria from mas37/sam37D
cells or from cells either depleted for Tob55/Sam50
or with N-terminal truncations of this protein demon-
strated the importance of the TOB/SAM complex not
only for the general import of Tmb2.3-HA, but also
for its optimal assembly into oligomeric structures. In
contrast to Tmb2.3-HA, Tmb2.17-HA existed as
lower monomeric forms under all tested conditions.
Although it appears as an appealing possibility, we
failed to demonstrate that the inability of Tmb2.17-
HA to form higher oligomers could be attributed to
the absence of a bona fide mitochondrial b-signal in
its sequence.

Our findings surprisingly indicate that different b-
barrel proteins can be dependent to a variable extent
on the proper function of the TOB/SAM complex.
Such distinctions could be related to dissimilarities in
their sequence (60% identity), variabilities in the
hydrophobicity patterns of the b-strands, differences in
their  thermodynamic  stability —and/or  different
sequences of the classical b-signal at the last b-strand.
This variability also raises the question of how
Tmb2.17-HA can integrate into the mitochondrial OM
in the absence of a functional TOB/SAM complex,
and future studies should address such apparent TOB/
SAM-independent membrane integration.

Collectively, our study demonstrates that de novo
designed TMBs can be targeted to mitochondria upon
their expression in eukaryotic cells. Their biogenesis is
independent of the TOM receptors and differentially
dependent on the TOB/SAM complex. These findings
shed new light on the general principles of the biogene-

sis of b-barrel proteins.
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Materials and methods

Yeast strains and growth conditions

Standard genetic techniques were used for the growth and
manipulation of yeast strains. The Saccharomyces cerevisiae
strains used in this study are listed in Table S1. Yeast cells
were usually grown at 30 °C on synthetic selective (S)
medium (0.67% [w/v] yeast nitrogen base without amino
acids) containing galactose (Gal, 2%) + glucose (D, 0.1%)
as carbon source. A mixture of the required amino acids,
omitted for Leu to select for transformants with the pY X142
plasmid, was added as well. Cells deleted for MAS37/
SAM37 (mas37/sam37D) were grown at 24 °C to avoid accu-
mulation of suppressors [24]. Transformation of yeast cells
was performed by the lithium acetate method [45].

For experiments with cells depleted for TOB55/SAMS50,
a strain where TOB55/SAM50 expression is under the con-
trol of the inducible GAL10 promoter was used [46]. Cells
of this strain were initially grown at 30 °C on synthetic
depleted (S) medium containing lactate (Lac, 2%) + galac-
tose (Gal, 0.1%) as carbon source and amino acid mixture
as above. After a few days of growth on this medium, cells
were shifted to S media containing 0.1% glucose instead of
0.1% galactose. Cells were harvested at the indicated time
points after the shift from galactose- to glucose-containing
medium.

Some experiments were performed with cells containing
N-terminally truncated variants of Tob55/Sam50. These
strains are deleted for the endogenous TOB55/SAM50 and
contain the yeast expression plasmid pYX132 encoding
either the native protein or truncated variant of TOB55/
SAM50 where the first 50 [TOB55(D50)] or 102 [TOB55
(D102)] N-terminal amino acid residues were removed [42].
Cells of these strains were grown at 30 °C in synthetic
selective medium containing galactose (Gal, 2%) + glucose
(D, 0.1%) as carbon source and amino acid mixture omit-
ted for Trp to select for pY X132 plasmid. The cells of the
above strains, when expressing pY X142 encoded Tmb2.3-
HA, were grown as above with an amino acid mixture
depleted of both Trp and Leu.

Analysis of growth of yeast cells

For drop-dilution assay, cells were grown overnight in lig-
uid cultures and then diluted and grown further on SD-Leu
liquid media to an ODesoonm Of 1.0. Then, a serial dilution
of the cultures in fivefold increments was performed, fol-
lowed by spotting 5 IL of each diluted culture on solid
selective media plates and further growth at 24, 30 or
37 °C for 2-5 days.

To analyse the growth of liquid cultures, cells were inoc-
ulated for overnight cultures in 3-5 mL of SD-Leu liquid
media and 1 ODsoonm unit of cells were harvested on the
following day. The cells were resuspended in 1 mL sterile

Mitochondrial import of de novo designed b-barrels

water. Then, to obtain a starting culture of 0.1 ODeoonm Of
cells per well, 20 IL of cell suspension and 180 IL of the
desired medium [S(Gal+0.1%D)-Leu] were pipetted into
each well of a round-bottomed 96-well plate. The plate was
sealed with a semi-permeable membrane and placed in the
SPECTROstar Nano microplate reader. Cells were allowed
to grow at 30 °C for up to 72 h, with the OD at 600 nm
measured every 10 min after 30 s double orbital shaking at
300 r.p.m. Data obtained were analysed by the MARS
software and plotted by Excel.

Recombinant DNA techniques

The DNA sequences encoding Tmb2.3 and Tmb2.17 [38]
were synthesised by Eurofins Genomics (Ebersberg,
Germany) after optimisation for the codon usage of

S. cerevisiae. These DNA segments were amplified by PCR

with primers containing 5° EcoR1 and 3° Hindlll restriction
sites, 59 yeast Kozak sequence, and rr\ DNA_sequence
encoding C-terminal HA tag. Subsequently, the PCR "prod-

ucts were subcloned into the yeast expression vector
pY X142 where the expressed gene is under the control of
the TPI promoter. To create single amino acid mutations
in the b-signal motif of the TMBs, forward and reverse
primers were used for site-directed mutagenesis by the stan-
dard whole plasmid mutagenesis method. The mutations
Q115A and A115Q were introduced using as template
pYX142-Tmb2.3-HA or pYX142-Tmb2.17-HA, respec-
tively. Tables S2 and S3 contain the lists of primers and
plasmids used in this study, respectively.

Isolation of mitochondria

Mitochondrial fractions were obtained according to an
established protocol [47]. Yeast cells were grown in liquid
media to logarithmic phase, harvested and resuspended in
resuspension buffer (100 mm Tris, 10 mm DTT). Cells
were harvested again and resuspended in spheroblasting
buffer (1.2 M Sorbitol, 20 mm KPI, pH 7.2) without
zymolyase, followed by harvesting. These pellets were
gently dissolved in spheroblasting buffer with zymolyase
(4.5 mg/g of cells) and incubated at 30 °C for 1 h while
shaking at 120 r.p.m. The obtained spheroblasts were dis-
solved in homogenisation buffer (0.6 M Sorbitol, 10 mm
Tris, pH 7.4, 1 mm EDTA, 0.2% fatty acid-free BSA)
with 1 mwm phenylmethylsulfonyl fluoride (PMSF) and
homogenised with a douncer to obtain the whole cell
lysate. Cell debris was removed by a clarifying spin
(600 g, 5 min, 4 °C), followed by isolation of crude mito-
chondria (18 000 g, 10 min, 4 °C). The supernatant
obtained in this step represents the cytosolic fraction of
this separation. Mitochondria were washed once in SEM
buffer (250 mm Sucrose, 1 mm EDTA, 10 mm MOPS, pH
7.2) containing 2 mm PMSF and pelleted again (18 000 g,
10 min, 4 °C).
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Subcellular fractionation

Mitochondrial fraction and whole cell lysate were obtained
as described above. To acquire the cytosolic fraction, the
postmitochondrial fraction was clarified by spinning
(18 000 g, 15 min, 4 °C) and the supernatant subjected to
high-speed centrifugation (200 000 g, 1 h, 4 °C). The
resulting supernatant constituted the cytosolic fraction.
The sticky, transparent pellet was resuspended in 3 mL
SEM buffer containing 2 mm PMSF, homogenised with a
douncer and centrifuged at 18 000 g for 20 min at 4°C.
The supernatant of this step constituted of the ER/micro-
somes fraction.

To obtain highly pure mitochondria, the mitochondrial
fraction obtained as described above was layered on a Per-
coll gradient and centrifuged (80 000 g, 45 min, 4 °C).
Mitochondria in the brownish layer at the bottom interface
were collected with a Pasteur pipette and washed once in
SEM buffer containing 1 mm PMSF and pelleted again
(18 000 g, 10 min, 4 °C). The whole cell lysate, ER and
cytosolic fractions were precipitated by using chloroform/
methanol precipitation method, and all samples, including
mitochondria were dissolved in 29 sample buffer (125 mm
Tris pH 6.8, 4% SDS, 20% glycerol, 10% 2-mercapto-
ethanol, 2 mg/mL bromophenol blue) to a concentration of
2 mg/mL. Samples were heated at 95 °C for 10 min and
further analysed by SDS-PAGE and immunoblotting.

Protease protection assay

Mitochondria (100 lg) were resuspended in 200 IL of
SEM buffer and incubated on ice for 30 min in the pres-
ence or absence of 1% Triton-X-100. This was followed by
addition of either 10 or 50 lg/mL of proteinase K (PK) or
trypsin and further incubation on ice for 30 min. PK was
then inhibited by supplementing the reaction with 2 mm
PMSF, while trypsin was inhibited by addition of 1 mg/mL
of soybean trypsin inhibitor (STI), followed by incubation
on ice for 10 min. In the control samples (C), mitochondria
were incubated on ice for 30 min with 50 Ig/mL of trypsin
(in the absence of 1% Triton-X-100), that had been prein-
cubated (10 min) with STI, to block the proteolytic activity
of trypsin and serve as an indicator of the inhibitor’s effi-
cacy. Samples without Triton were then centrifuged
(18 000 g, 15 min, 4 °C), whereas the Triton solubilised
samples were subjected to trichloroacetic acid (TCA) pre-
cipitation. The precipitated samples and the pellets from
samples without Triton were resuspended in 40 IL 29 sam-

ple buffer, heated at 95 °C for 10 min and subjected to
SDS-PAGE and immunoblotting.

Alkaline (carbonate) extraction

Isolated mitochondria (100 Ig) were resuspended in 100 IL
of 100 mm Na:COs, pH 11.5 and incubated on ice for

A. Moitra et al.

30 min. To separate the membranous pellet fraction and
the soluble supernatant fraction, samples were centrifuged
(76 000 g, 30 min, 4 °C). Soluble supernatant fractions
were subjected to TCA precipitation and the precipitated
samples as well as the original pellets were resuspended in
40 IL 29 sample buffer, heated at 95 °C for 10 min and
subjected to SDS-PAGE and immunoblotting.

Western blotting and immunodecoration

For analysis of steady-state levels of various proteins, mito-
chondrial fractions or whole cell lysate and cytosolic frac-
tions (after their precipitation using chloroform/methanol)
were dissolved in 29 sample buffer to a concentration of
2 mg/mL. All samples were heated at 95 °C for 10 min and
further analysed on 12.5% SDS-PAGE and transferred
onto nitrocellulose membranes via semi-dry western blot-
ting. Membranes were blocked with 5% skimmed milk (in
TBS buffer), incubated with primary antibodies, washed
and then incubated with horseradish peroxidase-conjugated
goat anti-rabbit or goat anti-rat secondary antibodies. The
antibodies used in this study are listed in Table S4.

Blue native (BN)-PAGE

Isolated mitochondria (100 Ig) were washed with SEM
buffer and spun (20 000 g, 10 min, 4 °C). The pellets were
solubilised with a digitonin-containing buffer (1% digitonin
in 20 mm Tris, 0.1 mm EDTA, 50 mm NaCl, 10% glycerol,
pH 7.4) for 30 min on ice, followed by a clarifying spin
(13 000 g, 10 min, 4 °C). The supernatant was mixed with
109 sample buffer (5% [w/v] Coomassie brilliant blue G-
250, 100 mm Bis-Tris, 500 mm 6-aminocaproic acid, pH
7.0) and analysed on a gel containing 6%—14% gradient of
acrylamide. Proteins were blotted onto polyvinylidene fluo-
ride (PVDF) membrane and detected by immunodecora-
tion. Not available from the instrument specifications
(Thermo Scientific, Thermo Fisher Scientific, Carlsbad,
CA, USA) was used as molecular weight markers.
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