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1 List of Abbreviations

BAM  [3-barrel assembly machinery

BiFC  bimolecular fluorescence complementation
Bpa p-benzoyl-L-phenylalanine

CL cardiolipin

DHFR dihydrofolate reductase

Dox doxycycline
FL full-length
GFP green fluorescent protein

Hsp heat shock protein

IMM  inner mitochondrial membrane

IMP inner membrane peptidase

IMS intermembrane space

MIA mitochondrial intermembrane space import and assembly
MIM  mitochondrial import

MPP  mitochondrial processing peptidase

MTS  mitochondrial targeting sequence

NMR  nuclear magnetic resonance

OEP outer envelope protein

OMM  outer mitochondrial membrane

PA phosphatidic acid

PAM  presequence translocase-associated motor

SAM  sorting and assembly machinery

TIM translocase of the inner mitochondrial membrane
TMS  transmembrane segment

TOB topogenesis of outer membrane [3-barrel proteins
TOM translocase of the outer mitochondrial membrane
uv ultraviolet

VDAC voltage-dependent anion channel

WT wild type

YadA  Yersinia adhesin A

YFP yellow fluorescent protein






2  Summary

Mitochondria are eukaryotic organelles involved in many essential cellular processes. Their
functions include the production of energy and the biosynthesis of iron-sulfur clusters and heme.
Furthermore, they engage in lipid and amino acid metabolism, signaling pathways, and apoptosis.
Considering this functional diversity, it is not surprising that mitochondrial dysfunctions are
implicated in neurodegenerative disorders like Parkinson’s and Alzheimer’s disease, in the
development of cancer and in aging. To properly fulfill their roles, mitochondria harbor a diverse
set of proteins. However, most of these are encoded in the nucleus, translated on cytosolic
ribosomes, and are then imported into the organelle. To date, we have a detailed understanding of
the intra-organellar stages of the mitochondrial import process. In contrast, little is known about
the early, pre-mitochondrial events in the biogenesis of mitochondrial precursor proteins. To
better understand the processes in the cytosol that precede the mitochondrial import, I analyzed
such early events as part of the biogenesis of (3-barrel proteins. These proteins are imported and
assembled into the mitochondrial outer membrane by a well-defined pathway. However, so far, it
is not clear how they reach this membrane in the first place.

In my study, I examined the nature of the targeting signal that directs [3-barrel proteins to
mitochondria. The results demonstrate that a dedicated [3-hairpin motif is necessary and sufficient
for the mitochondrial targeting of these proteins. Such a (3-hairpin motif is composed of two
[3-strands connected by a short loop and it can form a 3-sheet with one very hydrophobic face.
Moreover, in this study, I could identify Tom20 as the major import receptor that recognizes this
signal.

Next, I analyzed the interactions of newly synthesized [3-barrel proteins with cytosolic
chaperones. I identified a set of chaperones and co-chaperones that bind to (3-barrel proteins in
the cytosol. Furthermore, I could demonstrate that these chaperone/(3-barrel protein interactions
are required for optimal mitochondrial import of the latter. Of note, a 3-hairpin element that
can serve as a [3-barrel protein targeting signal is sufficient for the recognition by the cytosolic
(co-)chaperones.

Collectively, my findings allow us to outline the early, cytosolic events in the biogenesis of
mitochondrial (3-barrel proteins. Upon their synthesis on cytosolic ribosomes, these proteins
associate with molecular chaperones that keep them in an import-competent conformation. The
[3-barrel proteins are then targeted to mitochondria via the docking of bound chaperones on the
import receptor Tom70 as well as through the interaction of Tom20 with their targeting signal in

the form of a dedicated 3-hairpin motif.






3 Zusammenfassung

Mitochondrien sind eukaryotische Zellorganellen, die an vielen grundlegenden zelluldren
Prozessen beteiligt sind. Sie werden benotigt fiir die Energieproduktion, die Biosynthese von
Eisen-Schwefel-Clustern und von Him sowie fiir den Stoffwechsel von Aminoséduren und Fet-
ten. Des Weiteren sind sie an einigen zellulidren Signalwegen und an der Apoptose beteiligt.
Angesichts dieser Vielfalt an Funktionen ist es nicht verwunderlich, dass mitochondriale Fehl-
funktionen zum Altern sowie zur Entwicklung von Krebs oder von neurodegenerativen Storungen
wie der Alzheimer- und der Parkinson-Krankheit beitragen konnen. Um alle ihre Funktionen
korrekt erfiillen zu konnen, enthalten Mitochondrien einen spezialisierten Satz an Proteinen, die
aber groBtenteils im Zellkern kodiert sind, von zytosolischen Ribosomen synthetisiert werden
und dann in die Mitochondrien importiert werden miissen. Heutzutage haben wir ein gutes
Verstidndnis von den intramitochondrialen Vorgéingen die zum Proteinimport in Mitochondrien
beitragen. Im Gegensatz dazu wissen wir noch wenig iiber die Prozesse in der Biogenese von
mitochondrialen Proteinen die ablaufen, bevor diese Proteine die Mitochondrien erreicht haben.
Um diese Prozesse besser zu verstehen, habe ich sie am Beispiel der Biogenese von 3-barrel Pro-
teinen untersucht. Der Import und Einbau dieser Proteine in die mitochondriale AuSlenmembran
ist gut erforscht. Es ist bislang aber nicht klar, wie (3-barrel Proteine diese Membran erreichen.

In meiner Arbeit habe ich die Beschaffenheit des Signals untersucht, das [3-barrel Proteine zu
den Mitochondrien dirigiert. Die Ergebnisse zeigen, dass ein spezialisiertes (3-hairpin Element
notwendig und ausreichend fiir die mitochondriale Lokalisierung von 3-barrel Proteinen ist.
Ein solches [3-hairpin Element besteht aus zwei miteinander verkniipften (3-Stringen die ein
[3-Faltblatt mit einer sehr hydrophoben Seite bilden konnen. In dieser Arbeit konnte ich aulerdem
zeigen, dass der Importrezeptor Tom20 dieses (3-hairpin Signal spezifisch erkennt.

Dariiber hinaus, habe ich Interaktionen zwischen neu synthetisierten (3-barrel Proteinen und
zytosolichen Chaperonen untersucht. Ich habe einen Satz von Chaperonen und Co-Chaperonen
identifiziert, die im Zytosol an (3-barrel Proteine binden und fiir den optimalen mitochondrialen
Import dieser Proteine notwendig sind. Interessanterweise ist ein (3-hairpin Element wie oben
beschrieben ausreichend fiir eine spezifische Interaktion mit Chaperonen.

Zusammengenommen ermoglichen uns diese Forschungsergebnisse ein Modell fiir die
frithen, zytosolischen Vorginge in der Biogenese von mitochondrialen 3-barrel Proteinen zu
erstellen. Nach der Synthese durch zytosolische Ribosomen werden die (3-barrel Proteine von
molekularen Chaperonen in einer importfihigen Konformation gehalten. Die [3-barrel Proteine
werden dann zu den Mitochondrien dirigiert indem die gebundenen Chaperone an den Importre-

zeptor Tom70 andocken und das 3-hairpin Element mit dem Rezeptor Tom20 interagiert.
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6 Introduction

6.1 Origin, structure, and function of mitochondria

Mitochondria are organelles found in almost all eukaryotic cells. They evolved from an «-
proteobacterium that was endosymbiotically incorporated into an anaerobic host cell concomitant
with or shortly after the origin of the eukaryotic lineage (Gray 2012). During evolution, most of
the mitochondrial genes were transferred to the host cell’s nucleus.

Like their prokaryotic progenitors, mitochondria are enclosed by two membranes that divide
the organelle into four subcompartments. The outer mitochondrial membrane (OMM) separates
the organelle from the cytosol and, together with the inner mitochondrial membrane (IMM),
encloses the intermembrane space (IMS). The innermost subcompartment of the mitochondrium
is called matrix. Mitochondria form a branched, tubular network that can dynamically change
shape by fusion and fission events (Hoffmann and Avers 1973; Pellegrini 1980; Okamoto and
Shaw 2005).

The IMM harbors the complexes of the respiratory chain, making mitochondria a key player
in the cellular energy production. Apart from this, mitochondria are also involved in several
essential cellular processes. Iron-sulfur clusters and heme are synthesized in mitochondria and
mitochondrial enzymes participate in the metabolism of lipids and amino acids. Furthermore,
mitochondria play active roles in cellular signaling and apoptosis (Seth et al. 2005; Pizzo and
Pozzan 2007; Pradelli et al. 2010). Considering this multitude of functions, it is not surprising that
mitochondrial dysfunctions can lead to severe phenotypes. Mitochondria have been implicated in
the development of cancer and of several neurodegenerative disorders including Alzheimer’s and
Parkinson’s disease (Beal 2005; Chatterjee et al. 2011). Additionally, mitochondrial dysfunctions

often contribute to aging (Bratic and Larsson 2013).

6.2 Protein import into mitochondria

To properly fulfill its functions, mitochondria harbor a large set of specialized enzymes
and other proteins. The vast majority of these proteins is encoded in the nuclear genome.
Therefore, they are translated by cytosolic ribosomes and have to be imported into mitochondria.
The OMM and IMM harbor several protein complexes that are dedicated to the import and
intra-mitochondrial sorting of cytosolically synthesized proteins (Fig. 1).

The translocase of the outer mitochondrial membrane (TOM) complex forms the general

entry gate into mitochondria. It is composed of the pore-forming subunit Tom40, accompanied
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INTRODUCTION

by three small subunits, namely Tom5, Tom6, and Tom?7, that requlate its assembly and stability.
Furthermore the three import receptors Tom20, Tom22 and Tom70/Tom71 are part of the TOM
complex. These receptor proteins make first contact with the mitochondrial precursor proteins
coming from the cytosol.

Tom?20 and Tom22 mainly recognize mitochodrial preproteins that carry a mitochondrial
targeting sequence (MTS) (Sollner et al. 1989; Moczko et al. 1993; Yamano et al. 2008).
Such an MTS is an N-terminal, cleavable presequence of 20-50 amino acids that can form
an amphiphillic «-helix with one hydrophobic and one positively charged face (Heijne 1986;
Hammen and Weiner 1998; Vogtle et al. 2009). The MTS can bind to a hydrophobic groove
on the surface of Tom20 and interact with the negatively charged, cytosolic domain of Tom22
(Honlinger et al. 1995; Mayer et al. 1995; Brix et al. 1997; Abe et al. 2000; Pfanner 2000; Saitoh
et al. 2007).

While most mitochondrial preproteins contain an MTS, there are also proteins that are
directed to mitochondria by internal targeting signals present in the mature protein. These
proteins are recognized by the receptor Tom70 prior to their import into mitochondria (Hines
et al. 1990; Sollner et al. 1990).

Despite these different substrate preferences, the two receptors Tom20 and Tom70 posses
partially overlapping recognition patterns and can complement the absence of each other (Steger
et al. 1990; Ramage et al. 1993). In line with this, Tom70 was shown to also contain a prese-
quence binding groove and to be involved in the import of aggregation-prone, MTS-containing
preproteins (Yamamoto et al. 2009; Melin et al. 2015).

With the exception of some «-helical OMM proteins (Fig. 1, pathway 1 and 2; see also
section 6.3.1), all mitochondrial precursor proteins are translocated across the OMM by the TOM
complex. After crossing the OMM, the pathways of precursors destined for different pathways
diverge.

Mitochondrial IMS proteins often contain twin cysteine motifs composed of two cysteine
residues spaced three or nine amino acids apart (Gabriel ef al. 2007). Upon reaching the IMS, the
mitochondrial intermembrane space import and assembly (MIA) system, composed of Mia40
and Ervl, catalyzes disulfide bridge formations within these precursor proteins. This locks
the precusor proteins in a tightly-folded state that prevents them from leaving the mitochon-
dria (Chacinska et al. 2004; Fig. 1, pathway 3). Similarly, some IMS proteins adopt a tight
folding upon acquisition of a metal cofactor or a prosthetic group such as heme (Hewitt et al.
2014). Finally, proteins can also reach the IMS by first following an import pathway into the
IMM followed by a proteolytic cleavage that releases the mature part of the protein from its
transmembrane segment (TMS) (Schneider et al. 1991; Glick et al. 1992).

Proteins destined for the IMM reach their destination via one of four different pathways.
The mitochondrial genome codes for a small number (8 in yeast and 13 in humans) of proteins.
These are translated on mitochondrial ribosomes and inserted into the IMM co-translationally
with the help of Oxal (Hell ef al. 2001; Keil et al. 2012; Pfeffer et al. 2015).

12
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Figure 1: Mitochondrial import machineries and pathways. Some «-helical proteins of the OMM can
insert into the membrane spontaneously (1), while the import of all other proteins requires dedicated import
complexes. Multispan proteins of the OMM are recognized by the import receptor Tom70, transferred to
the MIM complex and inserted into the membrane (2). Cysteine-rich proteins cross the OMM via the TOM
complex and are trapped in the IMS after disulfid bond formation catalyzed by the MIA system (3). The
TOM complex transports 3-barrel and carrier proteins into the IMS where they interact with the small
TIM (sTIM) chaperone complexes (4). The (3-barrel proteins are then inserted into the OMM by the TOB
complex (4a), while the TIM22 complex facilitates integration of carrier proteins into the IMM (4b). Proteins
with an MTS are imported by the TIM23 complex that either inserts them into the IMM (5) or translocates
them into the matrix (6). The MPP cleaves off the MTS and the proteins either stay in the matrix (6a) or are
inserted into the IMM by Oxa1 (6b).

Most IMM proteins, however, are encoded in the nucleus, imported into mitochondria
via the TOM complex and inserted into the membrane by one of the two translocase of the
inner mitochondrial membrane (TIM) complexes. After emerging from the TOM complex, the
polytopic proteins of the IMM carrier family interact with chaperone complexes formed by the
small TIM proteins Tim9 and Tim10 or Tim8 and Tim13. These chaperones help in sorting the
precursor proteins to the TIM22 complex that facilitates their membrane insertion (Davis ef al.
2007; Ferramosca and Zara 2013; Fig. 1, pathway 4b).

The TIM23 complex mediates IMM insertion of MTS-containing proteins by a stop-transfer
mechanism. When the precursor protein’s TMS reaches the TIM23 complex, translocation is

13



INTRODUCTION

halted and the protein is laterally released into the IMM (Glick ef al. 1992; Fig. 1, pathway 5).

Finally, some IMM proteins reach their destination by a process termed conservative sorting.
For this, they are first imported into the mitochondrial matrix and then inserted into the IMM by
Oxal (Hell et al. 1998; Fig. 1, pathway 6b).

Precursor proteins destined for the mitochondrial matrix usually contain an N-terminal MTS.
These proteins are imported via the TOM complex that hands them over to the TIM23 complex.
The latter, in combination with the presequence translocase-associated motor (PAM) complex,
facilitates translocation of the precursor protein through the IMM (Mokranjac and Neupert 2010).
The membrane potential across the IMM and ATP hydrolysis by the PAM complex drive the
import of proteins into the matrix (Pfanner and Neupert 1986). In the matrix, the mitochondrial
processing peptidase (MPP) cleaves off the MTS thereby releasing the mature protein (Yang
et al. 1988; Fig. 1, pathway 6a).

6.3 Biogenesis of mitochondrial outer membrane proteins

Proteins of the OMM account for only a small portion of the total mitochondrial proteins
(Schnaitman and Greenawalt 1968), yet they often mediate crucial functions for biogenesis,
maintenance and morphology of the organelle. Additionally, due to their location at the boundary
of mitochondria and the cytosol, the OMM proteins can make contact with the other cell
organelles (Elbaz-Alon 2017; Szymanski et al. 2017).

The proteins residing in the OMM can be grouped according to their topology. Tail-anchored
proteins are embedded within the membrane by a single TMS at their C-terminus (Fig. 2A,
type 1), while the TMS of signal-anchored proteins is located near their N-terminus (Fig. 2A,
type 2). Most signal-anchored proteins expose their soluble, C-terminal domain to the cytosol
(Fig. 2A, type 2a), but there is at least one protein, OM45, that adopts an inverted topology with
the C-terminus in the IMS (Fig. 2A, type 2b). The OMM also harbors a third class of singlespan
proteins that contain an internal TMS as well as soluble domains at both termini (Fig. 2A, type 3).
Finally, there are two distinct groups of proteins that span the membrane with at least two TMSs,
namely «-helical multispan proteins and 3-barrel proteins (Fig. 2A, type 4 or 5, respectively).
OMM proteins that share the same topology are usually also imported via the same pathway.

6.3.1 Biogenesis of x-helical proteins

In contrast to all other mitochondrial proteins, some tail-anchored OMM proteins can insert
spontaneously into their target membrane without requiring any of the known import machineries
(Fig. 2B, pathway 1). While the membrane integration of tail-anchored proteins does not depend
on proteinaceous factors, the correct sterol content of the membrane is important (Setoguchi
et al. 2006; Kemper et al. 2008; Krumpe et al. 2012).

Signal-anchored OMM proteins are inserted into the membrane by the mitochondrial import
(MIM) complex composed of Mim1 and Mim2 (Becker et al. 2008; Dimmer et al. 2012; Fig. 2B,

14
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Figure 2: Topologies and biogenesis of mitochondrial outer membrane proteins. (A) Mitochondrial
OMM proteins adopt different topologies and span the membrane once (1-3) or multiple times (4 and
5) with either «-helices (1—4) or [3-strands (5). (B) Some mitochondrial tail-anchored proteins can insert
into the OMM spontaneously (1), while signal-anchored (2) and multispan proteins (3) require the MIM
complex for their membrane integration. Mitochondrial 3-barrel proteins are imported into the OMM by
a supercomplex formed between the TOM and TOB complexes (4). In the IMS, the -barrel precursor
proteins interact with the small TIM (sTIM) chaperones.

pathway 2). Most signal-anchored proteins expose their C-terminus to the cytosol and are
imported directly by the MIM complex. Interestingly, the signal-anchored OMM protein Om45
has a soluble, C-terminal domain in the IMS and takes a different import pathway. It is first
translocated across the OMM by the action of the TOM and TIM23 complexes. Then, Om4S5 is
inserted into the OMM from the IMS by the MIM complex (Song et al. 2014; Wenz et al. 2014).

Apart from signal-anchored proteins, the MIM complex is also involved in the biogenesis
of «-helical multispan proteins of the OMM. These proteins additionally require an interaction

with the mitochondrial import receptor Tom70 prior to their membrane integration (Otera et al.
2007; Becker et al. 2011; Papic et al. 2011; Fig. 2B, pathway 3).
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Recently, a new biogenesis pathway for a multispan OMM protein was discovered. The
protein Mcp3 is first imported into the IMM by the TOM and TIM23 complex. It is then cleaved
by the inner membrane peptidase (IMP) and the released mature part of the protein is inserted
into the OMM probably with help from the MIM complex (Sinzel et al. 2016). This pathway
resembles in some aspects the one that Om45 utilizes. Both proteins are first translocated across
the OMM and then inserted into the OMM from the IMS side of the membrane.

6.3.2 Biogenesis of [3-barrel proteins

The OMM harbors not only «-helical proteins, but also 3-barrel ones. These proteins are
embedded in the membrane via multiple antiparallel (3-strands that together form a cylindrical
structure. Interestingly, membrane-embedded [3-barrel proteins can only be found in the outer
membrane of Gram-negative bacteria, chloroplasts and mitochondria. Since the latter two are both
organelles of endosymbiotic origin, the existence of [3-barrel proteins in their outer membranes
supports the endosymbiotic theory.

While almost all bacterial outer membrane proteins are {3-barrel proteins, mitochondria
harbor only five (3-barrel proteins. They were probably conserved due to their important function
for the organelle. Two 3-barrel proteins, Tom40 and Tob55, are central subunits of OMM
import complexes and both are essential for viability. In addition, mitochondria of yeast contain
two isoforms of the general solute channel-forming 3-barrel protein Porin. The mammalian
homologue of Porin is called voltage-dependent anion channel (VDAC) and is present with three
isoforms in human mitochondria. Finally, Mdm10 is a 3-barrel protein that is conserved only in
fungi and has important functions in the biogenesis of the TOM complex and in the maintenance
of the mitochondrial lipid homeostasis and morphology (Sogo and Yaffe 1994; Kornmann et al.
2009; Yamano et al. 2010; Ellenrieder et al. 2016). While neither Porin nor Mdm10 are essential,
their absence leads to a severe growth defect (Sogo and Yaffe 1994; Blachly-Dyson et al. 1997).

The import of mitochondrial 3-barrel proteins depends on two complexes in the OMM,
namely the TOM complex and the topogenesis of outer membrane [3-barrel proteins (TOB)
complex (also known as sorting and assembly machinery, SAM), as well as on the small TIM
chaperone complexes in the IMS (Fig. 2B, pathway 4).

After translation in the cytosol and approaching the mitochondrial surface, the (3-barrel
precursor proteins are recognized by the receptors of the TOM complex. Most studies favor
Tom?20 as the main import receptor for [3-barrel proteins (Rapaport and Neupert 1999; Krimmer
et al. 2001; Yamano et al. 2008), although there are also some indications that Tom70 might be
involved in the recognition of these proteins (Keil ez al. 1993).

After initial interactions with the receptors of the TOM complex, the [3-barrel precursor
proteins are imported via the Tom40 pore into the IMS. Here the small TIM chaperone complexes
Tim8/13 and Tim9/10 prevent the aggregation of the in transit [3-barrel proteins. Finally, the
TOB complex composed of the central subunit Tob55 and two peripheral OMM proteins, Tob38
and Mas37, facilitates the membrane insertion of the [3-barrel proteins (Paschen et al. 2003;
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Wiedemann et al. 2003; Milenkovic et al. 2004; Habib et al. 2005; Chan and Lithgow 2008).
Of note, Tob55 is a homologue of BamA, the central subunit of the bacterial (3-barrel assembly
machinery (BAM) complex (Gentle et al. 2004).

The atomic structure of BamA revealed weak interactions between its first and last [3-strands,
suggesting that they might form a lateral gate that can open to release [3-barrel precursor proteins
into the membrane (Noinaj et al. 2013; Albrecht et al. 2014; Iadanza et al. 2016). Along the
same line, a recent study could show that in yeast, [3-barrel precusor proteins are translocated
through the interior of Tob55 and its lateral gate into the OMM (Hohr ef al. 2018). For this, they
insert (3-hairpins into the opening formed by the lateral gate. Once the full precursor is inserted,

it is released into the membrane.

To ensure the correct intra-mitochondrial sorting, eukaryotic 3-barrel proteins contain a
conserved amino acid sequence termed {3-signal in their most C-terminal (3-strand. Recognition
of this signal by Tob38 leads to the membrane insertion of the 3-barrel proteins (Kutik ef al.
2008b). Yet, while this signal seems to be important for the membrane integration of eukaryotic
[3-barrel proteins, their bacterial counterparts are devoid of such a signal but can still be assembled
into the OMM by the TOB complex (see below).

Recently, it was discovered that the TOM and TOB complexes cooperate tightly for the
import of (3-barrel proteins by forming a supercomplex. The association of the two complexes
ensures an efficient transfer of the precursor protein from the TOM to the TOB complex (Qiu
et al. 2013). The supercomplex formation is mediated by an interaction between Tom22 and
Mas37 (Qiu et al. 2013; Wenz et al. 2015).

As mentioned above, the existence of (3-barrel proteins in the OMM was conserved during
the evolution of mitochondria. This raised the question whether the organelles can import
and assemble also (3-barrel proteins of prokaryotic origin. Several studies could show that
mitochondria can indeed import bacterial 3-barrel proteins (Miiller ez al. 2002; Walther et al.
2009a; Kozjak-Pavlovic et al. 2011; Miiller et al. 2011; Ulrich et al. 2014). Interestingly, bacteria
are also able to assemble eukaryotic 3-barrel proteins into their outer membrane (Walther et
al. 2010). Furthermore, yeast mitochondria posses the ability to import and insert chloroplast
[3-barrel proteins (Ulrich et al. 2012).

6.4 Early stages in the biogenesis of mitochondrial proteins

As described above, we have a detailed understanding of the intra-mitochondrial stages
that precursor proteins go through to reach their destination within the organelle. In contrast
to this, our knowledge about the early, cytosolic events that are required for the biogenesis of
mitochondrial proteins is scarce. In order to be imported into mitochondria, the preproteins have
to fulfill two prerequisites: the preproteins must contain a signal that ensures their targeting to

mitochondria and they must be in an import-competent conformation.
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6.4.1 Targeting signals of mitochondrial proteins

The majority of the mitochondrial precursor proteins is targeted to the organelle via their
MTS. Yet, several mitochondrial proteins do not contain an MTS and, therefore, need to be
targeted to the mitochondria by different signals. To date, these signals are often not well defined.
The group of proteins without an MTS includes the carrier proteins of the IMM, several small
proteins in the IMS and almost all proteins of the OMM.

The IMM carrier proteins are anchored in the membrane with six «-helical TMSs and
several studies could show that different truncated versions of these proteins contain sufficient
information for mitochondrial targeting (Adrian et al. 1986; Pfanner et al. 1987; Smagula and
Douglas 1988). This indicates that the carrier proteins contain several internal sequences that can
serve as targeting signals. These signals promote an interaction with the mitochondrial import
receptor Tom70 and cooperate in the biogenesis of the carrier proteins (Wiedemann et al. 2001).
The exact nature of these signals has remained elusive. However, IMM carrier proteins contain
three copies of a conserved amino acid sequence, termed carrier signature, that might function as

a targeting signal (Ferramosca and Zara 2013).

Proteins that are imported into the mitochondrial IMS via the MIA pathway contain charac-
teristic twin cysteine motifs. In the IMS, these motifs can form disulfide bridges that prevent
the proteins from escaping the IMS (Gabriel et al. 2007). Interestingly, the sequences just up-
or downstream of these cysteine motifs serve as targeting signals and can even direct fused
passenger proteins to mitochondria (Milenkovic et al. 2007; Milenkovic et al. 2009; Sideris et al.
2009). Additionally, a specific internal targeting signal was identified for heme lyases of the IMS
(Diekert et al. 1999).

With the exception of Mcp3, none of the OMM proteins contain an MTS (Sinzel et al. 2016).
The targeting information for signal- and tail-anchored proteins of the OMM was shown to be
encoded in their TMS and its flanking regions. The length and hydrophobicity of the TMS, as
well as the number of positively charged residues close to it seems to be crucial for correct
targeting (Kanaji et al. 2000; Borgese et al. 2001; Horie et al. 2002; Waizenegger et al. 2003). In
contrast to this, the targeting information of almost all OMM proteins with an internal TMS or
with multiple TMSs has not been identified yet. The only exception, Tom22, a protein with an
internal TMS, harbors a targeting signal in its N-terminal, cytosolic domain (Rodriguez-Cousifo
et al. 1998; Nakamura et al. 2004).

Similarly, the signal that targets (3-barrel proteins to mitochondria has remained elusive.
Biochemical and bioinformatic analyses could not detect a conserved, linear amino acid sequence
that might function as a targeting signal. Therefore, it was suggested that the mitochondrial
targeting information of [3-barrel proteins is contained in a structural element (Rapaport and
Neupert 1999; Walther et al. 2009b). This hypothesis is supported by the observation that
bacterial [3-barrel proteins can be imported into mitochondria (see above). While the sequence

homology between bacterial and mitochondrial (3-barrel proteins is usually rather low, they form
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similar structures in the membrane. Experiments with Yersinia adhesin A (YadA) demonstrated
that even a partial [3-barrel structure can be sufficient for mitochondrial targeting. YadA is
a bacterial, trimeric autotransporter protein that assembles into a 12-stranded {3-barrel in the
membrane. Each monomer of YadA contributes four [3-strands to the (3-barrel (Hoiczyk et al.
2000; Linke et al. 2006). These four 3-strands are sufficient for the import into the OMM when
the protein is expressed in yeast cells (Miiller ez al. 2011; Ulrich et al. 2014). However, which

element within this fragment is responsible for the mitochondrial targeting was not defined.

6.4.2 Cytosolic factors involved in the biogenesis of mitochondrial proteins

While the targeting information is crucial to deliver the mitochondrial precursor proteins to
the surface of mitochondria, the import into the organelle can only proceed when the precursor
proteins are in an import-competent conformation. A tight folding, as well as an aggregation of
the proteins would inhibit the import process.

The cell contains a multitude of molecular chaperones. These chaperone proteins can help
their substrate proteins to fold into their native structure. Additionally, molecular chaperones
are often involved in preventing the mis-folding or aggregation of their substrates (Kim et
al. 2013). It is, thus, tempting to assume that molecular chaperones in the cytosol help in
keeping mitochondrial precursor proteins in an import-competent conformation. Indeed, such
an involvement of cytosolic chaperones in the biogenesis of mitochondrial proteins could be
demonstrated in some cases (see below).

Many of the molecular chaperones are upregulated under stress conditions that can destabilize
proteins like temperature or oxidative stress. Therefore, many chaperones are termed heat shock
proteins (Hsps). Proteins of the Hsp70 and the Hsp90 families form the two major chaperone
systems in the cytosol. Hsp70 and Hsp90 chaperones are ATPases and use cycles of ATP binding
and hydrolysis to regulate the binding and release of their substrate proteins. Both proteins have a
very broad substrate range and their activity and specificity is often fine-tuned by co-chaperones
(Young et al. 2001; Walsh et al. 2004; Terasawa et al. 2005; Kampinga and Craig 2010; Clerico
et al. 2015).

In yeast, the MTS-containing IMM protein F{3 was shown to depend on the cytosolic
Hsp70 chaperone Ssal for an efficient mitochondrial import (Deshaies et al. 1988). Ssal can
also interact with other mitochondrial presequences indicating that it could be involved in the
biogenesis of many, or even all, MTS-containing proteins (Endo et al. 1996).

Studies analyzing the import of IMM carrier proteins demonstrated that cytosolic Hsp70
chaperones are involved in their biogenesis in mammalian and yeast cells. Furthermore, Hsp90
chaperones were shown to be required for the mitochondrial import of carrier proteins in
mammals (Young et al. 2003; Bhangoo et al. 2007).

These studies also identified several Hsp40 co-chaperones that interact with IMM carrier
proteins (Bhangoo et al. 2007). Hsp40 proteins (also known as J proteins) are co-chaperones of

Hsp70 and regulate its substrate specificity and ATPase activity (Kampinga and Craig 2010). In
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yeast, the Hsp40 co-chaperone Ydjl1 is involved in the biogenesis of F{ 3 (Caplan et al. 1992).
Additionally, the Hsp40 protein Djp1 was shown to be required for the optimal biogenesis of the
OMM protein Mim1 (Papic et al. 2013).

The Hsp70 and Hsp90 chaperones do not only prevent the folding or aggregation of their
mitochondrial substrate but can actively help in targeting these proteins to the TOM complex by
interacting with its receptor Tom70 (Young et al. 2003; Li et al. 2009; Zanphorlin et al. 2016).

While it was shown that cytosolic chaperones and co-chaperones are involved in the biogen-
esis of some mitochondrial proteins, it is still unclear whether this is specific only to the tested

proteins or also true for the other types of mitochondrial precursor proteins.
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7 Research objectives

Despite considerable progress in our understanding of the mitochondrial import process,
several questions still remain to be answered. While many import complexes involved in the
biogenesis of mitochondrial proteins where identified, there might be additional factors that still
await identification. Furthermore, in contrast to our knowledge of the intra-mitochondrial stages
of the mitochondrial protein import, information about the early, cytosolic stages of this process
is scarce. While the targeting information in many mitochondrial proteins could be decoded, there
are some classes of proteins for which the targeting signal remains to be identified. Additionally,
it has become clear that cytosolic proteins, especially chaperones, are required for an efficient
mitochondrial import of some proteins. Their exact nature and function, however, is not always
known and it is also still unclear whether their involvement is required only for a subset of the
mitochondrial proteome or whether this is a general priciple.

To better understand the processes that are required for the biogenesis of OMM proteins, I
investigated the import of o-helical multispan proteins and of 3-barrel proteins. I focused on
three main questions:

1. Are there additional factors that play a role in the biogenesis of «-helical multispan proteins
of the OMM? In the article “Genome-wide screens in Saccharomyces cerevisiae highlight a role
for cardiolipin in biogenesis of mitochondrial outer membrane multispan proteins.” (Sauerwald
et al. 2015), we used high-throughput screens and biochemical analyses to identify such factors.

2. What is the nature of the targeting signal that delivers [3-barrel proteins to mitochondria and
how is this signal decoded by the mitochondrial import machinery? This question was addressed
in the article “Characterization of the targeting signal in mitochondrial 3-barrel proteins.” (Jores
et al. 2016).

3. Which cytosolic proteins are involved in the biogenesis of mitochondrial (3-barrel proteins?
In the article “Cytosolic Hsp70 and Hsp40 chaperones enable the biogenesis of mitochondrial
[3-barrel proteins.” (Jores et al. 2017), I searched for cytosolic proteins that interact with newly-
synthesized [3-barrel proteins and analyzed the relevance of these interactions in the context of

the [3-barrel biogenesis pathway.
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8 Summary of the results

8.1 Genome-wide screens in Saccharomyces cerevisiae highlight a role for
cardiolipin in biogenesis of mitochondrial outer membrane multispan

proteins. (Sauerwald et al. 2015)

Previous studies could show that the import of «-helical multispan proteins of the OMM
depends on the mitochondrial import receptor Tom70 as well as on the MIM complex (Otera
et al. 2007; Becker et al. 2011; Papi€ et al. 2011; Dimmer et al. 2012). Interestingly, Tom70
is the only subunit of the TOM complex required for the biogenesis of this family of proteins
(Becker et al. 2011; Papic et al. 2011). However, we were wondering if there are still other
proteins that are involved in the biogenesis of «-helical multispan proteins.

To address this question, we applied a high-throughput visual screen utilizing the «-helical
multispan protein Om14 fused to green fluorescent protein (GFP) in a yeast gene deletion library.
In a complementary approach we used a growth screen based on the hybrid protein Ura3-HA-
Om14-degron. This protein will enable the cell to synthesize uracil when inserted correctly into
the OMM. Yet, if the membrane integration fails, Ura3-HA-Om14-degron will be degraded
rapidly and the cells will not grow on media lacking uracil (Fig. 3A).

We verified that by subcellular fractionation experiments the query proteins GFP-Om14 and
Ura3-HA-Om14-degron are localized to mitochondria (Fig. 1B and Fig. 3C) and that they adopt
a topology similar to the one of native Om14 by carbonate extraction and proteinase K protection
assays (Fig. 1C and Fig. 3D).

Both, the high-throughput visual and growth screens identified the cardiolipin (CL) synthase
Crdl as a candidate protein that could be involved in the biogenesis of «-helical multispan
proteins. To verify the involvement of Crd1 in this process, we analyzed mitochondria isolated
from cells deleted for CRD1. The steady state levels of the multispan OMM proteins GFP-Om14,
Ugol, and Scm4 were reduced when compared to mitochondria from wild type (WT) cells (Fig.
4). Next, we tested the in vitro import of x-helical multispan proteins into mitochondria isolated
from WT or crdI A cells. The import of the multispan proteins Ugol and Scm4 was reduced in
the absence of Crd1 while the import of the control protein pSu9-DHFR was not affected (Fig.
5).

Crdl catalyzes the last step in the biosynthesis of the mitochondria-specific phospholipid
CL (Chang et al. 1998; Osman et al. 2011). Mitochondria from crdIA cells do not contain CL.
To verify that this absence of CL, rather than an accumulation of an intermediate, causes the

observed defects in the biogenesis of «-helical multispan proteins, we performed experiments
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with mitochondria from cells deleted for GEP4 which codes for another enzyme in the CL
biosynthesis pathway (Osman et al. 2010).

Similar to the situation in crd1A cells, the steady state levels of the OMM multispan proteins
Ugol, Scm4, and Om14 are reduced in mitochondria from gep4A cells (Fig. 6A). Furthermore,
also the in vitro import of the multispan proteins into isolated mitochondria lacking Gep4 is
impaired (Fig. 6B and C). In summary, we could show that the import of «-helical multispan

proteins into the OMM depends on the presence of the phospholipid CL.

8.2 Characterization of the targeting signal in mitochondrial (3-barrel

proteins. (Jores et al. 2016)

Mitochondrial {3-barrel proteins perform many important functions required for the bio-
genesis, maintenance and morphology of mitochondria. While we have obtained a detailed
understanding of the intra-mitochondrial import pathway that these proteins take after their
synthesis on cytosolic ribosomes, it is not clear how they are targeted to and recognized by the
organelle. Mitochondrial 3-barrel proteins contain neither a canonical mitochondrial targeting
signal nor a conserved, linear amino acid sequence that could serve as a targeting signal. Instead,
it was suggested that the targeting information is encoded by a unique structural motif within the
[3-barrel proteins (Rapaport and Neupert 1999; Walther ef al. 2009b). This hypothesis is also
supported by the observation that bacterial and chloroplast (3-barrel proteins can be targeted to
mitochondria (Miiller et al. 2002; Walther et al. 2009a; Kozjak-Pavlovic et al. 2011; Ulrich et al.
2012).

Interestingly, mitochondria are also able to recognize, import and assemble the trimeric
autotransporter YadA (Miiller et al. 2011; Ulrich et al. 2014). Since the (3-barrel of YadA is built
by three independent subunits, this finding demonstrates that a fragment of a (3-barrel structure
containing only four 3-strands contains sufficient information for mitochondrial targeting.
Therefore, we asked whether even a (3-hairpin motif composed of two 3-strands and a short
connecting loop could serve as a targeting signal. Such a (3-hairpin motif can be considered as
the minimal building block of all (3-barrel proteins (Arnold et al. 2007; Remmert et al. 2010).

To test this hypothesis, I used different chemically synthesized peptides derived from the
C-terminal (3-hairpin of human VDACI. This protein was chosen, as it is the only mitochondrial
[3-barrel protein for which the atomic structure was determined (Bayrhuber et al. 2008; Hiller
et al. 2008; Ujwal et al. 2008). The peptides utilized in this study were composed of either the last
(3-strand (peptide SL) or the last two [3-strands (peptide LL). Additionally, a third peptide was
synthesized with the same sequence as the peptide LL but the N- and C-termini were covalently
linked yielding a cyclic peptide (peptide CYC; Fig. 1a). As cyclization restricts the possible
conformations that the CYC peptide can adopt, this peptide is more likely to form a [3-hairpin
structure.

If such a (3-hairpin peptide indeed resembles the targeting signal of mitochondrial 3-barrel
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proteins, it should be able to bind to elements that recognize (3-barrel proteins and, thereby,
competitively inhibit their import. Using in vitro import assays, I could show that the CYC
peptide specifically inhibits the mitochondrial import of (3-barrel proteins (Fig. 1b—f). This
inhibition was not or only to a lesser extent observed for non-3-barrel proteins. Furthermore, the
SL and LL peptides did not show an inhibitory effect. This indicates that the secondary structure
of the peptide is important as the CYC peptide, as mentioned above, is more likely to adopt a

(3-hairpin conformation.

Next, I tested whether a similar (3-hairpin peptide (hp18) can actively target fused passenger
proteins like dihydrofolate reductase (DHFR) or GFP to mitochondria. In in vitro import experi-
ments, fusion of a B-hairpin peptide to a destabilized version of DHFR (DHFR™") lead to its
mitochondrial import while an o-helical control peptide (cp) did not mediate import (Fig. 2a and
b). Moreover, in in vivo experiments, DHFR and GFP were enriched in a crude mitochondrial
fraction when fused to a (3-hairpin peptide but not when attached to the «-helical control peptide
(Fig. 2c—f).

The above-mentioned experiments demonstrate that the last 3-hairpin of VDACT is sufficient
for mitochondrial targeting. To test if it is also necessary, I constructed truncated version of
VDACI that lack either the first (VDAC1Ahpl) or last 3-hairpin (VDAC1Ahp18). When these
constructs were expressed in yeast cells only the full-length (FL) version and VDAC1Ahpl were
able to rescue the growth defect of cells deleted for PORI, the yeast homolog of VDACI. In
contrast, VDAC1Ahp18 had only a very limited complementation capacity and was detected at
lower levels than the other variants (Supplementary Fig. 6). Collectively, these results show that
the last 3-hairpin of VDACTI is necessary and sufficient for mitochondrial targeting of (3-barrel

proteins.

Since (3-hairpin motifs are common also in non-3-barrel proteins, I next searched for ad-
ditional properties of such a motif that enable it to serve as such a targeting signal. To that
end, I fused the passenger protein DHFR to various 3-hairpin peptides derived from either
human VDACI or yeast Porin and analyzed the mitochondrial enrichment of the resulting fu-
sion proteins. I found a strong correlation between the mitochondrial targeting capacity of the
(3-hairpin peptides and the hydrophobicity of the hydrophobic face of the 3-sheet they form
(Fig. 6a and b). Furthermore, I could demonstrate that reducing the hydrophobicity of the last
[3-hairpin of VDACI reduces its mitochondrial targeting capacity (Fig. 6¢). Along the same
line, increasing the hydrophobicity of the 3-hairpin 17 of VDACI, also lead to an elevated
mitochondrial enrichment of the corresponding fusion protein (Fig. 6d). Taken together, I could
show that a 3-hairpin motif with one very hydrophobic face can serve as the targeting signal of
mitochondrial (3-barrel proteins.

Next, to investigate how this signal is recognized within the cell, I used a photo-crosslinking
approach to identify mitochondrial proteins that can specifically interact with such a (3-hairpin
element. To this end, we synthesized a modified version of the (3-hairpin peptides that contains

the photo-reactive, unnatural amino acid p-benzoyl-L-phenylalanine (Bpa). When I mixed the
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Bpa-containing peptides with isolated mitochondria and illuminated the samples with ultraviolet
(UV)-light, I could detect specific photo-adducts between the cyclic (3-hairpin peptide and
several subunits of the TOM and TOB complexes (Fig. 7). Of note, no crosslinking adducts were
observed for control proteins of the OMM and matrix or with the linear (3-hairpin peptide.

Since Tom20 was among the proteins that could be crosslinked to the cyclic 3-hairpin peptide
and several studies suggested that it is the major import receptor for mitochondrial (3-barrel
proteins (Sollner et al. 1989; Rapaport and Neupert 1999; Schleiff et al. 1999; Krimmer et al.
2001; Yamano et al. 2008), I wanted to test if the interaction of Tom20 with a 3-hairpin peptide
also takes place in vivo. To this end, I performed bimolecular fluorescence complementation
(BiFC) experiments using a fusion protein of Tom20 and the C-terminal part of yellow fluorescent
protein (YFP) (Fig. 8a). This fusion protein is assembled into the OMM in a topology similar
to native Tom20 (Supplementary Fig. 8) and is functional as it can rescue the growth defect
of tom20A yeast cells (Fig. 8b). When Tom20-YFP(C) was coexpressed with a fusion protein
composed of a 3-hairpin peptide and the N-terminal part of YFP, a yellow fluorescence staining
of mitochondria was observed (Fig. 8c). This signal is specific for the interaction of Tom20 with
the (3-hairpin peptide, as it was not detected when the N-terminal part of YFP was fused to an
«-helical control peptide or when the C-terminal part of YFP was fused to the OMM protein
Mecrl (Fig. 8c and d).

Collectively, in this study, I could elucidate how mitochondrial (3-barrel proteins are targeted
to the correct organelle. This targeting relies on a dedicated [3-hairpin motif containing a very
hydrophobic face that is recognized by an interaction with the mitochondrial import receptor
Tom?20.

8.3 Cytosolic Hsp70 and Hsp40 chaperones enable the biogenesis of mi-
tochondrial 3-barrel proteins. (Jores et al. 2017)

Currently, little is known about the processes that ensure the safe passage of newly synthesized
(3-barrel proteins through the cytosol. This is especially critical as [3-barrel proteins are prone to
aggregation due to their hydrophobic nature and tendency to form 3-sheets (Hecht 1994).

The cell possesses a multitude of different molecular chaperones that can prevent the aggre-
gation of mis- or unfolded proteins. To test if newly synthesized (3-barrel proteins interact with
molecular chaperones in the cytosol, I performed pull-down experiments with various [3-barrel
proteins translated in vitro with yeast extract. I found that the Hsp70 chaperones Ssal and Ssa2,
as well as the Hsp90 chaperones Hsp82 and Hsc82 co-eluted with [3-barrel proteins, but not with
the control protein DHFR. Additionally, several co-chaperones including Stil, Ahal and the
Hsp40 proteins Ydj1, Sis1, and Djpl were present in the eluates obtained after pulling-down
[3-barrel proteins (Fig. 1a and Table 1).

Next, I analyzed if the chaperone/(3-barrel protein interactions can dynamically adapt to

changing conditions. To this end, I performed pull-down experiments in the presence or absence
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of ATP. The association of Ssal and Hsp82 with the in vitro translated [3-barrel protein Porin
was affected by the change in the energy level of the system. This is not surprising as both, Ssal
and Hsp82, are ATPases. Interestingly, adding an excess of ATP strongly altered the levels of the
co-eluted Hsp40 proteins Ydjl, Sisl and Djp1 (Fig. 1b).

To test if the interactions between chaperones and newly synthesized [3-barrel proteins
are stable over long time periods, I increased the translation time and analyzed the co-eluted
proteins. While the levels of most (co-)chaperones were reduced over time, the disaggregase
proteins Hsp104 and Hsp42 increased slightly (Fig. 1¢). This indicates that the Hsp70 and Hsp90
chaperones can keep the [3-barrel proteins in solution only for a limited time. When this system
fails, the (3-barrel proteins aggregate and disaggregase proteins are recruited.

Finally, I investigated whether the chaperone/[3-barrel protein interactions depend on single
co-chaperones. I observed that the absence of Stil, Ydj1, and Sis1 affects the levels of some of
the interacting (co-)chaperones (Supplementary Fig. 1). However, the association of 3-barrel
proteins with chaperones was not completely abolished. This demonstrated that the absence of
one of the co-chaperones can be complemented by the remaining ones.

Next, I asked whether a complete (3-barrel protein is required or whether even a 3-hairpin
motif is sufficient for binding to chaperones. To this end, I performed photo-crosslinking experi-
ments using the Bpa-containing [3-hairpin peptides described above. When the peptides were
mixed with a yeast extract, I observed the formation of specific photo-adducts with Ssal, Ydjl,
Djp1, and Hsp104. Of note, the photo-adducts were obtained with the cyclic, but not with the
linear, (3-hairpin peptide (Fig. 1d).

To further characterize the interactions between chaperones and the [3-hairpin peptide, we
performed, in a collaboration with the Buchner’s group in Munich, fluorescence anisotropy
measurements using recombinant Ssal and Ydj1 and measured their binding to a rhodamine-
labeled version of the cyclic 3-hairpin peptide (Fig. 2). These experiments revealed that both
proteins can bind the cyclic (3-hairpin peptide with affinities similar to the ones previously
observed for interactions between Hsp70 or Hsp40 chaperones and other substrate peptides
(Schmid et al. 1994; Endo et al. 1996; Pierpaoli et al. 1997; Li and Sha 2004; Ricci and Williams
2008; Schneider et al. 2016).

To analyze if chaperones interact also in vivo with newly synthesized [3-barrel proteins, I used
a fusion protein composed of a (3-hairpin peptide fused to DHFR (Jores et al. 2016). Since the
chaperone/[3-barrel protein interactions are probably transient, I employed a photo-crosslinking
approach to take a snapshot of the interactions of the 3-hairpin peptide. For this, the photo-
reactive amino acid Bpa was inserted into the (3-hairpin peptide by an amber suppression system
(Chen et al. 2007). When the resulting fusion protein was expressed in yeast cells it formed, upon
UV irradiation, specific photo-adducts with Ssal, Hsp82, Ydjl, and Sis1 (Fig. 4). These findings
confirm that newly translated (3-barrel proteins interact also in vivo with cytosolic chaperones.

Collectively, I was able to identify a set of cytosolic chaperones that can bind to and prevent

the aggregation of newly synthesized [3-barrel proteins. This chaperone system can dynami-

27



SUMMARY OF THE RESULTS

cally adapt to changing conditions and does not strictly depend on any single co-chaperone.
Furthermore, we could show that a [3-hairpin motif is sufficient for the interaction with cytosolic
chaperones.

Since I could demonstrate that (3-barrel proteins interact in vitro and in vivo with cytosolic
chaperones, I next asked whether these interactions are also of physiological relevance for the
biogenesis of mitochondrial 3-barrel proteins. To address this question, I performed in vitro
import experiments with radiolabeled precursor proteins in the presence of chaperone inhibitors.

First, I analyzed the effect of the inhibitor C90 on the mitochondrial import of 3-barrel
proteins. C90 is composed of the C-terminus of human Hsp90 and was previously reported to
block the binding site for Hsp70 and Hsp90 chaperones on the mitochondrial import receptor
Tom70 (Young et al. 2003; Bhangoo et al. 2007). This inhibitor reduced the mitochondrial
import of the {3-barrel proteins Porin, Neurospora crassa Tom40 (NcTom40), and Saccharomyces
cerevisiae Tom40 (ScTom40) but not of the MTS-containing control protein pSu9-DHFR (Fig.
3a—c and Supplementary Fig. 2a).

Since C90 cannot distinguish between Hsp70 and Hsp90 family chaperones, I additionally
used the Hsp70-specific inhibitor cBag, which is derived from the C-terminal Bag domain of
human Bag-1M (Young et al. 2003; Bhangoo et al. 2007), to test if it affects the biogenesis of
mitochondrial (3-barrel proteins. Indeed, I observed a specific cBag-mediated import inhibition
of (3-barrel proteins (Fig. 3d—e and Supplementary Fig. 2b). Taken together, these findings
demonstrate that cytosolic Hsp70 chaperones are required for an efficient import of mitochondrial
[3-barrel proteins.

Next, I examined the role of the Hsp40 co-chaperones Ydj1 and Sisl in the biogenesis of
mitochondrial 3-barrel proteins. To this end, I created yeast strains where either one or both of
the genes coding for these co-chaperones are under control of a tetracycline-repressible promoter.
Cells from these strains can be depleted of the corresponding co-chaperone by the addition of
the tetracycline analogue doxycycline (Dox) to the growth medium. I then performed metabolic
labeling experiments that enabled me to follow in vivo the biogenesis of the 3-barrel protein
Porin in these strains. Of note, Dox itself does not affect the import of Porin (Fig. 5a). When I
analyzed cells that were depleted of either Ydj1 or Sisl, I observed only a marginal reduction in
the biogenesis of Porin (Fig. 5b and c). Interestingly, a simultaneous depletion of Ydj1 and Sis1
lead to a strongly reduced import of the [3-barrel protein (Fig. 5d). Collectively, these results
show that both the Hsp40 co-chaperones Ydj1 and Sis1 are involved in the biogenesis of 3-barrel
proteins. Apparently, the two proteins perform partially redundant functions and can complement
the absence of each other.

Finally, I asked whether the involvement of cytosolic chaperones in the biogenesis of mi-
tochondrial (3-barrrel proteins is conserved also in higher eukaryotes. To this end, I performed
pull-down and import experiments where the [3-barrel precursor proteins were translated in
a rabbit reticulocyte lysate system. Here, I observed that the Hsp70 family chaperone Hsc70
specifically binds to the (3-barrel proteins Porin and VDACI1 but not to the control protein
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DHFR (Fig. 6a). Furthermore, when the Hsp70 inhibitor cBag was added to Porin-containing
rabbit reticulocyte lysate, the mitochondrial import of the (3-barrel protein was strongly reduced
(Fig. 6b). These results indicate that cytosolic Hsp70 chaperones mediate the biogenesis of
mitochondrial (3-barrel proteins also in higher eukaryotes.
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9 Discussion

9.1 Genome-wide screens in Saccharomyces cerevisiae highlight a role for
cardiolipin in biogenesis of mitochondrial outer membrane multispan

proteins.

Many studies have contributed to our understanding of the processes underlying protein
import into the OMM (reviewed in Ellenrieder et al. 2015). To date, we know three complexes
in the OMM, namely, the TOM, TOB, and MIM complexes, that are involved in mitochondrial
protein import. However, there might be additional, so far unidentified, proteins that are involved
in this process.

We aimed to find such novel import components by screening for gene deletions in yeast
that hamper the biogenesis of «-helical multispan OMM proteins. While we did not identify
any additional proteins that are directly involved in the import of such proteins, our findings
highlight a role of the mitochondria-specific phospholipid CL in their biogenesis.

We observed that a deletion of either CRD1 or GEP4 led to reduced steady state levels and
an impaired mitochondrial import of several a-helical OMM proteins. Since both, CRDI and
GEP4, code for enzymes involved in the biosynthesis of CL (Chang et al. 1998; Osman et al.
2010; Osman et al. 2011), we suggest that their involvement in the biogenesis of multispan
OMM proteins is not a direct one. Instead, the absence of CL in strains deleted for CRD1 or
GEP4 is probably causing the observed phenotype.

Such an involvement of phospholipids in the biogenesis of mitochondrial proteins has been
reported before (reviewed in Bottinger et al. 2015). Several studies showed that the stability of
the TIM23 complex is reduced in the absence of CL leading to a decreased import of IMM and
matrix proteins (Kutik ef al. 2008a; Tamura et al. 2009; Malhotra et al. 2017). Additionally, it
was reported that the absence of CL destabilizes the TOM and TOB complexes and, therefore,
leads to a hampered biogenesis of OMM [3-barrel proteins (Gebert et al. 2009).

The import of x-helical multispan proteins into the OMM, however, does not depend on
the whole TOM complex but only on its import receptor Tom70 and on the MIM complex,
which is not affected by the absence of CL (our findings and Gebert et al. 2009). Therefore, it is
unlikely that the observed import deficiency of «-helical multispan proteins into mitochondria
from crdl A and gep4A cells is the result of destabilized import complexes. Instead, CL could
directly be required for the membrane insertion of «-helical multispan proteins. Of note, a direct
involvement of lipids in the biogenesis of these proteins has been reported before when Vogtle

et al. showed that phosphatidic acid (PA) promotes the membrane insertion of Ugol (Vogtle
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et al. 2015). How PA and CL mediate the integration of multispan proteins into the OMM is not
clear. One possibility is that they can form microdomains within the membrane that then serve
as the insertion point for these proteins. Currently, experimental proof for this hypothesis is still

lacking.

9.2 Characterization of the targeting signal in mitochondrial (3-barrel

proteins.

The main focus of my study was to investigate the early, pre-mitochondrial stages in the
biogenesis of 3-barrel proteins. While we have a detailed understanding of the import process that
takes place after the [3-barrel proteins reach the mitochondria, it was not clear how they get there
in the first place. Two questions had remained elusive, namely how are [(3-barrel proteins targeted
to mitochondria and how does the cell ensure that they reach their target in an import-competent
conformation.

While most mitochondrial proteins are targeted to their organelle by means of an MTS at
their N-terminus, (3-barrel proteins are devoid of this feature. Additionally, they do not contain a
conserved amino acid sequence that could serve as a targeting signal. Therefore, it was suggested
that the targeting signal of these proteins is encoded by a structural element (Rapaport and
Neupert 1999; Walther et al. 2009b). In this study, I could show that a dedicated 3-hairpin motif
can fulfill this role.

This finding can explain the observation that bacterial and chloroplast 3-barrel proteins
are targeted to mitochondria when expressed in non-plant eukaryotic cells (Miiller et al. 2002;
Walther et al. 2009a; Kozjak-Pavlovic et al. 2011; Miiller et al. 2011; Ulrich et al. 2012; Ulrich
et al. 2014). These proteins often share only little sequence homology with mitochondrial {3-
barrels but they are all composed of multiple (3-hairpin elements which are the minimal building
block of all 3-barrel proteins (Arnold et al. 2007; Remmert et al. 2010).

However, [3-hairpin motifs also frequently occur in non-mitochondrial proteins. Therefore, to
serve as a mitochondrial targeting signal, the (3-hairpin targeting element must fulfill additional
requirements. Since the mitochondrial (3-barrel proteins are embedded in the lipid bilayer, the
amino acid residues facing the lipid core are mostly hydrophobic. Indeed, I could show that
this hydrophobicity is a key element in determining whether a (3-hairpin motif can serve as a
mitochondrial targeting signal. Only (3-hairpins that form a 3-sheet with one face that is very
hydrophobic can target proteins to mitochondria.

Targeting signals are often recognized by dedicated receptors. In the case of the [3-barrel
protein targeting signal, I could show by cross-linking and BiFC assays that Tom20 functions
as such a receptor. Furthermore, nuclear magnetic resonance (NMR) experiments performed
by my collaboration partners could identify the binding site of the [3-hairpin signal on Tom?20.
Interestingly, the (3-hairpin element binds to the same hydrophobic groove that serves also as the

binding site for the MTS. This can be explained by the common amphiphilic structure of the
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very hydrophobic
polar face face

Figure 3: The targeting signal of mitochondrial 3-barrel proteins. Mitochondrial 3-barrel proteins are
targeted to their organelle by a [3-hairpin motif with one highly hydrophobic and one polar face. This signal
is recognized by the import receptor Tom20.

[3-hairpin motif and the MTS as both elements fold into structures with one hydrophobic and one
polar face. This finding can also explain the reduced mitochondrial import of MTS-containing
proteins in the presence of a (3-hairpin peptide and the previous observation that an MTS peptide
could compete for the import of Porin (Millar and Shore 1996).

Previous studies showed that MTSs can also be bound by Tom22 and Tom70, the other
two import receptors of the TOM complex (Honlinger et al. 1995; Mayer et al. 1995; Brix
et al. 1997; Melin et al. 2015). In this study, both receptors formed photo-adducts with a Bpa-
containing cyclic (3-hairpin peptide. Therefore, Tom22 and/or Tom70 could also be involved in
the recognition of the targeting signal of mitochondrial (3-barrel proteins. In line with this, it was
shown that the mitochondrial import of [3-barrel proteins is inhibited by a proteolytic removal of
the cytosolic domain of Tom22 or by an antibody against Tom70 (Keil ez al. 1993; Yamano et al.
2008). The ability of the (3-hairpin element to bind to the receptors Tom20, Tom22 and Tom70
might help to increase the avidity of the interaction between the TOM complex and 3-barrel
precursor proteins. One can envisage a situation where different [3-hairpins of the precursor
protein could be bound simultaneously by the different receptors of the TOM complex.

Often, targeting signals have to occur at a specific position within the protein to be recognized
properly. This is, however, not the case for the targeting signal of mitochondrial [3-barrel proteins.
While the most hydrophobic (3-hairpin of human VDACI is located at the C-terminus of the
protein, Porin of yeast harbors its most hydrophobic {3-hairpin close to the N-terminus. Despite
their different location, both (3-hairpins are efficient targeting signals. Furthermore, the (3-hairpins
could target passenger proteins to mitochondria when they were fused to the N-terminus of these
proteins. Taken together, the targeting signal of (3-barrel proteins is not restricted to a certain
location within the full-length protein.

In summary, I could decipher how mitochondrial 3-barrel proteins are targeted to mitochon-
dria. They contain a dedicated [3-hairpin motif that has one highly hydrophobic and one polar
face. This 3-hairpin serves as a targeting signal and is recognized by the mitochondrial import

receptor Tom20 (Fig. 3).
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The targeting of 3-barrel proteins in non-plant eukaryotic cells is rather straightforward as
there is only one organelle as a putative destination. The situation gets more complicated in
plant cells as these harbor two organelles, mitochondria and chloroplast, that contain 3-barrel
proteins in their outer membranes. To better understand how plant cells ensure the correct
targeting of mitochondrial or chloroplast [3-barrel proteins, my collaboration partners analyzed
the subcellular localization of plant mitochondrial VDACI, of chloroplast outer envelope protein
(OEP)24, and of hydbrids between these proteins. They could show that the C-terminal (3-hairpin
of VDACI is necessary for the correct targeting of the protein to mitochondria. Moreover, when
the C-terminal (3-hairpin of OEP24 was replaced with the one from VDACI, the resulting hybrid
protein was also targeted to mitochondria (Jores et al. 2016). These findings show that, also in
plant cells, a 3-hairpin motif serves as a mitochondrial targeting signal.

To date, it is not clear how chloroplast [3-barrel proteins prevent that their (3-hairpins are
recognized as a targeting signal for mitochondria. Furthermore, we also do not know how they
are targeted to the chloroplasts. One possibility is, that plant cells contain specific guidance
factors in the cytosol that recognize and target chloroplast (3-barrel proteins to their organelle.
Such a cytosolic factor would also be in line with the observation that chloroplast (3-barrel
proteins can be imported into mitochondria in vitro and are specifically located to chloroplasts
only in vivo (Ulrich et al. 2012). However, so far, no cytosolic proteins interacting with newly

synthesized chloroplast (3-barrel proteins have been reported.

9.3 Cytosolic Hsp70 and Hsp40 chaperones enable the biogenesis of mi-

tochondrial 3-barrel proteins.

To better understand the early stages of the biogenesis of 3-barrel proteins, I searched for
cytosolic proteins that interact with such precursor proteins and help them reach the mitochondria.
Using pull-down and crosslinking assays, I could identify a set of cytosolic chaperones that
specifically bind to (3-barrel proteins upon their synthesis on cytosolic ribosomes.

Newly synthesized (3-barrel proteins interact with the cytosolic Hsp70 chaperones Ssal
and Ssa2, and with the Hsp90 chaperones Hsp82 and Hsc82. The Hsp70 and Hsp90 families
comprise the most abundant molecular chaperones. Members of these chaperone families have
been implicated with mitochondrial import before. Hsp70 chaperones were reported to mediate
the import of MTS-containing preproteins (Deshaies et al. 1988; Endo et al. 1996). Furthermore,
in mammalian cells, Hsp70 and Hsp90 chaperones are required for the import of carrier proteins
destined for the IMM. Interestingly, in yeast cells, carrier proteins are efficiently imported into
mitochondria without the help of Hsp90 chaperones (Young et al. 2003). Similarly, while I could
detect binding of newly translated (3-barrel proteins to the yeast Hsp90 proteins Hsp82 and
Hsc82, inhibitors of these proteins did not lead to a reduced import of 3-barrel proteins in in
vitro import experiments (data not shown). Therefore, under the tested conditions, I could not

demonstrate a physiological role for the Hsp90/[3-barrel interactions.
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In contrast, the interactions between Hsp70 family chaperones and newly synthesized (3-
barrel proteins are required for an efficient biogenesis of the latter. Import of (3-barrel proteins
into mitochondria is severely affected by inhibitors that disrupt the binding of Hsp70 chaperones
to the import receptor Tom70 or to their substrates. Since Hsp70 proteins are ATPases, their
involvement in the biogenesis of [3-barrel proteins is also supported by the previously unexplained
observation that a pool of ATP outside of mitochondria is required for this process (Pfanner et al.
1988; Hwang and Schatz 1989; Rapaport and Neupert 1999).

Chaperones of the Hsp70 family are present in all kingdoms of life and are amongst the most
conserved proteins (Gupta and Golding 1993; Daugaard et al. 2007). Accordingly, I could show
that the Hsp70/3-barrel protein interactions and their physiological relevance are conserved from

yeast to mammals.

Hsp70 chaperones possess a very broad substrate range and their specificity is often fine-
tuned by co-chaperones of the Hsp40 family (Walsh et al. 2004; Kampinga and Craig 2010;
Cyr and Ramos 2014; Craig and Marszalek 2017). Accordingly, I could detect the specific
binding of the Hsp40 chaperones Ydjl, Sisl and Djp1 to newly synthesized [3-barrel proteins.
However, most of the observed cytosolic interaction partners of (3-barrel proteins were still able
to bind to these proteins even in the absence of individual co-chaperones. This indicates that
the chaperone system that keeps [3-barrel proteins in an import-competent conformation can
dynamically adapt to and compensate for the loss of individual members. This adaptiveness could
also be demonstrated in experiments with altered ATP levels. Whereas the same (co-)chaperones
were bound to [3-barrel proteins under all conditions, their relative amounts responded to the
change in the energy status.

When I analyzed the physiological relevance of the Hsp40/[3-barrel protein interactions,
I found that a depletion of either Ydj1 or Sisl has only a mild effect on the biogenesis of [3-
barrel proteins. In contrast, when cells were simultaneously depleted of both co-chaperones, the
biogenesis of 3-barrel proteins was strongly reduced. Taken together, Ydj1 and Sis1 are required
for the biogenesis of mitochondrial (3-barrel proteins. Yet, their functions in this context overlap
and they can complement for the absence of each other. Similarly, a previous study reported that
Sis1 can rescue the growth defect of a strain harboring a temperature-sensitive allele of Ydj1.
The same study also showed that Ydjl is involved in the biogenesis of the MTS-containing IMM
protein F{ 3 (Caplan et al. 1992). Sis1, on the other hand, was so far not implicated in the import
of mitochondrial precursor proteins.

To better understand how the cytosolic (co-)chaperones recognize mitochondrial 3-barrel
proteins as substrates, I tested if a partial (3-barrel structure is sufficient for chaperone binding.
Indeed, even a 3-hairpin peptide interacted with various (co-)chaperones in vitro and in vivo.
Therefore, it is possible that cytosolic chaperones associate with [3-barrel proteins already while
they are still being translated. Such a co-translational interaction could prevent aggregation
of hydrophobic elements within the (3-barrel proteins immediately upon their exit from the

ribosomes.
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In collaboration with the group of Johannes Buchner (Munich), we could determine the
binding affinities between the (3-hairpin peptide and the Hsp70 chaperone Ssal or the Hsp40
co-chaperone Ydjl. The affinity of Ssal for the 3-hairpin peptide is higher than the one of Ydjl.
This raises the possibility that the newly synthesized {3-barrel proteins are first recognized by the
more specific Hsp40 co-chaperones which then transfer them to the general Hsp70 chaperone
system. However, experimental proof for such a sequential binding is still lacking.

Irrespective of the binding order, once the chaperones are bound to mitochondrial (3-barrel
proteins they perform two important functions. They keep the newly synthesized proteins in
an import-competent conformation by preventing both tight folding as well as aggregation and
they can actively help in targeting the 3-barrel proteins to the mitochondria by docking to the
import receptor Tom70. Interactions of Hsp70 and Hsp90 chaperones with IMM carrier proteins
and their relevance for the import of these proteins by binding to Tom70 have previously been
reported (Young et al. 2003).

To date, most studies reached the conclusion that Tom20 is the main import receptor for
mitochondrial 3-barrel proteins (Sollner et al. 1989; Rapaport and Neupert 1999; Schleiff et al.
1999; Krimmer et al. 2001; Yamano et al. 2008). Indeed, we could show that a 3-hairpin motif
that serves as a targeting signal for 3-barrel proteins binds to the import receptor Tom20 in the
MTS binding groove. The results contained in this thesis argue also for an involvement of Tom70
in the biogenesis of [3-barrel proteins. This involvement could even be twofold. First, Tom70 can
serve as a primary docking site for cytosolic Hsp70 chaperones that are associated with newly
synthesized [3-barrel proteins. I could show that blocking this Tom70/Hsp70 interaction hampers
the import of [3-barrel proteins. Secondly, Tom70 can probably recognize the targeting signal of
[3-barrel proteins directly. This idea is supported by the observation of photo-adducts between
Tom?70 and a cyclic 3-hairpin peptide. Moreover, a binding groove for MTSs was also identified
on the surface of Tom70 (Melin et al. 2015). Therefore, it is possible that a 3-hairpin motif will
also bind to this area on Tom70.

Taken together, the findings presented in this thesis give rise to a new working model for
the early stages of the biogenesis of mitochondrial (3-barrel proteins (Fig. 4): Mitochondrial
[3-barrel proteins are encoded and transcribed in the nucleus (1). Concomitant with, or shortly
after, their synthesis on cytosolic ribosomes (2), the [3-barrel proteins associate with cytosolic
(co-)chaperones including the Hsp70 proteins Ssal and Ssa2, as well as the Hsp40 co-chaperones
Ydjl and Sis1. The (co-)chaperones keep the newly synthesized (3-barrel proteins in an import-
competent conformation on their way to the mitochondria (3). Upon reaching the mitochondrial
surface, the Hsp70 chaperones can dock on the import receptor Tom70, while a dedicated
[-hairpin element, that serves as a targeting signal for [3-barrel proteins, is recognized by
the receptor Tom?20. Following recognition by the import receptors, the 3-barrel proteins are
translocated across the OMM by the TOM complex (4).
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Figure 4: Working model for the early events in the biogenesis of mitochondrial (3-barrel proteins.
See text for details.
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Genome-Wide Screens in Saccharomyces cerevisiae Highlight a Role
for Cardiolipin in Biogenesis of Mitochondrial Outer Membrane
Multispan Proteins

Julia Sauerwald,?* Tobias Jores,® Michal Eisenberg-Bord,” Silvia Gabriela Chuartzman,” Maya Schuldiner,” Doron Rapaport?

Interfaculty Institute of Biochemistry, University of Tuebingen, Tuebingen, Germany?; Department of Molecular Genetics, Weizmann Institute of Science, Rehovot, Israel®

A special group of mitochondrial outer membrane (MOM) proteins spans the membrane several times via multiple helical seg-
ments. Such multispan proteins are synthesized on cytosolic ribosomes before their targeting to mitochondria and insertion into
the MOM. Previous work recognized the import receptor Tom?70 and the mitochondrial import (MIM) complex, both residents
of the MOM, as required for optimal biogenesis of these proteins. However, their involvement is not sufficient to explain either
the entire import pathway or its regulation. To identify additional factors that are involved in the biogenesis of MOM multispan
proteins, we performed complementary high-throughput visual and growth screens in Saccharomyces cerevisiae. Cardiolipin
(CL) synthase (Crd1) appeared as a candidate in both screens. Our results indeed demonstrate lower steady-state levels of the
multispan proteins Ugol, Scm4, and Om14 in mitochondria from crd1A cells. Importantly, MOM single-span proteins were not
affected by this mutation. Furthermore, organelles lacking Crd1 had a lower in vitro capacity to import newly synthesized Ugol
and Scm4 molecules. Crd1, which is located in the mitochondrial inner membrane, condenses phosphatidylglycerol together
with CDP-diacylglycerol to obtain de novo synthesized CL molecules. Hence, our findings suggest that CL is an important com-

ponent in the biogenesis of MOM multispan proteins.

I mitochondrial outer membrane (MOM) proteins are

nuclearly encoded and synthesized on cytosolic ribosomes.
Therefore, they have to bear proper signals that ensure both their
correct import into the organelle and their ability to acquire dif-
ferent topologies in the lipid bilayer. None of the known MOM
proteins contain a canonical cleavable N-terminal presequence;
rather, they carry internal noncleavable targeting and sorting sig-
nals that are difficult to identify (1). Multispan proteins comprise
adistinct class of such proteins embedded into the lipid bilayer via
multiple a-helical transmembrane segments (TMS) that are inter-
connected by loops. Some of them, like Fzol in yeast (Mfn1/2 in
mammals), cross the membrane twice, exposing N- and C-termi-
nal domains toward the cytosol. Additional multispan MOM pro-
teins with three or more TMSs are, for example, Ugo1, Scm4, and
Om14 in Saccharomyces cerevisiae and the human peripheral ben-
zodiazepine receptor (PBR). Members of this group fulfil various
functions such as serving as a mitochondrial receptor for cytosolic
ribosomes (Om14) or mediating mitochondrial fusion and dy-
namics (Fzol and Ugol).

Studies on the import pathway of multispan proteins suggested
that import receptors appear to play a role in the membrane inte-
gration of these proteins. For example, Fzol was reported to re-
quire a protease-sensitive import receptor(s) for its integration
into the MOM (2). Furthermore, import of PBR and Mfn2 into
mammalian organelles involves interactions with Tom?70 and an
unknown intermembrane space (IMS) component but is inde-
pendent of other components of the translocase of the outer mem-
brane (TOM) (3). Recently, we and others reported on a unique
import pathway in yeast for MOM multispan proteins (4, 5). This
pathway involves the import receptor Tom?70 but not its partner,
Tom?20, in the initial recognition of the multispan precursor pro-
teins. Other TOM subunits and components residing in the mito-
chondrial IMS were not required for this process. On the other
hand, the MOM protein Mim1 was found to play a crucial role in
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the membrane integration of these proteins (4, 5). In a subsequent
study, the novel protein Mim?2 was demonstrated to interact with
Miml and to form with the latter the functional MIM insertase
complex (6).

Despite the recent progress, the full mechanism by which mul-
tispan proteins are recognized and inserted into the MOM re-
mains poorly defined. To shed new light on this process, we per-
formed two high-throughput screens covering all yeast mutants’
backgrounds using the model multispan protein Om14. The first
screen was based on the ability to visually monitor the correct
intracellular distribution of the green fluorescent protein-Om14
(GFP-Om14) fusion protein on all yeast mutant backgrounds.
The second screen included the ability of strains expressing the
chimeric protein Ura3-Om14-Degron to grow on medium lack-
ing uracil as a probe for the correct membrane topology of the
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TABLE 1 Yeast strains used in this study

Cardiolipin in Import of Mitochondrial Proteins

Strain Mating type ~ Genotype Source or reference

BY4741 MATa S288C his3A1 leu2A0 met15A0 ura3A0 Euroscarf

YMS116 MATa S288C his3A1 leu2A0 met15A0 ura3A0:KAN® ATCC

YMS135 MATa S288C his3A1 leu2A0 lys2™* met15A0 ura3A0 can1A:STE2pr-spHIS5 lypIA 25

YMS721 MATa S288C his3A1 leu2A0 met15A0ura3A0 canlA:STE2pr-spHIS5 lyp1A::STE3pr-LEU2 23

YMS1169 MATa S288C his3AI::TEF2pr-Cherry::URA3 leu2A0 lys2 ™" lys™ met15A0 ura3A0 canlA:STE2pr- 23

spHIS5 lyp1A::STE3pr-LEU2

YMS1641 MATo YMS1169 omI4A:Nat®::ADHpr-GFP-OM14 Dalia Elinger

YJS01 MATo YMS721 ugolA:Nat®:: TEF2pr-GFP-UGO1 This study

YJS02 MATo S288C his3A1 leu2A0 lys2™* met15A0 ura3A0: TPIpr-URA3-HA-OM14-SL17:LEU2 This study

canlA:STE2pr-spHIS5 lyp1A

ugoIA strain MATa BY4741 ugolA:KAN® 24

crd1A strain MATa BY4741 crd1A:KAN®R 24

fmp32A strain MATa BY4741 fmp32A:KAN® 24

fmp33A strain MATa BY4741 fmp33A:KAN® 24

hit1A strain MATa BY4741 hit]1 A:KAN® 24

jlp2A strain MATa BY4741 jlp2A:KAN® 24

ngrlA strain MATa BY4741 ngriA:KAN® 24

yfl034wA strain MATa BY4741 yfl034w2A::KAN® 24

yplO67cA strain MATa BY4741 ypl067cA:KAN® 24

SGA crd1A GFP-OM14 MATa S288C crd1A:KAN® om14A:Nat*::ADHpr GFP-OM14 his3A1:: TEF2pr-Cherry::URA3 This study
strain canlA:STE2pr-spHIS5 lypl1A::STE3pr-LEU2

SGA fmp32A GFP-OM14 ~ MATa S288C fmp32A:KAN® om14A:Nat®::ADHpr GFP-OM14 his3A1:TEF2pr-Cherry:: URA3 This study
strain canlA:STE2pr-spHIS5 lyp1A::STE3pr-LEU

SGA fmp33A GFP-OM14 ~ MATa $288C fmp33A:KAN® om14A:Nat®::ADHpr GFP-OM14 his3A1:TEF2pr-Cherry:: URA3 This study
strain canlA::STE2pr-spHIS5 lyp1A::STE3pr-LEU

SGA hit1A GFP-OM14 MATa $288C hit1A:KAN® om14A::Nat*::ADHpr GEP-OM14 his3A1: TEF2pr-Cherry::URA3 This study
strain canlA:=:STE2pr-spHIS5 lyp1A::STE3pr-LEU

SGA jlp2A GFP-OM14 MATa S288C jlp2A::KAN® om14A:Nat*::ADHpr GEP-OM14 his3A1:: TEE2pr-Cherry::URA3 This study
strain canlA:STE2pr-spHIS5 lyp1A::STE3pr-LEU

SGA ngr1A GFP-OM14 MATa $288C ngriA:z:KAN® om14A:Nat®::ADHpr GFP-OM14 his3A1:: TEF2pr-Cherry::URA3 This study
strain canlA::STE2pr-spHIS5 lyp1A::STE3pr-LEU

SGA yflo34wA GFP-OM14 MATa $288C yfl034wA::KAN® om14A:Nat®::ADHpr GFP-OM14 his3A1: TEF2pr-Cherry:URA3  This study
strain canlA:STE2pr-spHIS5 lyp1A::STE3pr-LEU

SGA ypl067cA GFP-OM14 ~ MATa $288C ypl067cA::KAN® om14A::Nat®::ADHpr GFP-OM14 his3A1:TEF2pr-Cherry::URA3  This study
strain canlA:STE2pr-spHIS5 lypl1A::STE3pr-LEU

protein. One mutated gene that was identified by both screens as
an effector of integration was the cardiolipin (CL) synthase Crd1.

CL is considered to be the signature lipid of mitochondria as it
is rarely found in any other cellular membrane whereas in mito-
chondria it compromises a large fraction, about 10% to 15%, of
total phospholipids (7-9). De novo synthesis of CL occurs within
mitochondria, and the CL synthase, Crdl, is essential for the last
reaction in this multistep pathway (10, 11). Although CL was tra-
ditionally believed to exist only in the mitochondrial inner mem-
brane, several studies demonstrated that it is also a component of
the MOM as well as of contact sites between the two membranes
(7,9,12). CLis essential for the function of many proteins residing
in mitochondrial membranes. It interacts with proteins in the
mitochondrial inner membrane such as the ADP/ATP carrier and
respiratory chain complexes facilitating formation of respiratory
supercomplexes that are essential for energy production by respi-
ration (13-16). However, the importance of CL extends beyond
respiration, as it also modulates the function of the general trans-
locase of the MOM, the TOM complex (12). Deficiency in CL
therefore leads to many alterations in cellular functions such as
mitochondrial dynamics, mitochondrial protein import, apopto-
sis, cell cycle, aging, mitophagy, cell wall biogenesis, and lysosome
function (17-21). The importance of this phospholipid is further
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reflected by the fact that alterations in CL underlie diseases such as
Barth syndrome (22).

The results of our current study suggest yet another function
for this special phospholipid and substantiate the importance of
CL for the proper biogenesis of MOM multispan proteins.

MATERIALS AND METHODS

Construction of Om14 variants and yeast strains. Unless stated other-
wise, the yeast strains used here were based on the BY4741 background.
Strains included in this study are listed in Table 1. For cloning of URA3-
hemagglutinin (HA)-OM14-SL17 into the pYX142 plasmid, URA3 with-
out a stop codon was amplified from pYX142-URA3-SL17 and cloned
into the vector pPGEM4 using EcoRI and BamHI restriction sites. Subse-
quently, OM14 without a stop codon was cloned into the same vector via
BamHI and Sall restriction sites. Additionally, an HA tag was added at the
N terminus during amplification from pGEM4-OM 14 with an appropri-
ately designed forward primer. SL17, in contrast, was amplified from
pYX142-URA3-SL17 and cloned into pYX142 with flanking Sall and Xhol
restriction sites. Finally, URA3 and HA-OM114 were subcloned sequen-
tially from pGEM4-URA3-HA-OMI14-“nostop” into pYX142 containing
SL17. The URA3-HA-OM1I14-SL17 query strain (YJS02) was created by
homologous recombination using an insertion cassette amplified from
the pYX142-URA3-HA-OM14-SL17 plasmid with homology arms for the
URA3 locus.
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To create the query strain harboring GFP-Om14, an insertion cassette
for homologous recombination was amplified from the vector pYM-N9
natNT2-ADHpr-yEGFP (yeast-enhanced green fluorescent protein) with
homology arms for the 5" untranslated region (UTR) of OM14 and the
beginning of its coding sequence. The insertion cassette itself consisted of
a nourseothricin resistance (Nat") gene upstream of an ADHpr-yEGFP
construct. The cassette was introduced into the genome of strain
YMS1169, resulting in the generation of the GFP-Om14 query strain
(YMS1641). Hence, the endogenous OM1I4 gene in this strain was re-
placed by GFP-OM14 under the control of the constitutive ADH pro-
moter. The GFP-Ugol query strain (YJS01) was generated in a similar
way. The insertion cassette for homologous recombination was amplified
from the vector pFA6a-NatMX4-TEF2pr-EGFP-ADH 1term with homol-
ogy arms for the 5" UTR of UGOI and the onset of its coding sequence.
The insertion cassette, comprising a Nat" gene upstream of a TEF2pr-
eGFP construct, was integrated into the genome of strain YMS721. Con-
sequently, the generated query strain revealed overexpression of GFP-
Ugol under the control of the TEF2 promoter instead of endogenously
expressed Ugol.

Synthetic genetic array. The synthetic genetic array (SGA) procedure
was used to systematically insert GFP-OM14 and URA3-HA-OM14-SL17
into entire yeast libraries (25, 26).

Fluorescence microscopy. High-throughput screens were performed
with a system previously described (26, 27). The microscopy for follow-up
analysis was performed using an Olympus IX71 microscope controlled by
Delta Vision SoftWoRx 3.5.1 software with either 60X or 100X oil lenses.
Images were captured by a Photometrics Coolsnap HQ camera with ex-
citation at 490/20 nm and emission at 528/38 nm (GFP) or excitation at
555/28 nm and emission at 617/73 nm (mCherry). Images were trans-
ferred to Adobe Photoshop CS2 or Image] for slight contrast and bright-
ness adjustments.

Biochemical procedures. Mitochondria were isolated from yeast cells
by differential centrifugation as previously described (28). Subcellular
fractionation was performed according to published procedures (29). In
the carbonate extraction reaction, mitochondria were dissolved in 0.1 M
Na,CO;. After 30 min on ice, the samples were centrifuged (100,000 X g,
30 min, 2°C) and pellets as well as supernatant were analyzed. Protein
samples were analyzed by SDS-PAGE and blotting to nitrocellulose mem-
branes followed by incubation with antibodies and visualization by the
enhanced-chemoluminescence (ECL) method. The intensity of the ob-
served bands was quantified using AIDA software. Unless stated other-
wise, the data from each presented experiment represent results of at least
three independent repetitions.

In vitro protein import. Import experiments were performed with
radiolabeled precursor proteins and isolated mitochondria in an import
buffer containing 250 mM sucrose, 2.5 mg/ml bovine serum albumin
(BSA), 80 mM KCl, 5 mM MgCl,, 10 mM MOPS (morpholinepropane-
sulfonic acid)-KOH, 2 mM NADH, and 2 mM ATP [pH 7.2]. Radiola-
beled precursor proteins were synthesized in rabbit reticulocyte lysate in
the presence of [*°S]methionine. Protease treatment of mitochondria was
performed by adding trypsin or proteinase K (50 pg/ml) for 30 min on ice.
The protease was then inhibited by adding for 10 min on ice either soy-
bean trypsin inhibitor (1.5 mg/ml) or phenylmethanesulfonyl fluoride
(PMSF) (4 mM), respectively.

Blue native PAGE. Mitochondria were lysed in 50 pl digitonin buffer
(1% digitonin, 20 mM Tris-HCl, 0.1 mM EDTA, 50 mM NaCl, 10%
glycerol, I mM PMSF, pH 7.4). After incubation for 30 min at 4°C and a
clarifying spin procedure (30,000 X g, 15 min, 2°C), 5 wl sample buffer
(5% [wt/vol] Coomassie brilliant blue G-250, 100 mM Bis-Tris, 500 mM
6-aminocaproic acid, pH 7.0) was added, and the mixture was analyzed by
electrophoresis in a blue native gel containing a 6%-to-13% gradient of
acrylamide (30). Gels were blotted onto polyvinylidene fluoride mem-
branes, and proteins were further analyzed by immunodecoration or au-
toradiography.
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RESULTS

GFP-Om14 serves as a model protein for correct membrane in-
sertion of mitochondrial outer membrane multispan proteins.
To identify novel effectors of the biogenesis of MOM multispan
proteins, we set out to look for a suitable MOM multispan model
protein for a high-content screen. We hypothesized that MOM
multispan polypeptides that are not properly integrated into the
MOM are likely to be degraded or mistargeted to other organelles.
For example, we anticipated that a green fluorescent protein
(GFP)-tagged model protein on the background of mutations in
required genes would display altered localization of the fusion
proteins (altered GFP signal pattern) and/or a reduction in its
detected levels (altered GFP intensity). Accordingly, our aim was
to monitor the localization of a model protein and its levels on the
background of all deletion yeast strains (of nonessential genes) or
of strains harboring downregulation alleles (of essential genes).
Such screens would allow us to spot those proteins that support
the biogenesis of these multispan proteins.

To that end, we added a GFP tag at the N terminus of Om14
(GFP-Om14) in a query strain suitable for automated mating ap-
proaches like the use of a Synthetic Genetic Array (SGA) (see
strain YMS1641 data in Table 1 and references 25 and 26). To
validate the correct mitochondrial targeting of GFP-Om14, we
used fluorescence microscopy and observed that the GFP signal
indeed colocalizes with the mitochondrial marker protein Aco2-
Cherry (Fig. 1A). To substantiate this finding, we also monitored
the location of the protein by subcellular fractionation. Similar to
native Om14 (as observed in the wild-type [WT] strain), GFP-
Om14 was highly enriched in purified mitochondria and cofrac-
tionated with the Tom?70 mitochondrial marker protein (Fig. 1B).
Next, we were interested to test whether the tagged protein is
properly embedded within the MOM or only associates with the
organelle. For this, isolated mitochondria harboring the protein
were subjected to carbonate extraction. GFP-Om14, like native
Om14, was found mainly in the pellet fraction that also contained
other MOM proteins such as Tom20 and porin. Of note, as was
previously reported (31), a small portion of GFP-Om14 and of
native Om14 is found in the supernatant fraction that harbors
peripheral and soluble proteins such as aconitase (Fig. 1C, lanes 3
and 7).

To verify that membrane integration occurred in the correct
and functional topology, we used a protease protection assay.
Since the N terminus of Om14 is known to be located in the cyto-
sol (31), the fusion protein GFP-Om14 should expose the GFP
moiety on the mitochondrial surface. To verify this assumption,
we added proteinase K to isolated mitochondria harboring the
fusion protein. As expected, this treatment resulted in a cleavage
of both the native and the GFP-tagged proteins and disappearance
of the signal (Fig. 1C, lanes 4 and 8). The matrix protein aconitase
was barely affected under these conditions, demonstrating that
the organelles were intact. Taken together, these findings indicate
that GFP-Om14 is targeted to mitochondria and can be integrated
into the MOM with a native-like conformation.

OM 14 was recently demonstrated to serve as a mitochondrial
receptor for cytosolic ribosomes (32). However, since om14A cells
display neither a mitochondrial morphology phenotype nor a
growth phenotype (31, 32), the functionality of the fusion protein
was difficult to test. However, the normal behavior of GFP-Om14
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FIG 1 Establishment of an in vivo visual assay to monitor the biogenesis of Om14. (A) The GFP-Om14 query strain expressing mitochondrial Aco2-Cherry was
subjected to fluorescence microscopy. DIC, differential inference contrast. (B) Subcellular fractionation of the GFP-Om14 query strain. Equal amounts of
whole-cell lysate (WCL) and of fractions corresponding to cytosol (cyt), ER, and mitochondria (mito) were analyzed by SDS-PAGE and immunodecoration. The
indicated antibodies against marker proteins for mitochondria (Om14 and Tom70), cytosol/nucleus (Bmh1), and ER (Erv2) were used. (C) Carbonate extraction
(CE) of mitochondria isolated from either the wild-type strain or the GFP-Om14 query strain was performed, and samples were separated to membrane-
embedded proteins in the pellet fraction (P) and soluble proteins in the supernatant (SN). Where indicated (lanes 4 and 8), additional mitochondrial samples
were treated with 20 g/ml proteinase K (PK). All samples were analyzed by SDS-PAGE and immunodecoration. Porin, MOM protein resistant to PK; Tom20,
MOM protein sensitive to PK; aconitase, matrix protein resistant to PK. (D) Fluorescence microscopy of representative deletion strains expressing GFP-Om14.
(E) Cellular functions of proteins identified as hits by the visual screen. Functions have been assigned according to the Saccharomyces Genome Database.

in all available assays prompted us to continue using it as a probe
for MOM protein integration in a high-throughput visual screen.

A high-content screen identifies factors involved in the bio-
genesis of multispan MOM proteins. To integrate the GFP-
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Om14 into a library of deletions in all nonessential genes (24) and
alibrary of hypomorphic alleles of all essential genes (23), we used
SGA to attain nearly 6,000 haploid strains, with each expressing
GFP-OM14 on the background of one mutation. The strains were
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TABLE 2 The most promising hits of the visual screen performed with GFP-Om14

Hit in GFP-Ugol1

Systematic name Standard name Size (kDa) Description (according to the Saccharomyces Genome Database) screen

YFLO46W Fmp32 24 Putative protein of unknown function No

YJL161W Fmp33 20.2 Putative protein of unknown function No

YMR132C JIp2 24.6 Protein of unknown function that contains sequence closely resembling No
a ] domain

YDL142C Crdl 32 Cardiolipin synthase produces cardiolipin Yes

YFLO34W 119 Putative integral membrane protein that interacts with a component of No
the ribosomal stalk

YJRO55W Hitl 18 Protein of unknown function that is required for growth at high temp No

YGR078C Gim2 23 Part of the heteromeric cochaperone GimC/prefoldin complex that Yes
promotes efficient protein folding

YBR212W Ngrl 75 RNA binding protein that negatively regulates growth rate No

YPL067C 23 Putative protein of unknown function No

then visualized using a previously described high-content micros-
copy setup (27). Normal mitochondrial staining was observed in
the vast majority (97.8%) of the inspected mutated strains (see, for
example, Fig. 1D, gapdhA). In contrast, in some strains (1.5%), we
observed strong cytosolic mislocalization of GFP-Om14 (see, for
example, Fig. 1D, jlp2A), whereas the mitochondrial staining by
GFP seemed to be altered for other strains (0.7%) (see, for exam-
ple, Fig. 1D, ngr1A). In the latter cases, mitochondria were usually
aggregated, probably due to the elevated levels of GFP-Om14 in
the MOM. However, in contrast to mutants that affect targeting of
MOM single-span proteins (33, 34), none of the inspected strains
displayed mistargeting to other organelles. Manually annotating
the resulting images for changes in localization or automatically
extracting intensity data, we could find 146 strain backgrounds
with altered intensity and/or altered localization of the GFP con-
struct (see Table S1 in the supplemental material). Analyzing the
functions of these hits, it appears that the two largest groups were
of genes involved in DNA and RNA homeostasis, transcription,
and translation (Fig. 1E). In addition, genes that are involved in
protein turnover, the cytoskeleton, and ion homeostasis were also
represented.

Of note, factors with known function in the biogenesis of
MOM multispan proteins (such as Tom70, Tom71, Mim1, and
Mim?2) did not appear as hits in this screen (see Table S1 in the
supplemental material). We assume that the single deletion of
either Tom70 or Tom?71 did not result in a clear phenotype, since
the two receptor proteins have redundant functions and in the
absence of one of them the paralogue protein can take over its
function. In addition, both can be partially replaced by the other
import receptor, Tom20. The Mim1 gene was initially annotated
as an essential gene and therefore is not included in the deletion
collection but rather in the Decreased Abundance by mRNA Per-
turbation (DAmP) library, where the levels of depletion are not
clear. Finally, the Mim?2 gene open reading frame (ORF) was first
annotated as a dubious ORF and hence is not included in any
library.

We assumed that many of the effects of the genes belonging to
the groups mentioned above (such as general effects on transcrip-
tion and/or translation of the GFP-Om14 marker) might be indi-
rect. Hence, based on their potential relevance for mitochondrial
protein biogenesis and the extent of the fluorescence alterations,
these initial 146 hits were narrowed down to 9 strains with which
we were interested in continuing to work (Table 2).
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To further characterize this limited group of hits, we created
another query strain in which a GFP tag was added at the N ter-
minus of another MOM multispan protein, Ugol (GFP-Ugol;
strain YJSO1 in Table 1). This fusion protein was correctly local-
ized to mitochondria and inserted into the outer membrane but
was not functional, as it could not support regular mitochondrial
morphology (see Fig. S1 in the supplemental material). Crossing
this query strain with the nine deletion strains revealed an altered
biogenesis of GFP-Ugol in only two of those strains, the crdI1A
and gimIA strains (Fig. 2 and Table 2). As Crd1 is a mitochondrial
protein, while a clear relevance of Gim1 to mitochondrial function
is not obvious, CRDI was the most promising hit from the visual
assays.

Ura3-Om14-degron can be used to probe membrane inte-
gration of Om14 in vivo. The visual screen was aimed to uncover
proteins that are essential for targeting Om14 to the mitochon-
dria. However, fluorescence staining of mitochondria could not
monitor whether the model protein obtained its correct topology
atthe MOM. Thus, as a complementary method to identify factors
that are required for the correct membrane integration of mul-
tispan outer membrane proteins, we also employed a growth
screen. As a probe, we used a fusion protein that is based on
Om14. This hybrid protein contains the Ura3 enzyme, a cytosolic
enzyme that catalyzes one of the steps in UTP synthesis, fused to
the cytosol-facing N terminus of Om14. In addition, our hybrid
protein contained the 50-amino-acid “degron” SL17 sequence,
which targets proteins for degradation by the ubiquitin-protea-
some system (35), attached to the C terminus of the protein that
should face the IMS (Fig. 3A). We have previously used a similar
method to successfully monitor the membrane insertion of the
MOM single-span protein Mim1 (34). When the Om14 fusion
protein is integrated into the MOM with its native topology (31),
Ura3 is exposed to the cytosol (where it is functional), whereas
SL17 is hidden in the IMS and is not exposed to the ubiquitin-
proteasome system (Fig. 3A). Thus, the native topology is ex-
pected to abolish the uracil auxotrophy of the yeast strains in the
collection of the mutants. However, if Om14 membrane integra-
tion is compromised, then the degron region is exposed to the
cytosol where it causes degradation of the entire hybrid protein.
Accordingly, the cells become auxotrophic for uracil.

To perform such a screen, we first constructed the Ura3-HA-
Om14-SL17 fusion protein and cloned it into a yeast expression
vector. Next, to validate its compatibility with the growth screen,

September 2015 Volume 35 Number 18

13V1ISYIAINN STHVM AdvHY3g3 Aq £T0Z ‘L JaquianoN uo /610" wise qow//:dny wolj papeojumoq



bdh2A

GFP-Om14

GFP-Ugo1

Cardiolipin in Import of Mitochondrial Proteins

crd1A

FIG 2 GFP-Om14 and GFP-Ugol have an altered appearance in crd1A and gim2A deletion strains. Strains with BDH2 (as a control), CRDI, or GIM?2 deleted,
expressing either GFP-Om14 (upper panels) or GFP-Ugol (lower panels), were observed by fluorescence microscopy. Selected regions from each image were

enlarged and are shown separately.

wild-type cells were transformed with an expression vector encod-
ing Ura3, Ura3-SL17, or Ura3-HA-Om14-SL17. Of note, the yeast
expression plasmid used in this study contains LEU2 as a selection
marker, and, as expected, all transformed cells grew equally well
on synthetic dextrose (SD)-Leu plates (Fig. 3B). In contrast, as
hypothesized, Ura3 and Ura3-HA-Om14-SL17, but not Ura3-
SL17, which is constantly degraded, also supported growth in the
absence of uracil (SD-Leu-Ura plates, Fig. 3B). These findings
demonstrate that Ura3 is functional even when localized to the
mitochondrial surface by Om14. Next, this construct was intro-
duced into the URA3 locus of a query strain, resulting in construc-
tion of the Ura3-HA-Om14-SL17 query strain (YJS02, Table 1).
This strain also contains the native endogenous Om14 protein. To
test the suitability of the generated query strain for the desired
growth screen, both the mitochondrial targeting and membrane
insertion of the hybrid protein were analyzed in more detail. The
Ura3-HA-Om14-SL17 query strain was subjected to subcellular
fractionation, and, as expected, the hybrid protein was detected
solely in the mitochondrial fraction (Fig. 3C). Next, we verified by
carbonate extraction and protease treatment that the fusion pro-
tein behaves like native Om14 and is indeed embedded correctly
within the outer membrane (Fig. 3D).

A growth screen uncovers Crdl as an important factor for
correct membrane topology of Om14. To perform the growth
screen, we used SGA to integrate Ura3-HA-Om14-SL17 on the
background of the same mutant arrays as used for the visual
screens. We performed the growth screen by comparing the col-
ony sizes of the resulting haploids on synthetic galactose-contain-
ing medium (SGal) to the colony sizes seen on the same medium
lacking uracil (SGal-Ura). Galactose was used to allow robust
growth while avoiding the repression of mitochondrial biogenesis
that is caused by glucose. This screen uncovered many mutants in
whose absence strains grew more poorly on SGal-Ura (see Table
S2 in the supplemental material). However, among those poten-
tial candidates, only the crdIA strain also produced a hit in the
visual screen. We further verified on the single-gene level that the
crdIA strain expressing the Ura3-HA-Om14-SL17 hybrid protein
grew slower when uracil was omitted from a galactose-containing
liquid medium (Fig. 3E). In a control experiment, the deletion of
an unrelated gene, CMK2, did not show this phenotype (Fig. 3E).
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We anticipated that an important protein for biogenesis of MOM
multispan proteins should affect both the association of the pro-
tein with the membrane and its correct membrane topology. As
both (visual and growth) screens identified Crd1 as a protein that
is required for optimal biogenesis of the Om14 variants, we de-
cided to focus on this protein in subsequent biochemical assays.

Mitochondria from crd1A cells display reduced insertion ef-
ficiency of multispan proteins. To confirm the outcome of the
high-throughput screens, we isolated crude mitochondria from
either control or crd1A cells overexpressing the GFP-Om14 fusion
protein and found that the fusion protein was indeed detected at
reduced levels (Fig. 4A). When we next analyzed pure organelles,
we observed that the steady-state levels of native Om14 were not
affected whereas those of two other MOM multispan proteins,
Ugol and Scm4, were reduced to about half of normal (Fig. 4B).
These observations suggest that Crdl functionality is especially
required when the system is challenged with elevated amounts of
multispan proteins. Of note, neither single-span proteins such as
Miml, Tom70, and Tom20 nor the Yahl matrix protein was af-
fected in the mutant cells (Fig. 4A and B).

It is well-established that Mim1 and Tom70 are required for
the biogenesis of multispan proteins (4, 5). Therefore, we asked
whether the observed effect on GFP-Om14, Scm4, and Ugol is
secondary to reduced amounts of Tom70 and/or Mim1. However,
both proteins were detected in the mutated organelles at levels that
were not significantly altered compared to their amounts in con-
trol organelles (Fig. 4A and B). As a further control, we analyzed
both the TOM and MIM complexes by blue native PAGE. Al-
though, as previously reported (12), the TOM complex from the
mutated cells migrated at an apparently lower molecular mass, the
two complexes displayed similar levels in mutated and control
mitochondria (Fig. 4C). Hence, it appears that the absence of Crd1
can directly influence the biogenesis of multispan proteins.

To determine whether the reduced amounts of Ugol, Scm4,
and GFP-OM 14 were really a result of reduced targeting and not
of reduced production or stability, we next used established in
vitro insertion assays based on purified mitochondria and cell-free
synthesized radiolabeled Ugo1 or Scm4 molecules (4, 5). Support-
ing the aforementioned observations, we found that mitochon-
dria isolated from crd1A cells had a reduced capacity to import
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FIG 3 Growth assay to monitor the biogenesis of Om14. (A) Schematic representation of the various fusion proteins used. The expected potential of these
proteins to support growth on synthetic medium without uracil is indicated at the bottom. (B) Yeast cells expressing the indicated constructs were analyzed at
30°C by drop-dilution assay on synthetic medium lacking either leucine only (SD-Leu) or leucine and uracil (SD-Leu-Ura). (C) Subcellular fractionation of the
Ura3-HA-Om14-SL17 query strain. Equal amounts of whole-cell lysate (WCL) and of fractions corresponding to cytosol (cyt), ER, and mitochondria (mito)
were analyzed as described in the Fig. 1B legend. (D) Mitochondria isolated from either the WT strain or the Ura3-HA-Om14-SL17 query strain were treated and
analyzed as described in the Fig. 1Clegend. (E) crd1A and cmk2A (as a control) cells expressing Ura3-HA-Om14-SL17 were grown on galactose-containing liquid
medium in the presence (SGal comp.) or absence (SGal-Ura) of uracil. The optical density at 600 nm (ODg,) of the cultures was measured and is depicted as a
function of incubation time.
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FIG 4 The absence of cardiolipin affects the steady-state levels of multispan proteins. (A) Steady-state levels of GFP-Om14 are decreased in crd1A mitochondria.
(Left panel) Crude mitochondria from wild-type (WT) and crdIA yeast strains were isolated and analyzed by SDS-PAGE and immunodecoration with the
indicated antibodies. (Right panel) The bands resulting from three independent experiments were quantified and normalized to the level of Tom20, and the
protein levels in the WT strain were set to 100%. Error bars represent standard deviations (n = 3). rel,, relative. (B) Steady-state levels of Ugol and Scm4 are
decreased in crd1A organelles. Mitochondria were isolated from either WT or crd1A cells, and the indicated amounts were analyzed as described for panel A. The
resulting bands were quantified and normalized to the level of Yah1, and the protein levels in the WT strain were set to 100% (right panel). Error bars represent
standard deviations (n = 6 [3 biological experiments with 2 technical repeats each]). (C) Mitochondria isolated as described for panel B were subjected to blue
native PAGE and immunodecoration with antibodies against Mim1 or Tom40. The MIM and the TOM complexes are indicated.

Ugol and Scm4 compared to organelles isolated from control cells
(Fig. 5A and B). In contrast, the import of the model matrix pro-
tein, pSu9-dihydrofolate reductase (pSu9-DHFR), was not ham-
pered by the deletion of Crdl (Fig. 5C). Taking the results to-
gether, it appears that the absence of Crdl does not affect the
general import capacity of mitochondria but instead specifically
reduces the ability of the organelle to integrate multispan proteins.

Crd1 catalyzes the last step in the biosynthesis pathway of CL.
Hence, depletion of Crdl could affect integration of multispan
proteins due to either depletion of CL or accumulation of its pre-
cursor, phosphatidylglycerol (PG). To test this, we looked at the
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effect of mutating one enzyme, Gep4, upstream in the pathway
that creates PG. First, we monitored the steady-state levels of pro-
teins in mitochondria isolated from cells lacking Gep4. Our anal-
ysis demonstrates that all three MOM multispan proteins, Ugol,
Scm4, and Om14, are found in reduced levels in the altered organ-
elles (Fig. 6A). Importantly, the levels of Tom70 and Mim1 were
hardly affected in the mitochondria from gep4A cells. Next, we
tested the capacity of such isolated mitochondria to import in vitro
radiolabeled mitochondrial proteins. Whereas the absence of
Gep4 resulted in a slight reduction in the import of Ugol, a sig-
nificant effect on the import of Scm4 was observed (Fig. 6B and
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FIG 5 Mitochondria lacking Crdl have a lower in vitro capacity to import
multispan proteins. (A) Radiolabeled molecules of Ugo1-2HA were incubated
with mitochondria isolated from either WT or crdIA cells for the indicated
time periods. After import, mitochondria were treated with trypsin and sub-
jected to SDS-PAGE and autoradiography. The trypsin-protected fragment is
indicated (f). (Lower panel) Bands representing this fragment were quantified,
and the intensity of the band upon import into control mitochondria for 20
min was set as 100%. Data represent averages of the results of three indepen-
dent experiments. (B) Radiolabeled molecules of Scm4 were incubated with
isolated mitochondria as described for panel A. After import, mitochondria
were solubilized by the use of digitonin and subjected to blue native PAGE and
autoradiography. The Scm4-containing band is indicated. (Lower panel)
Bands were quantified, and the intensity of the band upon import into control
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C). Of note, the import of the matrix-destined protein pSu9-
DHEFR was highly reduced in the mutant mitochondria, suggest-
ing a general import defect in this strain (Fig. 6D). Such a general
biogenesis defect is in line with the severe growth phenotypes of
cells lacking Gep4 and its requirement for the stability of respira-
tory chain supercomplexes (36). Collectively, these findings dem-
onstrate that Crd1l and Gep4 are required for optimal biogenesis
of MOM multispan proteins, strongly suggesting that the lack of
CL itselfis the cause for the compromised membrane integration.

DISCUSSION

In the current study, we performed visual and growth screens to
identify proteins that are required for the biogenesis of multispan
proteins residing in the MOM. We concentrated in these screens
on the model protein Om14 and its variants. In this context, we
confirmed that GFP-Om14 is targeted to mitochondria and inte-
grated into the MOM with a native-like topology. Interestingly,
our visual screen could not identify mutants that result in mistar-
geting of Om14 to the endoplasmic reticulum (ER). This is in
contrast to previous studies with MOM single-span proteins such
as Mim1 or Gem1 where deletions of DJPI (34) or SPFI (33),
respectively, resulted in mislocalization of the mitochondrial pro-
tein to the ER. Hence, it seems that, whereas the single-span pro-
teins can, in principle, under certain conditions, also get inte-
grated into the ER membrane, the multispan proteins lack this
capacity or else might get efficiently and rapidly degraded in the
event that they do. A speculative explanation for this difference is
the divergence in the integration pathways of single- or multispan
proteins into the ER membrane. While the membrane insertion of
single-span proteins is mediated by the guided entry of TA protein
(GET) machinery and is probably more flexible regarding sub-
strate specificity, the targeting pathways for proteins that must use
the Sec translocon for their membrane integration might be more
restrictive regarding their substrates.

The most prominent hit in our screens was Crdl, and subse-
quent biochemical assays verified its important role for optimal
biogenesis of MOM multispan proteins. The performed screens
provided, in addition to Crdl, various potential hits for proteins
that might be involved in the biogenesis of multispan proteins.
However, since Crd1 was the only gene that appeared as a hit in
both screens, we decided in the current study to concentrate on
the characterization of its contribution. Future studies can address
the relevance of the other potential hits.

Crd1 catalyzes the final step in the de novo synthesis of the CL
diphosphatidylglycerol. Due to its importance for various pro-
cesses, deficiency of and/or variations in CL result in a wide variety
of alterations in cellular functions such as the cell cycle, aging,
mitophagy, cell wall biogenesis, mitochondrial dynamics, mito-
chondrial protein import, and apoptosis (21). Our report adds
another important process in which CL is playing a central role,

mitochondria for 45 min was set as 100%. Data represent averages of the
results of three independent experiments. (C) Radiolabeled molecules of
pSu9-DHER were incubated with isolated mitochondria as described for panel
A. After import, mitochondria were treated with proteinase K (PK) and sub-
jected to SDS-PAGE and autoradiography. The PK-protected mature form is
indicated (m). (Lower panel) Bands representing the mature form were quan-
tified, and the intensity of the band upon import into control mitochondria for
40 min was set as 100%. Data represent averages of the results of three inde-
pendent experiments.
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FIG 6 Deletion of Gep4 causes a reduction in the biogenesis of multispan proteins. (A) Mitochondria were isolated from either WT or gep4A cells, and the
indicated amounts were analyzed as described in the Fig. 4B legend. The resulting bands were quantified and normalized to the level of fumarase (Fum1), and the
protein levels in the WT strain were set to 100% (right panel). (B to D) The indicated radiolabeled proteins were incubated with isolated organelles and further

analyzed as described in the Fig. 5 legend.

namely, in the membrane integration of MOM multispan pro-
teins. We observed very specific alterations in the biogenesis of
Ugol, Scm4, and Om14 upon deletion of CRDI but not of other
MOM or matrix proteins. Our observations are also in line with a
previous report of a study in which the absence of Crd1 caused a
reduction in the steady-state levels of the two multispan proteins
Ugol and Fzol (20). The requirement for CL in the biogenesis of
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MOM multispan proteins also supports, by providing functional
relevance, the idea of the presence of CL in the MOM, as its oc-
currence in this membrane is rather controversial (12). The idea of
the importance of CL for the biogenesis process is further sup-
ported by the similar effects of deletion of Gep4, the upstream
enzyme in this pathway (36).

It is currently unclear how CL modulates all the aforemen-
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tioned processes, specifically, the biogenesis of multispan protein.
Asithas a dimeric structure and harbors a net negative charge, one
can speculate that its negative charges may contribute to this ef-
fect. However, CL forms only ca. 1% to 3% of the MOM phospho-
lipids whereas phosphatidylinositol (PI), which is also negatively
charged, is far more abundant (12% [9]). Thus, it is unlikely that
the contribution of CL is limited to electrostatic interactions with
membrane proteins, as those interactions probably could also be
facilitated by other lipid molecules in the membrane. The re-
ported observation that CL stabilizes the TOM complex (12)
could have provided another explanation of the requirement for
CL in this process. However, we disfavor this possibility, because
we and others reported that it is not the core TOM complex that is
involved in the biogenesis of multispan proteins but rather the
import receptor Tom70 and the MIM complex (4, 5), both of
which do not seem destabilized in this background. Therefore, we
favor the idea of a direct contribution of CL to unique structures
within the membrane that facilitate integration and stabilization
of multispan proteins. Such structures might be CL-rich microdo-
mains that provide a convenient insertion site for the newly syn-
thesized multispan proteins. Regardless of the actual mechanism,
the data from the current study indicate that a defined phospho-
lipid composition of the MOM modulates the capacity of this
membrane to integrate multispan proteins. As the importance of
CL is emphasized by the fact that alterations in its composition
underlie diseases such as Barth syndrome, our findings may help
also to shed light on disease progression.
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Supplemental Figure 1: Characterization of the GFP-Ugo1 construct.

(A) Subcellular fractionation of the control and query (GFP-Ugo1) strains. Equal amounts of whole cell
lysate (WCL) and of fractions corresponding to cytosol (cyt), ER and mitochondria (mito) were analyzed
by SDS-PAGE and immunodecoration. The indicated antibodies against marker proteins for mitochondria
(Tom40), cytosol/nucleus (Bmh1) and ER (Erv2) were used. (B) Carbonate extraction of mitochondria
isolated from the query strain GFP-Ugo1 was performed and samples were separated to soluble proteins
in the supernatant (SN) fraction and membrane-embedded proteins in the pellet fraction (P). The MOM
protein Porin and the matrix protein Hep1 were used as markers for membrane and soluble proteins,
respectively. Ugo1 and GFP-Ugo1 were detected with anti-Ugo1 antibody in (A) and (B). (C) GFP-Ugo1 is
not functional. The BY4741 (WT), ugo1A4, and the query GFP-Ugo1 strains all expressing mitochondrial
targeted dsRed (mt-dsRed) were analysed by fluorescence microscopy. Typical images of the three
different strains are shown (scale bar: 10 um).
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Mitochondrial B-barrel proteins are synthesized on cytosolic ribosomes and must be
specifically targeted to the organelle before their integration into the mitochondrial outer
membrane. The signal that assures such precise targeting and its recognition by the organelle
remained obscure. In the present study we show that a specialized B-hairpin motif is this long
searched for signal. We demonstrate that a synthetic B-hairpin peptide competes with the
import of mitochondrial B-barrel proteins and that proteins harbouring a B-hairpin peptide
fused to passenger domains are targeted to mitochondria. Furthermore, a B-hairpin motif
from mitochondrial proteins targets chloroplast pB-barrel proteins to mitochondria.
The mitochondrial targeting depends on the hydrophobicity of the B-hairpin motif. Finally,
this motif interacts with the mitochondrial import receptor Tom20. Collectively, we reveal
that B-barrel proteins are targeted to mitochondria by a dedicated B-hairpin element, and this
motif is recognized at the organelle surface by the outer membrane translocase.
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embrane-embedded B-barrel proteins are found in both

prokaryotic and eukaryotic organisms. In prokaryotes

such proteins are found in the outer membrane
(OM) of Gram-negative bacteria, whereas in eukaryotes they
reside exclusively in the OM of mitochondria and chloroplasts.
Bacterial B-barrel proteins are synthesized in the cytoplasm
with an N-terminal signal sequence for transport across the
inner membrane into the periplasm via the SEC system!.
Their integration into the OM is facilitated by the B-barrel
assembly machinery (Bam), the central component of which is
the essential protein BamA (Omp85/YaeT)>>.

In mitochondria, precursors of [-barrel proteins are
synthesized in the cytosol without a cleavable signal sequence.
Upon their synthesis, these precursors are translocated from the
cytosol into the intermembrane space (IMS) via the translocase of
the outer membrane (TOM complex)®°. Their subsequent
assembly into the OM depends on a dedicated translocase, the
topogenesis of OM B-barrel proteins (TOB, also known as sorting
and assembly machinery, SAM) complex. The central member of
this latter complex is the essential protein Tob55/Sam50 that
bears sequence and functional homology to BamA®8. The other
two subunits of the TOB complex, Mas37/Sam37 and Tob38/
Sam35/Tom38, are peripheral membrane proteins exposed to the
cytosol that share no obvious sequence similarity with the
accessory lipoproteins of the bacterial Bam complex’ 12,

Despite the aforementioned progress in our understanding of
the membrane assembly of mitochondrial B-barrel proteins, the
mitochondrial targeting signal in such proteins is ill-defined.
A conserved linear sequence could not be identified yet and hence
it was proposed that the signal is composed by a structural
element!3, However, although cytosolic targeting is a crucial
stage in protein biogenesis, neither the character nor the size of
such a putative structural signal was identified so far.

In fact, mitochondrial B-barrel proteins in yeast possess a
signature (B-signal) that facilitates their intra-mitochondrial
sorting!. The positioning of this signal in the last strand of the
barrel is consistent with the location of a sorting signal in
prokaryotic B-barrel proteins'®. However, this eukaryotic B-signal
enhances productive interactions with the TOB complex but does
not provide the information re%uired for the initial targeting from
the cytosol to the organelle!*10-18,

In previous efforts to better understand the specific
requirements for a mitochondrial targeting signal, bacterial
B-barrel proteins were expressed in eukaryotic cells. Such
expression resulted in efficient targeting of some of these proteins
to mitochondria and their integration into the mitochondrial
OM!6-1°, These studies demonstrate that the bacterial B-barrel
proteins possess signals that can target the proteins to
mitochondria and can be recognized and processed by the
mitochondrial import machinery. Especially informative are our
previous observations that mitochondria can recognize and
assemble a bacterial trimeric autotransporter [3-barrel
protein'®1°. The B-barrel anchor of these proteins is formed by
a single 12-stranded B-barrel structure to which each monomer
contributes four B-strands?>?!. Thus, these findings demonstrate
that four P-strands are sufficient for the mitochondria to
recognize and assemble a P-barrel protein. However, the
precise identity of the signal and its mode of recognition by
the organelle import machinery remained unknown.

In the current study we identify a special form of a B-hairpin
element as this long searched for targeting signal. A B-hairpin is a
characteristic folding motif formed by two B-strands connected
by a short loop, and this motif is the smallest building block of all
B-barrel proteins??. Our in vitro, in organello and in vivo findings
demonstrate that a B-hairpin element with one face composed of
highly hydrophobic residues is a mitochondrial targeting signal

2

for B-barrel proteins. This signal is recognized at the surface of
the organelle by the TOM complex with its import receptor
Tom20.

Results

Design and structural characterization of B-hairpin peptides.
In the present study we investigated whether a B-hairpin fold can
serve as a targeting signal to direct PB-barrel proteins from the
cytosol to the mitochondrial surface. To that goal, peptides
derived from the human voltage-dependent anion channel 1
(hVDACI) were chemically synthesized. hVDAC1 was chosen
since its atomic structure was solved?>?4, allowing realistic design
of peptides corresponding to a B-hairpin motif or its fragment.
Three peptides, which differ in their length and potential to form
a P-hairpin motif, were used (Fig. 1a). The short linear peptide
comprises only the last B-strand of hVDACI (a.a. N269 to L279)
and is therefore not able to form a B-hairpin. The long linear
peptide on the other hand corresponds to the last two B-strands
and the loop between them (a.a. L257 to L279) and should be able
to adopt a B-hairpin fold. We created a third peptide by extending
the C terminus of the long linear peptide by two Pro residues
and then this new C terminus was covalently linked to the
N terminus, thus cyclizing the peptide (CYC). This cyclization
increases the likelihood that the peptide will form a B-hairpin
motif. To allow direct comparison, also the two linear peptides
were extended by two Pro residues.

To analyze whether the cyclic peptide has indeed a more stable
conformation, the long linear and the cyclic peptides were
investigated by solution NMR spectroscopy. Although these
measurements were not performed in a membrane-mimetic
environment like those in which the atomic structure of VDAC
was determined, they reflect the cytosolic milieu where the
targeting signal should be recognized by the import receptors.
Low spectral dispersion of the amide resonances as well
as averaged 3J(HN,Ho) coupling constants point to an
averaged, partially structured conformation of both peptides
(Supplementary Fig. 1la). As expected, differences in amide
proton chemical shifts between the cyclic and the linear
peptide are observed for residues at the termini close to the
cyclization site (Supplementary Fig. 1b). However, also more
distant residues in the C- and in particular in the N-terminal
region between residues Leu3 and Gly9 showed marked
chemical shift differences suggesting structural variations between
the two peptides. In general, the cyclic peptide exhibits larger
chemical shift dispersion for resonances in the two termini
(Supplementary Fig. 1c). Taken together, the structural analysis
shows that, as anticipated, the cyclic peptide is more structured
than the linear one.

Cyclic B-hairpin peptide hampers import of B-barrel proteins.
We rationalized that a peptide resembling a targeting signal for
mitochondrial B-barrel proteins should be able to hinder the in
organello import of such proteins due to its ability to compete for
crucial binding sites. To test this assumption, we added increasing
amounts of the three peptides to an in organello import reaction
containing isolated yeast mitochondria and radiolabelled B-barrel
proteins like Tom40, Tob55/Sam50 and Porin. The addition of
both linear peptides did not significantly affect the import of the
radiolabelled proteins. In contrast, the cyclic peptide
demonstrated a dose-dependent capacity to dramatically inhibit
the import of all three tested B-barrel proteins (Fig. 1b-d). Since
both Tom40 and Porin belong to the VDAC-like branch of
mitochondrial B-barrel proteins and Tob55 to the Omp85-like
protein family, the observed inhibition capacity suggests that a
B-hairpin motif is a general targeting signal.
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Figure 1| A cyclic B-hairpin peptide inhibits the in vitro import of p-barrel proteins. (a) Schemes of the three peptides. Grey arrows indicate the residues
that form a B-strand in full-length hVDACT. Residue numbers correspond to the numbering of full-length hVDACI. (b-e) Radiolabelled precursor proteins of
Tom40 (b), Tob55 (), Porin (d) or pSu9-DHFR (e) were mixed with isolated mitochondria in the presence of the indicated amounts of the short linear (SL),
long linear (LL) or cyclic (CYC) peptide. In the end of the import reactions, samples were treated with proteinase K to degrade non-imported molecules. In
the case of Tob55, this treatment led to the generation of two protease-protected fragments (F’ and F”)27. Samples were then subjected to SDS-PAGE and
autoradiography (top panels). Bottom panels: the intensities of bands corresponding to the full-length form of Tom40 and Porin, the fragment F’ of Tob55 or
the mature form of pSu9-DHFR from three independent experiments were quantified and the mean intensity from the import without any peptide was set
to 100%. Error bars represent standard deviation. The precursor and mature forms of pSu9-DHFR are indicated by p and m, respectively. (f) The indicated
radiolabelled proteins were incubated with isolated mitochondria in the presence of various amounts of the cyclic peptide. The import reactions were

analyzed as in parts (b) and (d). AAC, ADP-ATP carrier.
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To assure that the peptides do not eliminate the general
import capacity of the isolated organelles, we imported the
matrix-destined protein pSu9-DHFR in the presence of the
peptides and observed only a slight inhibition with the highest
amount of the cyclic peptide (Fig. le). This minor inhibition is
probably due to the interaction of the peptide with the import
receptor Tom20 that recognizes also matrix-destined preproteins
(see below). B-Barrel proteins and multispan inner membrane
proteins are stabilized during their import by small Tim
chaperones in the IMS?>>~?7, Thus, a possibility that we wanted
to exclude was that the import inhibition by the cyclic peptide is
due to its ability to rupture the OM and thus to cause release of
the small Tim components. However, whereas the import of the
[-barrel proteins was strongly affected by the cyclic peptide only
a minimal effect on the import of the inner membrane protein
ADP-ATP carrier was observed (Fig. 1f). This finding suggests
that the small Tims are maintained by the organelles in the
presence of the cyclic peptide. Hence, the cyclic peptide
specifically inhibits the import of B-barrel proteins.

B-Hairpin motif is sufficient for mitochondrial targeting. The
aforementioned results suggest that a B-hairpin peptide can
compete the targeting of a B-barrel protein to mitochondria. We
next asked whether such a motif can mediate also a translocation
across the OM. To that goal, fusion proteins containing the most
C-terminal B-hairpin segment (hp18) of hVDAC1 upstream of
the soluble dihydrofolate reductase (DHFR) domain were
constructed. As a control, the native DHFR domain fused to a
control peptide (cp), derived from the hVDAC1 N terminus,
which forms a helical structure?>?4, was employed. Next,
radiolabelled hp18-DHFR or cp-DHFR were incubated with
isolated mitochondria and the samples were then treated with
proteinase K (PK) to remove non-imported material. In both
cases only marginal amounts of the fusion proteins were protease
protected (Fig. 2a,b). We reasoned that the tightly folded DHFR
domain prevents full import into the interior of the organelle and
thus replaced the native DHFR by a variant that cannot fold
properly (DHFR™"9)28 A fusion protein of DHFR™" with a
B-hairpin motif could indeed be imported into a protease-
protected location whereas the control peptide did not mediate
this effect (Fig. 2a,b). Our findings demonstrate that a B-hairpin
motif can function in organello as a mitochondrial targeting
signal.

Next, we asked whether peptides, which represent the last
B-hairpin (hp18) of either hVDACI or yeast Porin, are able to
mediate also in vivo mitochondrial targeting of a passenger
domain. To that end, the fusion proteins described above and
native DHFR moiety without any additive peptide were expressed
in yeast cells and the capacity of the fusion proteins to associate
with mitochondria was tested by analyzing proteins found
with the fraction of crude mitochondria upon subcellular
fractionation. As expected, DHFR alone and the cytosolic marker
protein Bmh1 were detected in the whole-cell lysate but hardly in
the mitochondrial fraction. Similarly, only negligible amounts of
the construct with the control peptide associated with the
organelles. In contrast, both fusion proteins containing the
B-hairpin motif were enriched in the mitochondrial fractions
(Fig. 2¢,d). Of note, fusion of the B-hairpin peptides C-terminally
to DHFR resulted in a lower mitochondrial targeting capacity
(Supplementary Fig. 2). It might be that the B-hairpin peptides
are not properly exposed in these latter fusion proteins.

To substantiate the in vivo targeting capacity, we constructed
fusion proteins of hpl8(VDAC) or the N-terminal control
peptide with green fluorescent protein (GFP). Fluorescence
microscopy analysis of cells expressing these proteins

4

demonstrated strong GFP background in the cytosol that
prevented observation of clear mitochondrial structures. To
overcome this problem we isolated crude mitochondria from
lysates of these cells and analyzed the samples by measuring
their GFP fluorescence with a fluorimeter or by analyzing
the samples with immunodecoration with an anti-GFP antibody.
No enrichment of the GFP fluorescence signal on mitochondria
was observed for cells with GFP alone or fused to the control
peptide. In contrast, about threefold enrichment of the
fluorescent signal was measured for mitochondria from cells
containing the hpl8(VDAC)-GFP construct (Fig. 2e).
Accordingly, only the GFP fusion construct containing
hp18(VDAC) was detected in the mitochondrial fraction by
western blotting (Fig. 2f). Collectively, we conclude that such a
B-hairpin motif is sufficient for mitochondrial targeting in vivo.

B-Hairpin redirects chloroplast OM proteins to mitochondria.
Our aforementioned experiments were performed in yeast cells,
and we next wanted to investigate whether the targeting capacity
of the P-hairpin motif is conserved in higher eukaryotes.
Plant cells provide an optimal experimental system, since in
contrast to other eukaryotes, they contain two organelles with
membrane-embedded B-barrel proteins, namely, chloroplasts and
mitochondria. Thus, mitochondrial B-barrel proteins in such cells
must avoid mistargeting to chloroplasts. To study the importance
of the C-terminal B-hairpin for mitochondrial targeting, we
generated hybrid constructs where the last two or four
transmembrane B-strands of the pea chloroplast OM B-barrel
protein psOEP24 were replaced by the corresponding C-terminal
transmembrane B-strands of the Arabidopsis mitochondrial OM
B-barrel protein atVDACI (Fig. 3). The positions of the B-strands
of atVDACI1 were assigned based on an alignment to the mouse
VDACI sequence. The positions of the B-strands of psOEP24
were predicted as described in the Methods section. To study
the location of the hybrid B-barrel proteins in vivo, we employed
the established self-assembly-GFP assay, where the first 10
B-strands of GFP (GFPg,_jo) are fused to one protein, whereas the
complementing 11th B-strand (GFPg;;) is attached to another
protein. A GFP signal can be observed only if the two fusion
proteins are located in the same cellular compartment?®3°,

We first confirmed that the N terminus of psOEP24 is exposed
to the cytosol using a GFPg;;-OEP24 construct. GFP fluorescence
could be established only when the latter construct was
co-expressed with cytosolic GFPg;_jo. In contrast, no
fluorescence signal was obtained upon co-expression with either
Mgd1-GFPs;_;o, which is targeted to the IMS of chloroplasts,
or with Tim50-GFPg;_j, that is targeted to the mitochondrial
IMS (Fig. 3a). These observations confirm the previously
observed exclusively plastidic localization of psOEP24 (ref. 31).
Next, we analyzed the localization of the mitochondrial
atVDACI. GFPgs;;-VDAC1 was co-expressed with each of the
aforementioned three GFPg; jo-containing reporter constructs
and GFP fluorescence was observed only upon co-expression
with mitochondrial Tim50-GFPs; 1. This signal co-localized
with MitoTracker-stained mitochondria (Fig. 3b). Hence, the
N terminus of atVDACI is localized in the mitochondrial IMS.

Next, we analyzed the intracellular location of hybrid proteins
composed of the N-terminal portion of psOEP24 and C-terminal
B-hairpins of atVDACI. Interestingly, constructs where the last
two or four B-strands of psOEP24 were replaced by B-strands
from the mitochondrial atVDAC1 (OEP24,_;,-VDACI15_9 or
OEP24;_1,-VDACI¢_19, respectively, subscript numbers reflect
the number of the B-strand in the corresponding protein),
assemble fluorescent GFP only upon co-expression with
the mitochondrial IMS marker and this staining co-localizes
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Figure 2 | B-Hairpin peptides can target passenger proteins to mitochondria. (a) The specified radiolabelled fusion proteins were imported into isolated
mitochondria for the indicated time periods. An asterisk marks a translation product generated from an internal ATG codon corresponding to DHFR or
DHFR™U inp, 5% lysate input. (b) The intensity of the bands from three independent experiments as in (@) was quantified and plotted against the time of
the import reaction. Error bars represent s.d. (¢) Crude mitochondria were isolated from yeast cells expressing DHFR alone or the indicated fusion proteins.
Samples from the whole-cell lysate (WCL) and the crude mitochondria (mito) were analyzed by SDS-PAGE and immunodecoration with antibodies against
the indicated proteins. Tob55, mitochondrial B-barrel protein; Bmh1, cytosolic protein. (d) The intensity of the bands from three independent experiments
as in (c) was quantified and the mitochondrial enrichment was calculated by dividing the signal in the mitochondrial fraction by the one in the whole-cell
lysate. The mitochondrial enrichment of Tob55 was set to 100. The results represent mean + s.d. from three independent experiments. (e) Samples from
the whole-cell lysate and crude mitochondrial fractions of yeast cells expressing the indicated proteins were analyzed for their GFP fluorescence.

The mitochondrial enrichment of the GFP signal was calculated and the one of GFP-expressing cells was set to 100. The results represent mean + s.d. from
three independent experiments. (f) The samples from the experiments in (e) were analyzed by SDS-PAGE and immunodecoration with antibodies against
the indicated proteins. An asterisk marks a shorter form of the fusion proteins resulting probably from degradation.

with the MitoTracker signal (Fig. 3c,d). These observations atVDACI can mediate mitochondrial targeting, these fusion
indicate that these hybrid proteins are not targeted to chloroplasts ~ proteins are not inserted into the mitochondrial OM in a
but rather to mitochondria. Of note, the N terminus of these psOEP24-like topology.

fusion proteins apparently faces the mitochondrial IMS To support our findings with an additional example, we fused
suggesting that although the C terminus of the mitochondrial ~GFPg;; to a hybrid protein composed of B-strands 1-16 of the
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Figure 3 | The last p-hairpin of atVDAC1 directs psOEP24 to mitochondria. (a-d) The specified fusion proteins and the indicated reporter constructs
were co-transformed into A. thaliana protoplasts. GFP, MitoTracker and chlorophyll autofluorescence (AF) signal as well as the overlays of GFP with
either of the latter two for a representative image from at least three independent experiments is shown. Schemes of psOEP24 and constructs generated
are shown. Yellow/green sections indicate transmembrane B-strands of atVDACT and psOEP24, respectively, and the black section represents the
GFPs; strand. Scale bar, 10 um. (e) Chloroplasts and mitochondria fractions were gained from protoplasts co-transfected with GFPs;;-OEP24,_1,-VDAC;g_19
and YC3.60-Tom20. Samples of the organelles were analyzed directly (total protein, TP) or they were subjected to carbonate extraction and the pellets
were loaded (EX). Other samples were solubilized by Triton X-100 (TX), or treated with thermolysin (TH) or PK. Next, the organelles were analyzed by

SDS-PAGE and immunodecoration with the indicated antibodies. DB71 stain

of RUBISCO is shown as loading control. YC3.60 is fused to the N terminus of

Tom20 and the cytosolic domain of Tom20 is removed by PK. Bands resulting from cross-reactivity of the GFP antibody are marked with an asterisk.

chloroplast B-barrel protein psOEP37 and the last B-hairpin of
atVDACI1 (GFPSII‘OEP371,16‘VDAC118,19). Similar to our
observation with psOEP24, also this hybrid protein was targeted
to mitochondria (Supplementary Fig. 3). Thus, it appears that
a mitochondrial B-hairpin has a general capacity to target either
soluble proteins (DHFR and GFP) or plastidic proteins (OEP24
and OEP37) to mitochondria.

To confirm the mitochondrial localization of the fusion protein
GFPg,,-OEP24,_,,-VDAC1,5_,5 and to evaluate whether it is
indeed inserted into the mitochondrial OM, protoplasts from

6

Arabidopsis cells expressing it were fractionated into samples
enriched in either chloroplasts or mitochondria. To control
for the efficiency of the organelle enrichments, protoplasts
co-expressed the mitochondrial OM protein YC3.60-Tom20
(ref. 31). We detected the hybrid B-barrel protein in
mitochondria but not in chloroplasts (Fig. 3e). A portion of the
hybrid was partially resistant to either carbonate extraction or
externally added PK. In contrast, the cytosolic domain of the
control protein YC3.60-Tom20 was removed by PK treatment.
However, when mitochondria were solubilized by Triton X-100
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the last B-strand and the last loop (GFPs;1-OEP24,_13-VDAC++9) (b) of psOEP24 were replaced by the corresponding regions of atVDACT and the
resulting fusion proteins were co-transformed with the indicated reporter constructs into A. thaliana protoplasts. Signals and schemes are as in Fig. 3a.

Scale bar, 10 um.

(TX), we could detect also a substantial portion of the hybrid
protein in the pellet fraction suggesting that these molecules were
aggregated (Fig. 3e). Hence, it seems that the hybrid protein can
be perfectly targeted to mitochondria but cannot be completely
integrated into the membrane and thus remains partially
aggregated. Collectively, these findings demonstrate that the last
B-hairpin of atVDACI is sufficient to target a chloroplast -barrel
protein to mitochondria.

We next wondered whether the capacity to assure
mitochondrial targeting is limited to the last B-hairpin from
plant atVDAC1 or can be extended to a similar B-hairpin from its

yeast homologue scPorin. To that goal we created the
hybrid proteins GFPg;;-Porin and a construct where the last
B-hairpin of psOEP24 is replaced by the last B-hairpin of yeast
Porin (GFPgs;;-OEP24,_1,-Porin;g_19) and expressed them in
protoplasts. GFPg;;-Porin partially aggregates in the cytoplasm,
but its majority is localized to mitochondria as judged from the
fluorescence signal upon co-expression with Tim50-GFPs; ;o and
the overlay of the GFP staining with the MitoTracker signal
(Supplementary Fig. 4a). As seen for GFPg;;-Porin, co-expression
of GFPSI1-0EP241_12-P0rin13_19 with GFPSI—IO shows that
the fusion protein partially aggregates in the cytoplasm. However,
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co-expression of this hybrid protein with Tim50-GFPg; o, but
not with Mgd1-GFPg;_jo yielded efficient GFP assembly and
co-localization of the GFP fluorescence with mitochondria
(Supplementary Fig. 4b). These observations suggest that
this hybrid protein can be targeted to mitochondria,
thereby verifying that the last B-hairpin of yeast Porin is
sufficient for mitochondrial targeting. This conclusion
is supported by fractionation of the transformed cells and
analysis of the mitochondrial and chloroplasts fractions.
GFPg1;-OEP24,_;,-Porin;g 19 was exclusively localized to
mitochondria and a major portion of the protein was resistant
to carbonate extraction and PK treatment. However, a substantial
fraction of the fusion protein is also aggregated as it cannot be
solubilized by Triton X-100 treatment (Supplementary Fig. 4c).

To analyze the membrane integration and the location of the
N-termini of the various hybrid proteins in additional ways,
we first tested the protection of the various constructs to
protease treatment of whole protoplast lysate. The N terminus
of GFPgs;;-OEP24, which is targeted to chloroplasts, is exposed to
the cytosol and thus was accessible to the protease. In contrast,
GFPg;;-tagged versions of either atVDACI or scPorin and the
hybrid proteins of their last B-hairpin with psOEP24 were
resistant to such treatment. This resistance was dramatically
reduced upon solubilization of organelles with detergent suggest-
ing that the majority of the protection was not solely caused by
aggregation (Supplementary Fig. 5a). Thus, it appears that the
hybrid proteins are not only targeted to mitochondria but are also
able to reach a protease-protected location.

Next, we wanted to confirm, by using an alternative GFPg;_1¢
mitochondrial reporter protein, that the N terminus of the
various hybrid proteins is indeed accessible at the mitochondrial
IMS. To that goal we constructed a protein that includes
the N-terminal region of Tim2l1-likel (Tim21(N)), which
harbours the mitochondrial import signal and the first trans-
membrane domain of the protein, and fused it to GFPs;_jo. In
line with the aforementioned results, co-expression of this
reporter with GFPg;;-tagged atVDACIL or scPorin and with
their hybrid proteins, but not with GFPg;;-OEP24,
gave a mitochondrial staining that co-localizes with the
MitoTracker  signal  (Supplementary  Fig. 5b).  These
observations verify that the last B-hairpin of either atVDACI
or scPorin is sufficient to target a chloroplast B-barrel protein
to mitochondria.

The B-signal is not sufficient for mitochondrial targeting. We
next asked whether even a single B-strand from the C terminus of
atVDACI is sufficient to assure mitochondrial targeting. This
last strand contains the B-signal, which was proposed to be
important for sorting within mitochondria!*. To address
this question we initially replaced either the last B-strand
(GFPs;,-OEP24,_;3-VDAC,o) or the last B-strand together with
the last loop of psOEP24 (GFPg;;-OEP24,_;3-VDAC.x4) by the
corresponding regions of atVDACI. Co-expression of these
proteins in protoplasts with the markers for the organellar IMS
did not result in an observable signal. In contrast, co-expression
of both hybrid proteins with the cytosolic GFPs; 1o yielded
GFP fluorescence surrounding chloroplasts (Fig. 4). Thus, the last
B-strand is not sufficient to target hybrid proteins to
mitochondria.

The last B-hairpin is necessary for mitochondrial targeting.
Our aforementioned results clearly demonstrate that the last
B-hairpin is sufficient by itself for mitochondrial targeting of
non-mitochondrial proteins. We next asked whether this
segment is also necessary to target native mitochondrial
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B-barrel proteins. To that end, we replaced either the last two
B-strands of atVDACI1 by the last two B-strands of psOEP24
resulting in the construct GFPg;;-VDAC,_;;-OEP24;; 14
(subscript numbers reflect the number of the B-strand in the
corresponding protein) or we replaced only the penultimate
B-strand of atVDACI by the corresponding penultimate strand of
pSOEP24 (GFPs;;-VDAC,_,,-OEP24,3-VDAC,). Co-expression
of these fusion proteins with the various reporter constructs
revealed GFP fluorescence exclusively with the cytosolic marker
GFPg,_;o. Moreover, the GFP stain did not co-localize with
mitochondria (Fig. 5). Thus, the complete last B-hairpin is
required for mitochondrial targeting.

We next wondered if the last B-hairpin is also necessary for the
targeting and assembly of mammalian VDACI. To that goal we
used the clear growth phenotype at elevated temperatures of yeast
cells deleted for PORI (refs 30,32). hVDACI or its variants where
the first (VDACI1Ahpl, lacking B-strands 1 and 2) or last
(VDAC1Ahp18, lacking PB-strands 18 and 19) P-hairpin is
missing were expressed in wild type or porIA yeast cells and
the growth behaviour of the transformed cells was monitored.
None of the three constructs had any effect on wild type cells but
only the full-length construct and the one lacking the first
B-hairpin complemented the absence of yeast Porin. In contrast,
the truncated variant without the last B-hairpin demonstrated
only a very partial complementation capacity and could not
support any growth on a non-fermentable carbon source (YPG)
where fully functional mitochondria are required for viability
(Supplementary Fig. 6a). Accordingly, VDAC1Ahpl8 was
detected in much lower levels than the native protein and
VDACI1Ahpl (Supplementary Fig. 6b), suggesting lower stability
and higher turnover rate of the former variant. Our findings thus
substantiate the importance of the last B-hairpin in the targeting
of human mitochondrial B-barrel proteins.

Hydrophobicity of the B-hairpin is crucial for targeting. Since
many proteins, including the widely used GFP and its variants,
contain [-hairpin motifs but only bona fide mitochondrial
B-barrel proteins assemble into the mitochondrial OM, we
wondered which requirements a B-hairpin motif should fulfil
in order to serve as a mitochondrial targeting signal. The
membrane-embedded [-strands of [-barrel proteins have
amphipathic structures where those amino acids facing the lumen
of the barrel are rather hydrophilic, whereas those that face the
lipid core are more hydrophobic. Inspection of the amino acids
that build the hydrophobic face of hpl8 of yeast Porin and
hVDACI and of hp2 of yeast Porin (containing B-strands 18/19
or 2/3, respectively) suggests that these residues are on average
more hydrophobic than the lipid-facing amino acids in other
B-hairpins (Fig. 6a). To study the significance of this difference,
we fused the passenger domain DHFR to peptides resembling
B-hairpins with various hydrophobicities (hairpins 3, 17 and 18 of
hVDACI and 2, 3 and 18 of Porin). When we then compared the
mitochondrial association capacity of the resulting fusion
proteins, we observed a clear correlation between the
hydrophobicity of the lipid-facing residues of the peptides and the
ability of the corresponding peptide to target the passenger
domain to mitochondria (Fig. 6b).

Assuming that hydrophobicity is important for the targeting
ability of a B-hairpin motif, mutations at the lipid-facing side that
replace amino acids by less hydrophobic ones should decrease the
targeting capacity of the corresponding B-hairpin motif. To test
this prediction, we created several DHFR-containing hybrids
where one, two or three of the hydrophobic residues in hp18 of
hVDACI were replaced by the polar residue Gln (Fig. 6¢). When
we monitored the mitochondrial association of these hybrids, we
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Figure 5 | The last p-hairpin of atVDAC1 is important for mitochondrial targeting. (a,b) GFPs;;-VDAC,_;7-OEP24,3_14 (@) or GFPs;;-VDAC1;-OEP24,5-
VDAC;s (b) and the indicated reporter constructs were co-transformed into A. thaliana protoplasts. Signals and schemes are as in Fig. 3a. Scale bar, 10 um.

observed a clear correlation between the number of substituted
amino acids and a reduction in the mitochondrial targeting
capacity. The targeting capability of constructs with two or three
inserted GIn residues was reduced by about 70 or 80%,
respectively (Fig. 6¢).

Along this line, we anticipated that increasing the
hydrophobicity of the lipid-facing side should enhance the
mitochondrial targeting capacity of the resulting P-hairpin.
Indeed replacing in hpl7 of hVDACI (containing f-strands
17/18) the polar residue GIn249 by Leu resulted in a clear
enhancement in the mitochondrial association of the obtained
construct. Moreover, adding to the above mutation also the
Tyr247 to Phe replacement resulted in a further considerable

augmentation of the mitochondrial binding of the resulting
hybrid protein (Fig. 6d).

To substantiate this point also in plant cells, we constructed a
hybrid protein where the fifth and sixth B-strands of psOEP24
were replaced by the corresponding [-strands of atVDACI
(GFPg,;-OEP24,_4-VDAC;_¢-OEP24;_;4). The average hydro-
phobicity of these B-strands of atVDACI is lower than that of
strands 18 and 19 of the protein (2.1 as compared to 3.4,
respectively). When this hybrid protein was co-expressed in
protoplasts together with the various marker proteins it
aggregated in the cytosol and was not targeted to
mitochondria (Supplementary Fig. 7). Collectively, these findings
demonstrate that elevated hydrophobicity of the lipid-facing side
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Figure 6 | The hydrophobicity of the -hairpin motif is important for its mitochondrial targeting efficiency. (a) The average hydrophobicity of the
hydrophobic face of the B-hairpins of various B-barrel proteins was calculated by summing up the hydropathy values of the residues facing the lipid
environment from both B-strands that form each B-hairpin and dividing it by the number of the residues. (b) Yeast cells expressing the indicated B-hairpin
peptides fused to DHFR were analyzed as in Fig. 2c,d. The mitochondrial enrichment of hp18(VDAC)-DHFR was set to 100. The results represent
mean * s.d. from three independent experiments. (¢) Top panel: scheme of hp18(VDAC) used in these experiments. Grey arrows indicate the residues that
form a B-strand in full-length hVDACT. Residue numbers correspond to the numbering of full-length hVDACT. Amino acids that were mutated are shown in
bold font. Bottom panel: yeast cells expressing hp18(VDAC) peptide or its variants with the indicated mutations fused to DHFR were analyzed as in
Fig. 2¢,d. The mitochondrial enrichment of the control hp18-DHFR was set to 100. The results represent mean + s.d. from three independent experiments.
(d) Top panel: scheme of hp17(VDAC) depicted as in (c). Bottom panel: yeast cells expressing DHFR fused to hp18(VDAC) peptide, hp17(VDAC) peptide
or variants of hp17(VDAC) with the indicated mutations were analyzed as in Fig. 2¢,d. The mitochondrial enrichment of the hp18-DHFR protein was set to
100. The results represent mean * s.d. from three independent experiments. GRAVY, grand average hydrophobicity of the hydrophobic face of the hairpin.

of a PB-hairpin is crucial for its function as a mitochondrial
targeting signal.

The import receptor Tom20 recognizes the P-hairpin signal.
The establishment of a B-hairpin as a mitochondrial targeting
signal raised the question, which import elements can recognize
it. To address this question, we synthesized the B-hairpin peptide
in its linear or cyclic forms and replaced Leu263 by the
photo-reactive benzoyl-phenylalanine (Bpa) moiety. Ultraviolet-
activation of Bpa results in generation of covalent bonds between
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the photo-peptide and proteins in its vicinity. Next, we
mixed various amounts of the photo-peptides with isolated
mitochondria and performed photo-crosslinking. Subsequent
western blot analysis demonstrated crosslinking adducts of the
cyclic B-hairpin peptide with import components like Tom40,
Tom22 and Tom70 (Fig. 7). As anticipated, formation of
photo-adducts was also observed with the import receptor
Tom20 that was suggested by several studies to be the major
mitochondrial import receptor for B-barrel proteins®3-3,
Several cross-linking adducts of the peptide and the various
TOM components can be detected. We suppose that this
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variability can result from a variable number of peptides bound to
one molecule of protein and from different crosslinking sites on
the protein, which in turn can cause different migration
behaviour in the SDS-PAGE. Of note, weak cross-linking
adducts were also observed with Tob55 suggesting that a
small portion of the peptide molecules was translocated across
the OM and associated already with the TOB complex. The

specificity of the cross-linking adducts is demonstrated by their
absence when no peptide or the linear peptide were used and
the lack of photo-adducts with unrelated mitochondrial proteins
like Fisl, Porin or aconitase. Thus, the crosslinking assay
demonstrates that the B-hairpin motif interacts with the TOM
complex.

To check in vivo the potential interaction of Tom20 with the
B-hairpin motif, we employed a bimolecular fluorescence
complementation assay (Fig. 8a). Either hpl8 or the cp of
hVDACI were fused to the N-terminal portion of YFP, whereas
Tom20 was fused at its C terminus to the C-terminal part of YFP.
We verified the functionality of Tom20-YFP(C) by demonstrating
its capacity to complement the growth phenotype of cells lacking
Tom20 (Fig. 8b). Furthermore, similarly to native Tom?20,
Tom20-YFP(C) is exposed to the cytosol as suggested by its
availability to external protease and it is embedded in the OM as
it cannot be extracted by alkaline solution (Supplementary Fig. 8).
Thus, Tom20-YFP(C) acquires native-like topology and is fully
functional.

Next, various combinations of pairs of fusion proteins were
expressed in yeast cells and the cells were analyzed by
fluorescence microscopy. As expected, cells harbouring
Tom20-YFP(C) alone or in the presence of cytosolically-
expressed YFP(N) demonstrated only basal fluorescence signal.
Similarly marginal was the signal when Tom20-YFP(C) was
co-expressed with the hVDACI N-terminal control peptide fused
to YFP(N). In sharp contrast, a strong fluorescence staining of
mitochondrial structures was observed in cells co-expressing
Tom20-YFP(C) and hp18(VDAC)-YFP(N) (Fig. 8c). To control
for the specificity of this interaction we fused YFP(C) to another
OM protein with a similar topology like Tom20, namely Mcrl.
This protein has two isoforms, a longer form that, similar to
Tom?20, is anchored to the mitochondrial OM via a single
N-terminal segment and a shorter, processed one in the IMS’.
As we previously observed that R4E and R7E mutations in
Mcrl cause an enhanced portion of the molecules in the OM?33,
we co-expressed Mcrl(R4E, R7E)-YFP(C) with different
YFP(N)-containing fusion proteins. To obtain a reliable
quantification of the fluorescence signal, crude mitochondria
were isolated from the transformed cells and their fluorescence
signal was measured with a fluorimeter. Our results clearly
demonstrate that the co-expression of Tom20-YFP(C) and
hp18(VDAC)-YFP(N) resulted in several fold stronger
fluorescence signal in comparison to all other combinations
(Fig. 8d). These findings strongly suggest that the -hairpin
targeting signal is either in close vicinity to Tom20 or physically
interacting with the receptor protein.

To directly probe the interactions of the cyclic B-hairpin
peptide with the receptor Tom20 and to verify physical
contact between the two, we monitored chemical-shift changes
in the ['H, ®N]J-HSQC NMR spectra of the uniformly
[1°N]-labelled cytosolic receptor domain of rat Tom20 (dTom?20)
upon addition of the non-labelled cyclic B-hairpin peptide.
The peptide caused chemical-shift perturbations of a subset of
the backbone amide signals of dTom20 (Fig. 9a,b). Interestingly,
the dTom20 residues affected by the B-hairpin peptide are close
to the presequence binding region of dTom20 (Fig. 9¢; ref. 39),
suggesting that the B-hairpin peptide shares with canonical
presequences the same binding site on Tom20. These experiments
demonstrate a direct interaction of the B-hairpin element with
Tom20.

Discussion
After their synthesis in the cytosol the vast majority of
mitochondrial proteins are delivered to the mitochondrial surface
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Figure 8 | A B-hairpin peptide interacts with the import receptor Tom20 in vivo. (a) Schematic representation of the assay. Tom20 was fused with the
C-terminal part of YFP (YFP(C)) whereas the N-terminal part of YFP (YFP(N)) was fused to the B-hairpin peptide (red). YFP fluorescence can be observed
only upon interaction of the two fusion proteins. (b) The growth of WT and tom204 yeast cells expressing either YFP(C) or the fusion protein Tom20-
YFP(C) was analyzed by drop-dilution assay. (¢) Yeast cells expressing Tom20-YFP(C) alone (@), or co-expressing Tom20-YFP(C) with YFP(N), the
control peptide (cp(VDAC)) fused to YFP(N) or hp18(VDAC) fused to YFP(N) were subjected to fluorescence microscopy. Representative images are
shown. Scale bar, 5pm. (d) Crude mitochondria were isolated from cells co-expressing the indicated YFP(N) fusion proteins and either Tom20-YFP(C) or
Mcr1(R4E, R7E)-YFP(C). The YFP fluorescence of the crude mitochondrial fractions was analyzed and the signal of cells expressing YFP(N) without any

additive was set to 1. Data represents mean + s.d. of three independent experiments.

with the help of an N-terminal, cleavable targeting signal,
also known as presequence. In contrast, proteins residing in the
OM of the organelle do not contain such a signal and their
targeting is mediated by elements that are part of the mature
protein. Efforts to identify linear sequences within -barrel
proteins that can fulfil this task have failed so far. Thus, it was
assumed that the signals are contained in B-barrel-specific
structural elements rather than in a conserved linear sequence.
In this study we demonstrate that a f-hairpin motif with a highly
hydrophobic face is the minimal structural element that can
function as a mitochondrial targeting signal.

12

This motif fulfils all the requirements of a specific intracellular
targeting signal. It is necessary for targeting as in its absence the
remaining portion of the protein is not targeted properly to
mitochondria. The signal is also sufficient by itself and can
mediate mitochondrial location of soluble passenger domains.
Furthermore, attachment of this signal to chloroplast B-barrel
proteins redirects the latter to mitochondria. The B-hairpin motif
is also the minimal signal and a single B-strand cannot fulfil this
task. Finally, as expected from a targeting signal, the B-hairpin
motif is recognized at the cytosolic side of the organelle by an
import receptor (Tom?20).
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In most of the analyzed mitochondrial B-barrel proteins, the
last B-hairpin at the C terminus has a high hydrophobicity and
can serve as a targeting signal. This function can explain previous
observations where mutations in the C-terminal region of the
B-barrel proteins Porin and Tom40 hindered mitochondrial
targeting of the mutated proteins, whereas mutations in the
N-terminal segment did not have this effect?*~42, The ultimate
B-strand contains the previously identified B-signal, which is
composed of several amino acids and is recognized by the
TOB/SAM complex and serves as an intra-mitochondrial sorting
signal'*, Our finding that the minimal targeting signal is
composed of two P-strands with the loop between them
explains why the B-signal is neither sufficient nor absolutely
required for the targeting from the cytosol to mitochondria. Point
mutations in the B-signal affect interactions with the TOB/SAM
complex but the mutated B-barrel proteins were still targeted
from the cytosol to the organelle!“. Along this line, our data show
that a mutation that disrupts the f-signal (F281A) only
moderately affects the targeting capacity of the resulting
B-hairpin. Despite the special high targeting capacity of the last
B-hairpin, it is probably not the only B-hairpin that can serve as a
targeting signal in mitochondrial -barrel proteins. In addition, in

the fusion proteins used in the current study a signal fused
N-terminally to a passenger domain could have a mitochondrial
targeting capacity. Hence, the location of the signal within the
substrate B-barrel protein appears not to be restricted to the
most C-terminal B-hairpin. Accordingly, we found that fusion
proteins containing the second B-hairpin of Porin are targeted to
mitochondria in high efficiency. Furthermore, VDAC1 molecules
deleted for the last B-hairpin were still detected on mitochondria
(although only in minor amounts) suggesting that other
B-hairpins can also fulfil the targeting task although with much
lower potential. Hence, an avidity effect of several B-hairpins
within the same protein can be anticipated.

The identification of a B-hairpin as a targeting signal can also
explain how bacterial proteins that do not share any sequence
homology with mitochondrial proteins can be targeted to
mitochondria upon their expression in eukaryotic cells'6~1%.
The B-hairpin motif is the most basic structural unit of all
B-barrel proteins and thus is contained also by the bacterial
ones??, Whereas in prokaryotes and non-plant eukaryotic cells
B-barrel proteins are targeted only to one cellular membrane, the
situation is more complicated in plant cells that harbour such
proteins in two separate locations namely, mitochondria and
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chloroplasts. Hence, a mechanism that assures the specific
targeting must have developed in such cells. We previously
observed that plant plastidic B-barrel proteins show a clear
discrimination between the two organelles only in vivo®.
Our results demonstrate the existence of a specific signal
that can target plant [-barrel proteins to mitochondria.
However, it is unclear whether this signal and the yet to be
discovered chloroplast signal are decoded by dedicated cytosolic
guidance factors and/or specific chaperones. Obviously,
mitochondrial proteins have to avoid recognition by
chloroplasts targeting factors.

Irrespective of the cytosolic events, once the newly synthesized
[-barrel protein reaches the surface of the organelle it is recognized
by the TOM complex®!343, In line with these previous reports, the
B-hairpin signal can be cross-linked to various components of the
TOM complex suggesting that it can be in their vicinity. Previous
studies suggested that the major receptor for these proteins is
Tom?20 that recognizes also presequence-containing mitochondrial
proteins®>3>3644 " Accordingly, we observed by in organello and
in vitro assays an interaction of the B-hairpin signal with Tom20.
Remarkably, our NMR analysis indicated that the canonical
presequence and the B-hairpin share the same binding region on
Tom20. This similarity can be explained by the common
amphiphilic structure of both elements where one face is rather
polar and the other is hydrophobic. Our discovery regarding the
shared binding site on Tom20 explains also the reduced in vitro
import of presequence-containing mitochondrial protein upon
addition of the cyclic B-hairpin peptide and previous observations
where a peptide resembling a presequence could compete for the
import of Porin®’. In addition to Tom20, Tom22 and/or Tom70
were also suggested to be involved in processing of presequence-
containing proteins*®*’. Considering the structural similarity
between the two signals and the observed cross-linking adducts
of the B-hairpin peptide with the latter two proteins, one can
speculate that Tom22 and/or Tom70 might also participate in the
recognition of the B-hairpin element.

In summary, a dedicated B-hairpin motif is a newly-discovered
genuine targeting signal that is necessary and sufficient for the
targeting of mitochondrial B-barrel proteins to the organelle and
for their recognition by import receptors.

Methods

Yeast strains and growth methods. Standard genetic techniques were used for
growth and manipulation of yeast strains. The wild-type strain W3030 was employed.
The tom20A and porlA strains were described before (refs 18,30, respectively).

Drop-dilution assay. Cells were grown to logarithmic phase in appropriate liquid
media, collected by centrifugation, and resuspended in water to an optical density
at 600 nm of 2. Cell suspensions were serially diluted fivefold in water, and 5 pl
aliquots of the cell suspensions were spotted on appropriate plates, which were then
incubated at either 30 or 37 °C.

Recombinant DNA techniques. The plasmids pGEM4-pSu9-DHFR, pGEM4-
pSu9-DHFR™"* or pYX142-mtGFP were used as templates for the amplification of
the DHER or the green fluorescent protein genes by PCR. The amplification
products were inserted into pGEM4 using Kpnl and BamHI restriction sites.
Fusion proteins containing segments of either hVDACI or yeast Porin were
generated by PCR using as template the plasmid pGEM4-hVDACI1 or pGEM4-
Porl, respectively. The sequences of all PCR primers used in this study are included
in Supplementary Table 1. The DNA encoding these peptides was inserted into the
previously generated pGEM4-DHFR, pGEM4-DHFR™" or pGEM4-eGFP using
EcoRI and Kpnl restriction sites. For expression in yeast cells the DHFR or eGFP
fusion constructs were sub-cloned into pYX142 using EcoRI and Sall restriction
sites. The mutations within hp17(VDAC) and hp18(VDAC) were introduced via
site-directed mutagenesis using the QuickChange Site-Directed Mutagenesis Kit
(Stratagene) according to the manufacturer’s instructions.

The YFP(C) constructs for the BIFC assays were amplified from pRS426-
TPI-Tom20 and pGEM4-Mcrl using standard PCR techniques and subsequently
cloned into the plasmid C-YC426ADH*® using BamHI and HindIII or EcoRI and
HindIII restriction sites, respectively. The plasmid C-YN425ADH was used as a
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template for the PCR amplification of the YFP(N) fragment. The PCR product
was inserted into pGEM4 using Kpnl and BamHI restriction sites. The DHFR
gene in pYX142-DHEFR, pYX142-cp(VDAC)-DHFR and pYX142-hp18(DHFR)
was then replaced with the YFP(N) fragment by sub-cloning with Ncol and
Sall restriction sites.

The plasmid pPGEM4-hVDACI was used as a template for the PCR amplification
of the full-length and the truncated hVDACI variants. The amplification products
were inserted into pYX142 using BamHI and Sall restriction sites.

All DNA sequences required for the generation of constructs for the self-
assembly-GFP assays were amplified from Arabidopsis thaliana ColO or from Pisum
sativum var. arvika cDNA, by standard PCR techniques. Subsequently the PCR
products were cloned into the pAVA plasmid* containing the fragments for
saGFP11 (GFPg;;) (N-terminally) or saGFP1-10 (GFPg;_j0). Templates for the
saGFPs;_;o and saGFP-g;; fragments were obtained from Dr G. S. Waldo (Los
Alamos, NM, USA). Chimeric B-barrel proteins were generated using PCR and were
cloned into the saGFP-g;; (N-terminally) pAVA vector using Kpnl and Spel as
restriction sites. All plasmids used in this study are listed in Supplementary Table 2.

Biochemical procedures. Mitochondria were isolated from yeast cells by differ-
ential centrifugation as described®®. For the isolation of crude mitochondrial
fractions, yeast cells were grown in selective media to logarithmic phase and
harvested by centrifugation. The cells were resuspended in SEM buffer (250 mM
sucrose, 10 mM MOPS, 1 mM EDTA, pH 7.4) supplemented with 2mM
Phenylmethylsulfonyl fluoride (PMSF), mixed with glass beads and lysed by three
rounds of 30's vortexing followed by 30 s on ice. The whole-cell lysate was separated
from glass beads and cell debris by centrifugation (1,000g, 3 min, 2 °C). Crude
mitochondria were isolated from the cell lysate by centrifugation (20,000g, 10 min,
2°C). In addition, a sample from the whole-cell lysate was subjected to chloroform-
methanol precipitation. The samples were then subjected to SDS-PAGE.
Radiolabelled proteins were synthesized in rabbit reticulocyte lysate in the
presence of >>S-methionine (Perkin-Elmer) after in vitro transcription by SP6
polymerase from pGEM4 vectors (Promega). Radiolabelled precursor proteins
were incubated at 25 °C with isolated yeast mitochondria in import buffer (250 mM
sucrose, 0.25 mgml ~ ! BSA, 80 mM KCl, 5 mM MgCl,, 10 mM MOPS-KOH, 2 mM
NADH, 4mM ATP, pH 7.2). Non-imported proteins were removed by treatment
with PK (50 pgml ~ 1Y for 30 min on ice. After inhibition of PK with 5mM PMSF,
the samples were boiled at 95 °C for few min before their analysis by SDS-PAGE.

Immunoblotting. A list of primary antibodies used in this study is included in
Supplementary Table 3. The secondary antibodies were Horseradish peroxidase-
coupled goat-anti-rabbit or goat-anti-mouse (Bio-Rad, cat. # 1721019 or cat. #
1721011, respectively) that were diluted 1:10,000 or 1:2,000, respectively. Full
uncropped versions of all immunoblot images in all figures are included in
Supplementary Fig. 9.

Synthesis and purification of peptides. The linear protected peptide was
synthesized using standard Fmoc/tBu chemistry on a multiple peptide synthesizer
Syro II (MultiSyntechTech) on an acid labile TCP resin (Intavis) as described®!. To
remove the peptide from the resin after completion of the synthesis, the dried resin
was treated for 2h at room temperature with a mixture of dichloromethane/
1,1,1,3,3,3-hexafluoro-2-propanol (8/2 v/v). The mixture was filtered out and the
solvent was concentrated with vacuum. The obtained oily product was precipitated
from cold diethylether as a white solid. The linear protected peptide was treated with
trifluoroacetic acid (TFA) and purified by RP-HPLC as described below. The
Matrix-Assisted Laser Desorption Ionization-Time of Flight-Mass Spectrometry
(MALDI-TOF-MS) showed the correct mass of [M + H] T =2,454.50.

A cyclic protected peptide was obtained as follows. Diisopropylethylamine
(0.6 mmol) and 1-hydroxybenzotriazol (0.3 mmol) were added to a solution of
linear protected peptide (0.1 mmol) in dry 40 ml dimethylformamide. The solution
was dropped to a solution of 0.3 mmol O-benzotriazol-1-yl-N,N,N'N’-
tetramethyluronium tetrafluoroborate in 80 ml dimethylformamide for 2 h, and the
solution was stirred overnight. The solvent was removed under reduced pressure
affording a light yellow oily residue. The crude cyclic product was then precipitated
from ice-cold water and was dried under vacuum for 12 h.

Preparation of free cyclic peptide: The dried residue was treated with a mixture
of TFA/thioanisole/water (95:5:5) for 3h at room temperature and the final cyclic
peptide was precipitated as an amorphous solid by the addition of diethylether.
Crude peptides were purified further by preparative RP-HPLC on a Reprosil-Pur
Basic C8, 5um column (250 x 10 mm) (Dr Maisch, Germany) using a linear
gradient of 20-70% acetonitrile in water containing 0.05% TFA. Purification
was verified by analytical RP-HPLC. The cyclization was confirmed by MALDI-
TOF-MS by obtaining the correct mass [M +H] * =2,436.48.

Modelling and prediction of secondary structures. The secondary structures of
atVDACI and scPorin were assigned based on an alignment to the crystal structure
of mouse VDACI (programme: Mafft v6.847b, options: local pair, JTT200 matrix,
2.65 gap open, 0.15 gap extension®?). For psOEP24 the secondary structure elements
were predicted using the consensus prediction of the GeneSilico metaserver>>, the
BOCTOPUS server™* and the PredTMbb server®. For each position a score
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describing the likelihood of this residue to be part of a B-strand was calculated as
follows: the score for each position was increased by 1 if BOCTOPUS and PredTMbb
predict the corresponding position as part of a B-strand and by 0.5 if the secondary
structure prediction of GeneSilico metaserver predicts p-strand.

The prediction of the GenSilico metaserver had a lower weight because this server
predicts B-strands in general whereas the other two predict transmembrane
B-strands. Furthermore the score was decreased by 0.5 if the position was assigned as
disordered by the GeneSilico metaserver. A residue was assigned to be in a
B-strand if its score was higher than 1.5. To avoid missing potential B-strands we
additionally checked manually an alignment of OEP24 sequences from several
organisms for regions of alternating hydrophobicity>®~.

Protoplast transfection and fractionation. A. thaliana protoplasts were isolated
and transfected as described?®. Two samples of 2.5 million protoplasts each were
transfected with 200 pg plasmid DNA of GFPg;;-OEP24,_;,-VDACl,5_19 and 150 pug
plasmid DNA of YC3.60-TOM20. After 14h expression under constant light,
protoplasts were collected at 100g for 5min and pooled in 5ml extraction buffer
(0.3M sucrose, 50 mM HEPES-KOH, pH 7.6, 2mM EDTA, 1% (w/v)
polyvinylpyrrolidone (PVP) 40, 1% (w/v) fatty acid-free BSA, 330 mgl~ ! ascorbate,
supplemented immediately before use with 2mM PMSEF). For the total protein extract,
500 pl of protoplast suspension were pelleted at 25,000¢ for 5 min and resuspended in
loading buffer (8 M urea, 0.2 M Tris-HCl pH 6.8, 10mM EDTA pH 8.0, 5% (w/v)
SDS, 0.03% bromphenol blue, 10 mM PMSF and 143 mM f-mercaptoethanol). The
protoplasts were lysed using an Ultra-Turrax T25 homogenizer for three times of one
second each at low intensity (idling speed = 8,000 min ~ ). The lysate was then
aliquoted in 1.5 ml Eppendorf tubes and the crude chloroplasts fraction was harvested
at 1,500¢ for 5min. The pellets were resuspended in a total volume of 2.5 ml washing
buffer (0.3 M sucrose, 50 mM HEPES-KOH pH 7.6, 10 mM MgCl,, 10 mM KCl,
2mM EDTA pH 8.0, 330 mgl ~ ! ascorbate, supplemented immediately before use
with 1 mM PMSE). Chloroplasts were purified over a Percoll step gradient (3 ml 85%
Percoll and 5.143 ml 45% Percoll both diluted in 0.33 M sorbitol and 50 mM HEPES-
KOH, pH 7.6) and washed twice with washing buffer at 1,500¢ for 2 min. The final
pellets were pooled in a total volume of 500 pl chloroplast-treatment buffer (0.33 M
sorbitol, 50 mM Hepes KOH pH 7.6 and 5mM MgCl,).

The supernatants of the crude chloroplasts fraction were centrifuged at 1,500¢ for
5min. The resulting supernatants were centrifuged at 25,000¢ for 15min to collect
the mitochondrial fraction. The pellets were pooled in a total volume of 500 pl
mitochondria-treatment buffer (0.3 m sucrose, 50 mM HEPES-KOH pH 7.6, 10 mM
MgCl, and 10mM KClI). Chloroplast and mitochondrial fractions were portioned
into five 100 pl aliquots and the organelles were pelleted again (chloroplasts: 1,500g,
5 min; mitochondria: 25,000¢, 15min). The purity of the organelles was probed by
western blot analysis with an antibody against full-length GFP (Roche) to verify that
YC3.60-Tom20 is solely found in the mitochondria enriched fraction. Enrichment of
plastidic fraction is shown by DB71 staining of RUBISCO. A fraction of each
organelle (100 pl) was subjected to protease treatment (chloroplasts: 120 pgml = *
thermolysin; mitochondria: 5 pgml ~! proteinase K*) in the respective treatment
buffer. After protease treatments the organelles were pelleted again (chloroplasts:
1,500¢, 5 min; mitochondria: 25,000¢, 15 min). Additional two fractions of each
organelle (100 pl each) were incubated on ice for 30 min with either 100 mM
Na,CO;, pH 11.5 or with 1% Triton X-100. All samples including the untreated
control samples were centrifuged at 100,000¢ for 30 min at 4 °C and proteins of the
pellet were analyzed by SDS-PAGE followed by the western blot analysis with
antibodies against GFPg;; (Peptide Speciality Laboratories, Antigen:
RDHMVLHEYVNAAGIT-C) or full-length GFP to detect the fusion proteins.

Fluorescence microscopy. For analyzing protoplasts by fluorescence microscopy
GFP fluorescence, chlorophyll autofluorescence and the MitoTracker signal were
monitored by confocal laser scanning microscopy using a TCS SP5 microscope
(Leica) with an HCX PL APO Lambda Blue 63 x 1.4 oil objective. Fluorescence
was excited and detected as follows: GFP 488/505-525 nm, chlorophyll
fluorescence 514/650-750 nm and MitoTracker Orange CNTM Ros 554/576 nm.
Images were processed by Leica LAS AF Lite Software.

BIFC assay. Yeast cells co-expressing either Tom20-YFP(C) or Mcr1(R4E, R7E)-
YFP(C) and YFP(N) fusion proteins were grown in selective liquid medium to
logarithmic phase and were used for fluorescence microscopy with an Axioskop20
fluorescence microscope equipped with an Axiocam MRm camera. For quantitative
analysis, crude mitochondria were isolated from the cells and were then resus-
pended in SEM buffer and analyzed for their YFP fluorescence using a Tecan
infinite 200 microplate reader.

Photo-crosslinking. In organello photo cross-linking was performed by

mixing isolated mitochondria at a final concentration of 1 mgml ~ ! with the
Bpa-containing linear or cyclic peptide in import buffer without BSA. The mixture
was incubated for 10 min on ice before ultravoilet-irradiation for 30 min at 4 °C.
For irradiation, a Blak-Ray B-100 AP ultravoilet lamp at a distance of 10 cm from
the samples was used. After the ultravoilet-illumination, the mitochondria were
re-isolated by centrifugation (20,000¢, 10 min, 2 °C) and subjected to
SDS-PAGE.

NMR analysis and structural assignment. Samples of the two peptides (1 mg
peptide, ~903 pM) were prepared in peptide buffer (10 mM 3-(N-morpholino)-
propanesulfonic acid, 80 mM KCI, 5mM MgCl,, pH 7.2 in 11% (v/v)
dimethylsulfoxid (DMSO)) and 10% (v/v) D,O was then added. The measurements
were carried out on a Bruker Avance 800 MHz spectrometer equipped with a triple
resonance cryogenic probe. For assignment of the HN and Ho. resonances, 'H, 'H
NOESY spectra with a WATERGATE water suppression scheme and a mixing
time of 200 ms and two 'H, 'H TOCSY spectra with mixing times of 15 and 60 ms,
respectively, were recorded at 5 °C. Spectra were processed and analyzed using
Bruker TopSpin 2.1/3.2.

For studying the interaction of the B-hairpin peptide with dTom20 the cyclic
peptide and uniformly [>N]-labelled rat dTom20 ([}°N]-dTom20) were used.
Preparation of [*N]-dTom20 was performed as reported previously> with minor
modifications. The gene for the cytosolic receptor domain of dTom20 from Rattus
norvegicus (residues 51-145) lacking the stop codon was cloned into pET-22b
(Merck Millipore) for expression of the fusion protein with a hexa-histidine tag at
the C terminus. The E. coli strain BL21(DE3) transformed with this plasmid was
cultured in M9 media (1gl~ 1 of ['*N]-enriched NH,C], 18 gl™ Lof
Na,HPO, x 12H,0, 3gl’1 of KH,PO,, 2gl’1 p-glucose, 1 mM MgSO, x 7H,0,
0.1mM CaCl,, 10mgl~! thiamin) containing 50 pgml ~ ! ampicillin at 37 °C until
ODgg reached 0.5. Protein expression was induced by 0.5 mM isopropyl B-p-1-
thiogalactopyranoside for 16h at 16 °C. Then cells were collected by centrifugation
and re-suspended in 20 mM Tris-HCI, pH 7.4, containing 300 mM NaCl followed by
cell disruption by sonication. The cell lysate was subjected to centrifugation to
remove cell debris and unbroken cells and the supernatant was loaded onto a Ni-
NTA column (QIAGEN) for affinity purification. Eluted proteins were further
purified by gel-filtration chromatography on a HiLoad 26/600 Superdex 200 pg
column (GE Healthcare). Fractions containing ['°N]-dTom20 were pooled and
dialyzed against 20 mM KPi, pH 6.4, containing 50 mM KCl and stored at 4 °C until
use. NMR spectra were recorded on a Bruker AVANCE900 spectrometer equipped
with a TCI cryogenic probe. For NMR titration experiments, aliquots of 10mM f-
hairpin peptide in DMSO were added to 210 um [°N]-dTom20 in 20 mM KPi, pH
6.4, 50 mM KCl, 5% (v/v) DMSO, D,0/H,0 (5/95). To subtract the solvent effects of
DMSO from chemical shift perturbation by the B-hairpin peptide, an NMR
spectrum of [}°N]-dTom20 with 9% DMSO, the final DMSO concentration in the
titration experiments, was also recorded with the assumption that the solvent effect is
linear to the added solvent volume. The chemical shift changes of each backbone
amide of dTom20 were calculated according to the equation
[(AS(*H, — Hp)? + AS(1°N,, — 1Np)/5)?]12, where AS(*H, — 'Hp) and
A(5(15Np — I5Np) are the net chemical shift differences for the peptide after
subtraction of the effect of DMSO.

Data availability. The authors declare that all data supporting the findings of this
study are available within the article and its Supplementary Information files or are
available from the corresponding author upon request.
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Supplementary Figure 1 | Structural analysis by NMR of the two peptides used for import com-
petition. (a) Amide region of 1D 'H spectra of the cyclic (left) and the linear (right) peptide at 10 °C.
The inset shows the amide resonance of L23. The 3J(HN,Ha) couplings splitting these resonances are
indicated. (b) Amide proton chemical shift differences between the cyclic and the linear peptide at 5 °C.
The sequence stretch, for which the sequential assignment is shown in (c), is highlighted in red. Residues,
for which the difference could not be determined due to a lack in NH assignment, are labeled with an
asterisk. (¢) HN-Hao region of 2D "H,"H NOESY spectra of the cyclic (left) and the linear (right) peptides
at 5 °C. The assigned 1D "H spectrum of the amide region is shown on top. Intraresidual (HN-Hoy;, labeled
in black) and sequential (HN-Ha.1, labeled in red) connections are indicated for the sequence stretch S4
to G9. The spectral region typical of glycine HN-Hao cross peaks residues is labeled in grey.
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Supplementary Figure 2 | Fusion proteins with a B-hairpin fused C-terminally to DHFR are not
targeted to mitochondria. Crude mitochondria were isolated from yeast cells expressing DHFR alone
or the indicated fusion proteins. Samples from the whole cell lysate (WCL) and the crude mitochondria
(mito) were analyzed by SDS-PAGE and immunodecoration with antibodies against the indicated proteins.

Tob55, mitochondrial B-barrel protein; Bmh1, cytosolic protein.
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Supplementary Figure 3 | The last B-hairpin of atVDAC1 directs psOEP37 to mitochondria.
GFPs11-OEP374.16-VDAC1s.19 and the indicated reporter constructs were co-transformed into A. thaliana
protoplasts. Signals and schemes are as in Fig. 3a. Scale bar: 10 um.
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Supplementary Figure 4 | The last p-hairpin of scPorin targets psOEP24 to mitochondria. (a and
b) GFPg1-Porin (a) or GFPg;1-OEP24_15Porinqg.19 (b) and the indicated reporter constructs were co-
transformed into A. thaliana protoplasts. Images were taken as described in the legend to Fig. 3a.
Schemes of scPorin and the construct generated are shown. Red/green sections indicate transmembrane
B-sheets of scPorin and psOEP24, respectively. The black section represents the GFPg;1-tag. Scale
bar: 10 um. (¢) Organelles were carbonate extracted (EX), solubilized by addition of Triton X-100 (TX),
or treated with either thermolysin (TH) or proteinase K (PK). Further treatment and analysis were as
described in the legend to Figure 3b. Bands resulting from cross-reactivity of the GFP antibody are
marked with an asterisk.
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Supplementary Figure 5 | The last B-hairpin of atVDAC1 or scPorin targets chloroplast B-barrel
proteins to the mitochondrial intermembrane space. (a) Plasmids coding for the indicated GFPs;-
tagged proteins were transformed individually into A. thaliana protoplasts. Protoplasts were lysed and
incubated with proteinase K (PK, 5ug/mL final concentration) and Triton X-100 (TX, 1 % final) where
indicated. After incubation, the cell lysate was subjected to SDS-PAGE followed by Western blotting with
antibodies against GFPg;;. DB71 staining was used to visualize RUBISCO and immunodecoration with
antibodies against the endogenous mitochondrial protein atVDAC1 was used to confirm the experimental
procedure. (b) The indicated proteins and the reporter construct Tim21(N)-GFPs1.19 were co-transformed
into A. thaliana protoplasts. Images were taken as described in the legend to Fig. 3a. Scale bar: 10 pm.
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Supplementary Figure 6 | The last B-hairpin of atVDAC1 is important for mitochondrial targeting.
(a) WT and por1A cells were transformed with an empty plasmid (&) or with a plasmid encoding either
full-length VDAC1 (VDAC1 FL) or a truncated VDAC1 variant where the first (VDAC1Ahp1) or last
(VDAC1Ahp18) B-hairpin was deleted . The growth of the cells at elevated temperature (37 °C) was
analyzed by drop-dilution assay on the indicated media. (b) Crude mitochondria from the por1A cells
described in (a) were isolated. The whole cell lysate (WCL) and the mitochondrial fraction (mito) were
subjected to SDS-PAGE and immunoblotting with antibodies against VDAC1. Tob55 was used as a
loading control.
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Supplementary Figure 7 | The fifth and sixth B-strands of atVDAC1 do not direct psOEP24 to
mitochondria. The indicated fusion protein and reporter constructs were co-transformed into A. thaliana
protoplasts. Signals and schemes are as in Fig. 3a. Scale bar: 10 um.
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Supplementary Figure 8 | Tom20-YFP(C) is imported into the outer membrane of mitochondria in
a native-like conformation. (a) Isolated mitochondria from either WT or tom20A strains expressing the
C-terminal part of YFP (YFP(C)) or Tom20 fused N-terminally to YFP(C) were treated with 50 pg/mL
proteinase K (PK) or left untreated. The samples were analyzed by SDS-PAGE and immunodecoration.
Tom70, outer membrane protein exposed to the cytosol; Hep1, matrix protein. (b) Carbonate extraction of
mitochondria isolated from the strains described in (a) was performed to separate membrane-embedded
proteins in the pellet fraction (P) from soluble protein in the supernatant (S). T, total; Tob55, membrane-
embedded B-barrel protein; Hep1, soluble matrix protein.
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Supplementary Figure 9 | Full immunoblots and autoradiography films. (a-r) Original images of the
blots shown in Figs. 1b (a), 1c (b), 1d (¢c), 1e (d), 1f (e), 2a (f and @), 2c (h), 2f (i), 3e (j), 7 (k) and in
Supplementary Figs. 2 (h), 4c (I and m), 5a (n and o), 6b (p) 8a (q), and 8b (r). Cropped areas are
marked by dashed lines.



Supplementary Table 1 | Primers used in this study.

Construct Primer Sequence (5° — 3’)
GFPg11-VDAC atVDAC-1_FW AATGGTACCATGGTGAAAGGTCCCGGTCTCTACACC
atVDAC-1_RV AATACTAGTAGGCTTGAGTGCGAGAGCCAATCC
GFPs1-OEP24,1,- OEP+4VD FW CTACCTATGATGTTGCTCCCTTGACCTCTGTGAAGG
VDAC6.19 C
OEP+4VD_RV CACAGAGGTCAAGGGAGCAACATCATAGGTAGGTT
C
GFPg11-OEP244.1,- OEP+2VD FW GACAAGGAATTCCAAACCCAAGTCATTCTTCACAAT
VDAC5.19 C
OEP+2VD_RV GAAGAATGACTTGGGTTTGGAATTCCTTGTCCACTC
GFPg11-OEP24,43- O-L1VD_RV GTACACTAGTAGGCTTGAGTGCGAGAGCCAATCCAA
VDAC++g CTTTAGCACTCTTGTCAATTGACTTTGTGTTAACGGA
CGCCACAAC
GFPg11-OEP24,45- O-1VD_RV CTAGTAGGCTTGAGTGCGAGAGCCAATCCAACTTTT
VDAC 9 TTGGGAATTTTC
GFPg11-OEP24, 4- O(1-4)-V(5-6)- TCTACTTTTCTGATCACCGCTACCGTTGATGAGGCT
VDACs56-OEP24,.44,  O(7-14)_ GCACCCGGACTGAGGTCAATCTTCAGCTTCAAGGTT
FW CCTGAGAAACCGTTGAATTTGGC
O(1-4)-V(5-6)- AGGAACCTTGAAGCTGAAGATTGACCTCAGTCCGG
O(7-14)_ GTGCAGCCTCATCAACGGTAGCGGTGATCAGAAAA
RV GTAGAGGGTTTCTCTACGGCGAGGACTAGGCC

GFPs11-Porin

GFP311-OEP241.12-
Porin18_19

GFPg11-VDAC1.17-
OEP2413_14

GFPs11-VDAC1.17-
OEP24,3VDAC1+g

GFPg11-OEP371.16-
VDACs.19

Tim21(N)-GFPs1.10

scPOR1Acc_FW
scPOR1Bcu_RV

O_2Por1_FW

O_2Por1_RV

VDAC+20_FW

VDAC+20_RV
AKS-INT_FW

AKS3-INT_RV

OEP37_
2VDAC1_FW

OEP37_
2VDAC1_RV

Tim21-L1_Kpnl_

FW

AATGGTACCATGTCTCCTCCAGTTTACAGCG
AATACTAGTAGCGTCGAAGGACAAAGACCAACC

CCTGGCGTCACTCTGGGTGTCGGTTCCTCTTTCGAT
GCTTTGAAGTTGTCTGAACCTGTTCACAAGCTAGGT
TGGTCTTTGTCCTTCGACGCTACTAGTTAATCTAGA
GTCCGCAAAAAT

TAACTAGTAGCGTCGAAGGACAAAGACCAACCTAGC
TTGTGAACAGGTTCAGACAACTTCAAAGCATCGAAA
GAGGAACCGACACCCAGAGTGACGCCAGGTTGTTT
GGAATTCCTTG

CAACACGAGTGGAAACAAACTGGTTGCTTCAAGGTT
G

GAAGCAACCAGTTTGTTTCCACTCGTGTTGAATGAG

TCATTCTTCACAATCTCTGGAGAAGTCGACACAAAG
TCAAAAATTCCCAAACTCAGTGTTGAGTCC

GTCGACTTCTCCAGAGATTGTGAAGAATGACTTGGG
TTTGGAATTCCTTGTCCACTCCAATCC

GGAGATGAAGGTGGGAAAGCATGGAAACCCAAGTC
ATTCTTCACAATCTCTGG

GATTGTGAAGAATGACTTGGGTTTCCATGCTTTCCC
ACCTTCATCTCCAACCCAAAGG

AATGGTACCATGGTGAAACCATCGGATTTCAAAGC




Construct Primer Sequence (5° — 3’)
Tim21-L1_ ATTACTAGTTGTAAACCTTGAGCGGAGGTATAATCC
TPTMD_Spel_
RV
DHFR TJ009 CCCGGTACCATGGTTCGACCATTGAACTGC
TJO11 CCCGGATCCTTAGTCTTTCTTCTCGTAGAC
DHFR™Mut TJ081 CCCGGTACCATGGTTCGACCATTGAAC
TJO11 CCCGGATCCTTAGTCTTTCTTCTCGTAGAC
cp(VDAC) TJ022 CCCGAATTCATGGCTGTGCCACCCACG
TJ023 CCCGGTACCACCAGCACCAGCACCCAAATCAAGCT
TTATTAAGCCAAATC
hp18(VDAC) TJO14 CCCGAATTCATGAAGCCAGGTATTAAACTGAC
TJO15 CCCGGTACCACCAGCACCAGCACCTGCTTGAAATTC
CAGTCCTAGACC
hp18(Porin) TJO12 CCCGAATTCATGAAGCAATTGTTAAGACCTGG
TJO13 CCCGGTACCACCAGCACCAGCACCAGCGTCGAAGG
ACAAAGACC
hp2(Porin) TJ060 CCCGAATTCATGAATGGCATTAAGTTCTCATTGAAG
TJO61 CCCGGTACCACCAGCACCAGCACCGGTTTGCTTGT
CATTCAACTTTG
hp3(Porin) TJO37 CCCGAATTCATGAAAGACGGTCCACTGTC
TJO38 CCCGGTACCACCAGCACCAGCACCGTTTGTGTTAG
ACCAGCC
hp17(VDAC) TJO58 CCCGAATTCATGAACTCCAGCCTGATAGGTTTAG
TJO59 CCCGGTACCACCAGCACCAGCACCGTTCTTGCCAT
CCAGAAGAG
hp3(VDAC) TJO39 CCCGAATTCATGGAGACCACCAAAGTGAC
TJ040 CCCGGTACCACCAGCACCAGCACCATTGTCGGTATT
CCATTTCTC
GFP TJ032 CCCGGTACCATGAGTAAGGGTGAAGAACTTTTCAC
TJ034 CCCGGATCCTTATTTGTATAGTTCATCCATGCC
VDAC1 FL TJ092 CCCGGATCCAATGGCTGTGCCACCCACG
TJ093 CCCGTCGACTTATGCTTGAAATTCCAGTCCTAGAC
VDAC1Ahp1 TJ107 gGCTATGGATTTGGCACTGAGACCACCAAAGTGAC
TJ108 CTTTGGTGGTCTCAGTGCCAAATCCATAGCCCTTGG
VDAC1Ahp18 TJ092 CCCGGATCCAATGGCTGTGCCACCCACG
TJ094 CCCGTCGACTTATAGAGTCTGAGTGTATCCTAAACC
hp18(F281A)-DHFR  TJ014 CCCGAATTCATGAAGCCAGGTATTAAACTGAC
TJ066 CCCGGTACCACCAGCACCAGCACCTGCTTGTGCTT
CCAGTCCTAGACC
hp18(F281Q)-DHFR TJ014 CCCGAATTCATGAAGCCAGGTATTAAACTGAC




Construct Primer Sequence (5° — 3’)

TJ046 CCCGGTACCACCAGCACCAGCACCTGCTTGTTGTTC

CAGTCCTAGACC

hp18(L259Q, TJO77 GTATTAAACTGACACAATCAGCTCTTCTG
F281Q)-DHFR

TJO78 CAGAAGAGCTGATTGTGTCAGTTTAATAC
hp18(L259Q, L277Q, TJ079 ACAAGCTTGGTCAAGGACTGGAACAA
F281Q)-DHFR

TJ080 TTGTTCCAGTCCTTGACCAAGCTTGT
hp17(Q249L)-DHFR  TJ095 GTTTAGGATACACTTTGACTCTAAAGCC

TJ096 GGCTTTAGAGTCAAAGTGTATCCTAAAC
hp17(Y247F, TJ097 GATAGGTTTAGGATTCACTTTGACTCTAAAGCC
Q249L)-DHFR

TJ098 GGCTTTAGAGTCAAAGTGAATCCTAAACCTATC
Tom20-YFP(C) TJ052 CCCGGATCCATGTCCCAGTCGAACCCTATC

TJ0O53 CCCAAGCTTGTCATCGATATCGTTAGCTTCAG
Mcr1(R4E, TJ067 CCCGAATTCATGTTTTCCGAATTATCCGAATCTCACT
R7E)-YFP(C) CAAAAGC

TJ068 CCCAAGCTTAAATTTGAAAACTTGGTCCTTGGAG
YFP(N) TJ054 CCCGGTACCATGGTGAGCAAGGGCGAG

TJ0O55

CCCGGATCCTCACTCGATGTTGTGGCG




Supplementary Table 2 | Plasmids used in this study.

Construct Accession Number(s) Reference
GFPg1-OEP24 CAA04468 1
GFPs11-VDAC1 AT3G01280 current study
GFPs1-10 ?
Mgd1-GFPg1.10 AT4G31780 2
Tim50-GFPs1.10 AT1G55900 3
Tim21(N)-GFPs1.19 AT2G40800 current study
YC3.60-Tom20 AT3G27070 !
GFPg11-OEP244.10-VDAC116.19 CAA04468 / AT3G01280 current study
GFPg11-OEP24,_1,-VDAC11g.19 CAA04468 / AT3G01280 current study
GFPg11-OEP24.13-VDAC1++g CAA04468 / AT3G01280 current study
GFPg11-OEP244_15-VDAC1 19 CAA04468 / AT3G01280 current study
GFPg11-OEP24,_4-VDAC15.5-OEP247.14 CAA04468 / AT3G01280 current study
GFPg41-Porin EDN62755 current study
GFPg11-OEP244_45-Porinqg.1g9 CAA04468 / EDN62755 current study
GFPg11-VDAC11.17-OEP243.14 CAA04468 / AT3G01280 current study
GFPs11-VDAC1.17-OEP24,3-VDAC1 g CAA04468 / AT3G01280 current study
GFPg11-OEP37.16-VDAC11g.19 CAB50915 / AT3G01280 current study
PGEM4-hVDAC1 P21796 4
PGEM4-Tom40 P23644 5
pGEM4-Tob55 P53969 5
PGEM4-Porin EDN62755 6
pGEM4-pSu9-DHFR P00842 / PO0375 /
PGEM4-pSu9-DHFRMut P00842 8
PGEM4-cp(VDAC)-DHFRM!t P21796 current study
PGEM4-hp18(VDAC)-DHFRM!t P21796 current study
pGEM4-AAC P04710 9
pYX142-DHFR P00375 current study

pYX142-cp(VDAC)-DHFR
pYX142-hp18(VDAC)-DHFR
pYX142-hp18(F281A)-DHFR
pYX142-hp18(F281Q)-DHFR
PYX142-hp18(L259Q, F281Q)-DHFR

P21796 / PO0375
P21796 / P0O0375
P21796 / PO0375
P21796 / PO0375
P21796 / PO0375

current study
current study
current study
current study

current study




Construct

Accession Number(s)

Reference

PYX142-hp18(L259Q, L277Q, F281Q)-DHFR

pYX142-hp18(Porin)-DHFR
pYX142-hp2(Porin)-DHFR
pYX142-hp3(Porin)-DHFR
pYX142-hp17(VDAC)-DHFR
pYX142-hp17(Q249L)-DHFR
pYX142-hp17(Y247F, Q249L)-DHFR
pYX142-hp3(VDAC)-DHFR
pYX142-mtGFP
pYX142-eGFP
pYX142-cp(VDAC)-eGFP
pYX142-hp18(VDAC)-eGFP
pYX142-VDACH1
pYX142-VDAC1Ahpt
pYX142-VDAC1Ahp18
pRS426-TPI-Tom20
pGEM4-Mcr1

C-YC426ADH
p426ADH-Tom20-YFP(C)
p426ADH-Mcr1(R4E, R7E)-YFP(C)
C-YN425ADH
pYX142-YFP(N)
pYX142-cp(VDAC)-YFP(N)
pYX142-hp18(VDAC)-YFP(N)

P21796 / PO0375
EDN62755 / P0O0375
EDN62755 / P00375
EDN62755 / P0O0375
P21796 / PO0375
P21796 / PO0375
P21796 / PO0375
P21796 / PO0375

P21796
P21796
P21796
P21796
P21796
P35180
P36060

P35180

P36060

P21796
P21796

current study
current study
current study
current study
current study
current study
current study
current study
10

current study
current study
current study
current study
current study

current study
11

12

13

current study
current study
13

current study
current study

current study




Supplementary Table 3 | Antibodies used in this study.

Antibody directed against Dilution Number

S. cerevisiae (S.c.) Aconitase (purified full-length pro- 1:5000  sc-Aco
tein)

S.c. Bmh1 (QQPPAAAEGEAPK) 1:1000  sc-Bmh1
mouse DHFR 1:1000 610697 (BD Biosciences)

S.c. Fis1 (purified protein comprising AA 1-98 fused 1:1000 309
to MBP)

GFP 1:5000 11814460001 (Roche)
GFP (B-strand #11, RDHMVLHEYVNAAGIT) 1:2000  (PSL GmbH)

N.c. Porin (SDIAKSANDLLNKDC, antiserum detects 1:3000  PorN5
S.c. Porin)

S.c. Tob55 (purified his-tagged full-length protein) 1:2000 321

S.c. Tom20 (CKAESDAVAEANDIDD) 1:1000  sc-Tom20

S.c. Tom22 (CMVELTEIKDDVV) 1:1000  YTom22-N11

S.c. Tom40 (CADGNPLQALPQL) 1:4000 45300

S.c. Tom70 (purified protein comprising AA 33-616) 1:2000 312

A. thaliana VDACA1 1:5000 ASO07 212 (Agrisera)

H. sapiens VDAC1 1ug/mL  ab15895 (Abcam)
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Most mitochondrial proteins are synthesized in the cytosol prior to their
import into the organelle. It is commonly accepted that cytosolic factors
are required for delivering precursor proteins to the mitochondrial surface
and for keeping newly synthesized proteins in an import-competent
conformation. However, the identity of such factors and their defined
contribution to the import process are mostly unknown. Using a prese-
quence-containing model protein and a site-directed photo-crosslinking
approach in yeast cells we identified the cytosolic chaperones Hsp70 (Ssal)
and Hsp90 (Hsp82) as well as their cochaperones, Stil and Ydjl, as puta-
tive cytosolic factors involved in mitochondrial protein import. Deletion of
STII caused both alterations in mitochondrial morphology and lower
steady-state levels of a subset of mitochondrial proteins. In addition, dou-
ble deletion of ST7/ with the mitochondrial import factors, MIM1 or
TOM?20, showed a synthetic growth phenotype indicating a genetic interac-
tion of STII with these genes. Moreover, recombinant cytosolic domains
of the import receptors Tom20 and Tom70 were able to bind in vitro Stil
and other cytosolic factors. In summary, our observations point to a, direct
or indirect, role of Stil for mitochondrial functionality.

Introduction

The vast majority of mitochondrial proteins are
encoded by the nuclear genome and synthesized on
cytosolic ribosomes. Therefore, importing precursor
proteins into the organelle and sorting them to the
correct submitochondrial compartment are essential
processes for mitochondrial biogenesis. Most mito-
chondrial proteins harbor a cleavable targeting signal
at their N terminus, the so-called presequence. In addi-
tion, many of the mitochondrial precursor proteins
contain also hydrophobic segments. Thus, it is a major
task for the cell to keep these hydrophobic precursor
proteins in the cytosol in an import-competent soluble

Abbreviations

form. This requires prevention of aggregation on the
one hand and similarly important hindering of the
mitochondrial precursor protein from acquiring its
final tightly folded state. The latter situation would
interfere with the subsequent import of the precursor
into mitochondria.

Several studies suggest that these tasks are per-
formed by molecular chaperones and other cytosolic
factors like Hsp90, Hsp70, Hsp40, nascent-polypeptide-
associated complex, ribosome-associated complex,
and mitochondrial import stimulation factor (MSF;
for a review see [1,2]). For example, binding in vitro

AAC, ADP-ATP carrier; AIP, arylhydrocarbon receptor-interacting protein; BPA, p-benzoyl-L-phenylalanine; CID, collision-induced dissociation;
DHFR, dihydrofolate reductase; Hsp, heat-shock protein; MIM, mitochondrial import; MSF, mitochondrial import stimulation factor; SILAC,
stable isotope labeling by amino acids in cell culture; TOM, translocase of the outer membrane.
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of presequence peptides to yeast cytosolic Hsp70
(Ssal) could be demonstrated [3], and the yeast
homolog of Hsp40, Ydjl was shown to play a role
in protein import into mitochondria [4]. Furthermore,
it was suggested that in mammalian cells the two
chaperones Hsp70 and MSF are involved in two
distinct pathways of protein import into mitochon-
dria [5].

Newly synthesized mitochondrial proteins are recog-
nized on the surface of the organelles by the import
receptors Tom20 and Tom70 [6-8]. Both Tom20 and
Tom?70 are anchored to the outer membrane via a sin-
gle transmembrane domain at their N termini exposing
a large C-terminal domain to the cytosol [9]. This
topology makes these two proteins natural candidates
to interact with cytosolic factors. Indeed, a direct
cooperation between the cytosolic chaperones Hsp70
and Hsp90 and Tom70 has been demonstrated to be
required for the import pathway of precursors of
metabolite carrier proteins [10,11]. Similarly, Tom20 in
mammalian cells was reported to interact with arylhy-
drocarbon receptor-interacting protein (AIP). The
extreme C-terminal acidic segment of Tom20 was
required for interaction with the tetratricopeptide
repeats (TPR) of AIP [12].

Although these cytosolic chaperones are clearly
involved in the import of precursor proteins into mito-
chondria, their precise contribution to the molecular
mechanism of the import process is still poorly under-
stood. Similarly unclear is whether the aforementioned
factors are the only chaperones involved or whether
additional elements, yet to be discovered, also play an
important role.

To address these open questions we used various
in vivo, in organello, and in vitro assays and were able
to shed new light on the interaction of the cytosolic
cochaperone Stil with both mitochondrial precursor
proteins and the organelle import machinery.

Results

Identification of presequence-interacting
cytosolic factors by in vivo cross-linking

In this study, we aimed to identify cytosolic factors that
assist the targeting of presequence-containing mito-
chondrial precursor proteins to the organelle. To this
end, we used in vivo site-directed photo-crosslinking
employing the widely used model precursor protein
pCyb2-DHFR-Hisy. This fusion protein consists of the
N-terminal mitochondrial targeting sequence (a.a. 1-87)
of cytochrome b2 fused to the well-studied model
protein dihydrofolate reductase (DHFR) followed by a

Sti1 is involved in mitochondrial biogenesis

C-terminal His-tag. In vivo site-directed photo-cross-
linking requires the efficient integration of the photore-
active, unnatural amino acid p-benzoyl-L-phenylalanine
(BPA) at a specific site within the protein of interest. To
this end, a mutant version of the protein containing an
internal amber stop codon (TAG) at a specific position
is coexpressed with an amber suppressor tRNA, which
recognizes the amber stop codon, and an aminoacyl-
tRNA synthetase that charges the suppressor tRNA
with BPA [13,14].

In initial photo-crosslinking experiments various
constructs of pCyb2-DHFR-Hisg harboring the amber
stop codon at different positions within the mitochon-
drial targeting sequence (i.e., residues 4, 8, 10, 13, or
16) were tested. Assuming that the presequence is
forming an amphiphilic a-helix, these residues are dis-
tributed in both the hydrophobic and the polar faces
of the helix (Fig. 1A). From all these constructs, the
replacement of codon 16 (Ala;s), which is surrounded
by positively charged residues, by TAG codon
(pCyb22mberl6. DHFR-His) gave rise to the highest
number of cross-linking adducts (Fig. 1B,C). Thus,
this construct was used in all further experiments.

Yeast cells expressing this photo-reactive protein
were illuminated by UV light and subsequently the
photo-adducts were enriched from the cell lysate by
affinity purification of the His-tagged proteins via Ni-
nitrilotriacetic acid beads. Samples containing photo-
adduct proteins were subjected to SDS/PAGE and
immunodecoration with antibodies against the His-tag
or one of the known cytosolic chaperones. Specific
photo-adduct bands, appearing only after UV irradia-
tion, were detected for the molecular chaperones
Hsp82 (Hsp90) and Ssal (one of the cytosolic Hsp70s)
as well as for their cochaperones Ydjl and Stil
(Fig. 2). Of note, despite the unspecific binding of
these chaperones to the Ni-nitrilotriacetic acid beads,
the cross-linking adducts were visible only upon UV
irradiation and in the presence of BPA (Figs 1 and 2).
More than one specific band was detected for Stil
probably due to different cross-linking configurations
that are migrating at different apparent molecular
weights in SDS/PAGE. In contrast, no specific photo-
adducts were detected for other cytosolic factors like
Sisl, Hsp26, Ahal, or Sbal (data not shown).

The specific interaction of the precursor protein with
the aforementioned cytosolic factors could be also con-
firmed by stable isotope labeling by amino acids in cell
culture (SILAC) experiments. Two experiments were
performed; in the first one control cells were grown
with a medium containing heavy lysine, whereas those
harboring the tagged-precursor were fed with a med-
ium harboring normal lysine. In the second
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Fig. 1. BPA at position 16 of Cyb2-(1-87)-
DHFR provides the best cross-linking
results. (A) Helical wheel projection of
residues 1-20 of cytochrome b2.
Hydrophilic residues are presented as
circles, hydrophobic residues as diamonds,
potentially negatively charged as triangles,
and potentially positively charged as
pentagons. Hydrophobicity is color coded:
the most hydrophobic residue is green, and
the amount of green is decreasing
proportionally to the hydrophobicity, with
zero hydrophobicity coded as yellow.
Hydrophilic residues are coded red with
pure red being the most hydrophilic
(uncharged) residue, and the amount of red
decreasing proportionally to the
hydrophilicity. The potentially charged
residues are light blue. Residues that were
replaced by BPA are indicated by an arrow.
(B) Photo-crosslinking experiments were
performed with the indicated constructs. In
some samples BPA was omitted from the
medium and the indicated aliquots were
illuminated with UV light. Samples were
analysed by SDS/PAGE and
immunodecoration with antibodies against
DHFR. P, precursor protein; PA, photo-
adducts. (C) The bands corresponding to
photo-adducts in three independent
experiments like those in (B) as well as
those corresponding to the full-length
precursor protein were quantified. The ratio
of the total intensity of the PA bands in
comparison to the intensity of the precursor
band is presented.
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Fig. 2. Sti1, Ssal, Hsp82, and Ydj1 are potential interaction partners of pCyb2-DHFR-Hisg. (A) Photo-crosslinking experiments were
performed and photo-adducts were affinity-purified from cells lysates using Ni-nitrilotriacetic acid beads. The bound material was analyzed
by SDS/PAGE and immunodecoration with the indicated antibodies. The middle panel (His-tag antibody) shows all photo-adducts. Ydjland
Hsp82-containing photo-adducts are indicated with an ‘x" or an arrowhead, respectively. (B) Experiments were performed and analyzed as
described in (A). Ssal- and Stil-containing photo-adducts are indicated with an asterisk or a triangle, respectively.

experiment, the control cells were grown in the pres-
ence of the normal lysine and those containing the
tagged precursor protein were grown with heavy
lysine. In these experiments the photo-crosslinking was
followed by SDS/PAGE and mass spectrometry analy-
sis of selected bands. Analysis of bands corresponding
to molecular size range of 85-150 kDa indicated that
Stil and Ssal/2 gave in these experiments the highest
score for specific interaction partners (Fig. 3).

These results are in line with previous observations
where Ssal and Ydjl were found to be involved in the
import of mitochondrial preproteins [4,15]. In contrast,
the potential involvement of Stil and Hsp82 in the
import of such client proteins has not been reported so
far. Since the involvement of Hsp70, Hsp90, and Ydjl
in mitochondrial protein import was already shown, we
focused on the newly discovered role of Stil. This pro-
tein is an Hsp90 cochaperone and a homolog to mam-
malian Hop. It also acts as an adapter between Hsp70
and Hsp90 and mediates their assembly to form a func-
tional complex, which assists the substrate transfer
from Hsp70 to the Hsp90 chaperone machinery [16,17].

Deletion of STI1 affects the steady-state levels of
a subset of mitochondrial proteins

To better understand the role of Stil in mitochondrial
protein biogenesis, we next tested whether the deletion
of STII has an effect on the levels and/or the stability
of presequence-containing mitochondrial precursor
proteins. To that end, the life-span of pCyb2-DHFR-
Hisy and other mitochondrial proteins was monitored
at an elevated temperature (34 °C) in wild-type (WT)
and stilA strains. The translation inhibitor cyclohex-
imide was added to cultures during the logarithmic
growth phase and samples were taken after various

time periods. The cells were harvested, lysed, and the
whole cell lysates were subjected to SDS/PAGE and
immunodecoration with antibodies against DHFR and
other cellular proteins. The results indicate that
although the life-span of mitochondrial preproteins
like pCyb2-DHFR-Hisy or Hepl (see below) is not
affected in cells lacking Stil, the steady-state levels of
these proteins are dramatically reduced in the deletion
strain (Fig. 4). In contrast, the levels of the mitochon-
drial outer membrane protein, Tom40, was only
slightly reduced in s#i/A cells and those of the cytosolic
protein hexokinase were unaffected (Fig. 4).

To further investigate the effect of the STII deletion
on the biogenesis of mitochondrial proteins, whole cell
lysates of both WT and stilA cells were prepared and
the steady-state levels of several mitochondrial proteins
were analyzed by SDS/PAGE and immunoblotting.
The levels of the examined presequence-containing
proteins (Jacl and mtHsp70), mitochondrial outer
membrane B-barrel proteins (Porin and Tom40) and
the cytosolic protein, Bmhl, were not significantly
altered upon the deletion of STI! (Fig. 5A). However,
the outer membrane protein Fisl and the matrix pro-
tein, Hepl, showed a significant decrease in their
steady-state levels in stilA cells at 37 °C (Fig. SA-C).
Taken together, it seems that Stil is required, espe-
cially at elevated temperatures, for the optimal biogen-
esis of some mitochondrial proteins.

To substantiate the contribution of Stil for mito-
chondrial import, we performed an in vitro import
assay, where the recombinantly expressed model sub-
strate protein, pSu9-DHFR-Hisq was incubated with
mitochondria isolated from sti/A4 cells. The import
reaction was performed in the presence of the cytosolic
fraction of either WT or stil4 cells. Both the precursor
and mature forms of the protein were detected in lower

The FEBS Journal 283 (2016) 3338-3352 © 2016 Federation of European Biochemical Societies 3341
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amounts in mitochondria incubated with cytosol from
stilA cells. Thus, the results of this experiment indicate
that cytosol lacking Stil supports mitochondrial import

3342

light. Negative correlation reflects inversion
of SILAC labels in replicate experiments.

to a reduced extent in comparison to cytosol from WT
cells (Fig. 6). We conclude that Stil is required for
optimal import of some mitochondrial proteins.
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Fig. 4. Role of Sti1 in the homeostasis of mitochondrial precursor
proteins. WT and sti14 cells expressing pCyb2-DHFR-Hisg were
grown at 34 °C in liquid medium. Cycloheximide was added to the
cultures (t=0), and cells were further incubated for the indicated
time periods. Cells were lysed and the whole cell lysates were
analyzed by SDS/PAGE and immunodecoration with antibodies
against the indicated proteins. The precursor and mature forms of
pCyb2-DHFR-Hisg are indicated with p and m, respectively.

Absence of Sti1 affects mitochondrial
morphology

The aforementioned results indicate an involvement of
Stil in mitochondrial biogenesis. Since the absence of
some mitochondrial import factors affects, probably
indirectly, also mitochondrial morphology [18-21], we
asked whether the absence of Stil will also result in a
morphology phenotype. To that goal, WT and sti/4
cells were transformed with a plasmid encoding
matrix-targeted GFP (mt-GFP) and their mitochon-
drial morphology upon growth at 37 °C was analyzed
by fluorescence microscopy. Mitochondria of WT
yeast form branched or tubular networks distributed
around the cell, but upon deletion of STII they were
mostly fragmented and aggregated (Fig. 7A). Statisti-
cal analysis of the mitochondrial morphology showed
that most stilA cells harbor mitochondria with an
abnormal morphology (Fig. 7B). Since the stained
structures in the deletion strain can, at least in theory,
represent aggregated protein molecules rather than
fragmented organelles, we analyzed mitochondrial
morphology with two additional markers. First, we
employed the membrane-potential sensitive dye, rho-
damine B hexyl ester, and observed again fragmented
structures in the mutated cells (Fig. 7C,D). Second, we
used immunofluorescence microscopy with monoclonal
antibodies against the mitochondrial inner membrane
protein ADP-ATP carrier (AAC). In agreement with
the previous observations, the anti-AAC antibodies
stained fragmented mitochondria in cells lacking Stil
(Fig. 7E). Collectively, similar to the absence of other
mitochondrial import factors, the deletion of ST7/
results in an alteration of the organelle morphology.
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A 30°C 37°C
WT sti1A WT sti1A
Mg 20 60 20 60 20 60 20 60

G-HepT | — . o ——— " —

a-Jac1 P A | || Matrix

a-mtHsp70 |

a-Porin

a-Fis1 A e S e || OM

a-Tom40

0-Sti1 | ——————

Cyto.
a-Bmh1 [==

B 120 5 mwT

100 - | stitA
80
60 -

40

Hep1 levels
(% of control)

20

0 +
30°C 37°C

(o 120 - B WT

100 | stifa
80
60 -

40 1

Fis1 levels
(% of control)

20

0 B!
30°C 37°C

Fig. 5. Steady-state levels of Hep1 are reduced in sti14 cells. (A)
WT and sti14 cells were cultivated in YPD medium at 30 °C or
37 °C, then harvested and lysed. The specified amounts of whole
cell lysates were subjected to SDS/PAGE and immunoblotting with
antibodies against the indicated proteins. The cytosolic protein
Bmh1 was used as loading control. (B, C) Quantitative analysis of
Hep1 (B) or Fis1 (C) steady-state levels. The intensities of bands
from three independent experiments were quantified and the
protein levels in WT cells were set to 100%. Error bars represent
standard deviation. OM, proteins of the mitochondrial outer
membrane; Cyto., cytosolic proteins.

Sti1 is required for optimal growth at elevated
temperature and genetically interacts with MIM1
and TOM20

To better understand the importance of Stil for
cellular processes, the requirement of this cochaperone
for optimal growth of yeast cells was investigated. WT
and stilA cells were grown in liquid synthetic
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Fig. 6. Cytosol lacking Sti1 has reduced import capacity.

Recombinant pSu9-DHFR-Hisg was incubated with mitochondria
isolated from sti14 cells in the presence of cytosol fraction isolated
from either WT or sti14 cells. At the end of the import reaction
mitochondria were reisolated. The organelles were analyzed by
SDS/PAGE and immunodecoration with antibodies against DHFR.
The precursor and mature forms of pSu9-DHFR-Hisg are indicated
with p and m, respectively. Results of a representative experiment
of three independent experiments are shown.

glucose-containing medium at 30 °C or 37 °C and
their growth was monitored. As shown in Fig. 8A,B,
the deletion strain showed the same growth behavior
as the WT strain at 30 °C, but grew much slower at
elevated temperature (37 °C). Similar results were also
obtained with rich glucose-containing medium (data
not shown). To substantiate these findings, the growth
of both strains was evaluated also on solid medium by
a drop-dilution assay and, similarly to the liquid med-
ium, growth retardation at 37 °C was observed
(Fig. 8C,D). These observations underscore the physi-
ological importance of Stil for cellular functions at
elevated temperature.

Next, we asked whether the involvement of Stil in
mitochondrial biogenesis is reflected by a genetic inter-
action with the import factors TOM20 or MIM]I.
Indeed, the growth at 37 °C of the double-deletion
strains was hampered more than could be expected by
the additive effect of the single deletions, suggesting a
synthetic phenotype of stilA with either mimlA or
tom20A4 at elevated temperatures (Fig. 8C,D). Such a
genetic interaction can reveal a functional relationship
between Stil and each of these two proteins and thus
supports an involvement of Stil in mitochondrial pro-
tein import.

Alterations in the steady-state levels of
mitochondrial proteins and cytosolic factors in
stilAtom204 cells

The synthetic growth defect of the double-deletion
stilAtom204 cells led us to assess the steady-state
levels of cytosolic chaperones and mitochondrial pro-
teins in these cells. For comparison, the protein
levels in the single-deletion strains were also

H. Hoseini et al.

analyzed. Cells were grown on rich glycerol-contain-
ing (YPG) medium and after harvesting and lysis,
mitochondrial and cytosolic fractions of all strains
were subjected to SDS/PAGE and immunodecoration
with antibodies against cytosolic factors and mito-
chondrial proteins (Fig. 9). Interestingly, the steady-
state levels of some cytosolic factors like Ssal, Sisl,
and Hsp26 were elevated especially in the double-
deletion strain (Fig. 9). In contrast, other chaperones
like Sbal, Ydjl, and Hsp82 were hardly altered in
this strain. These results might indicate that Hsp26,
Sisl, and Ssal play an important role, probably as
part of a cellular compensatory mechanism, in the
absence of both Tom20 and Stil. In an alternative,
but not mutually exclusive, scenario the elevated
steady-state levels of these cytosolic factors can be
explained by their participation in a stress response
that occurs in the absence of both Tom20 and Stil.
Such stress conditions in the stilAtom204 double-
deletion cells are in line with the severe growth phe-
notype of this strain.

In contrast to the elevated levels of some chaperones in
the double-deletion strain, the steady-state levels of most
of the examined mitochondrial proteins did not change
in response to the deletion of ST/ and TOM20. Only
the levels of Porin were substantially decreased in mito-
chondria from the double-deletion strain (Fig. 9). Porin
is a high-abundance protein in the mitochondrial outer
membrane that is known to be recognized during its
import by Tom20 [22,23]. It appears that in the absence
of Tom20, Stil becomes more important for the import
of Porin, probably because it contributes to the alterna-
tive import pathway via Tom?70.

Deletion of MIM components affects association
of Sti1, Ssa1, and Hsp82 with mitochondria

Considering that cytosolic chaperones are associated
with mitochondrial precursor proteins, small portions
of these factors can be expected to physically interact
with the organelle. Indeed, western blotting of isolated
mitochondria with antibodies against these proteins
resulted in their detection in the mitochondrial fraction
(Fig. 10A). We next aimed to demonstrate that such
an association with mitochondria is related to the
functionality of the TOM complex. Hence, we com-
pared the amounts of these chaperones on mitochon-
dria isolated from control cells to those on organelles
lacking Mim1 or Mim2. Both proteins are known to
be required for the proper assembly and function of
the TOM complex [20,24-26]. The results suggest that
the absence of Miml or Mim2 causes marginal decline
in the amounts of Stil and a significant reduction in
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Fig. 7. Deletion of STI7 affects mitochondrial morphology. (A) Mitochondrial morphology was analyzed by fluorescence microscopy in WT
and sti14 cells expressing mt-GFP grown at 37 °C. (B) The statistical analysis of the depicted strains shows the average percentage with
standard deviation (SD) bars of three independent experiments with at least n= 100 cells per experiment. (C) Mitochondrial morphology
was analyzed at 37 °C by fluorescence microscopy in WT and sti74 cells upon the addition of the fluorescent dye rhodamine B hexyl ester.
(D) Statistical analysis of three independent experiments with n > 100 cells in each experiment was performed and presented as in (B). (E)
Immunofluorescence microscopy with antibodies against AAC of WT and sti74 cells grown at 37 °C.
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Fig. 8. ST/7 genetically interacts with MIM1 and TOMZ20 and its deletion affects cell growth. (A, B) Deletion of ST/7 affects cell growth at
elevated temperatures. WT and sti14 cells were grown in SD medium at 30 °C (A) or 37 °C (B) and the growth of three independent
cultures was monitored by measuring the ODggo over time. Error bars represent SD. (C) Drop dilution assay of WT, stil4, mim14, and
mim14sti1A cells at the indicated temperatures on YPD medium. (D) Drop dilution assay of WT, sti14, tom204, and sti1Atom20A strains at
the indicated temperatures on YPG medium.
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those of Ssal on the mitochondrial surface in compar- associated Ssal can be explained by previous observa-
ison to WT cells. As expected, the levels of Tom40 are tions that this chaperone is associated with mitochon-
reduced in organelles from the deletion strain, whereas dria via Tom70. Cells depleted for the MIM complex
those of the phosphate carrier of the inner membrane, show alterations in the assembly of the TOM complex
Pic2 are not affected (Fig. 10). The lower levels of and have lower levels of Tom70 [10]. Taken together,
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these findings support the assumption that the proper
function of the TOM and/or MIM complex is required
for the association of Ssal and Stil with mitochon-
dria.
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Fig. 9. The steady-state levels of some cytosolic factors are
elevated in stiTAtom20A double-deletion cells. Cells from the
indicated strains were grown on YPG medium, harvested and
lysed to separate cytosolic and mitochondrial fractions. The
obtained fractions were subjected to SDS/PAGE followed by
immunodecoration with the indicated antibodies. Hexokinase (Hxk)
was used as a loading control for the cytosolic fractions.
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Interaction of cytosolic factors with the import
receptors Tom20 and Tom70

To further characterize the involvement of cytosolic
chaperones in mitochondrial protein import, their
binding in vitro to the import receptors Tom20 and
Tom70 was monitored. To this end, N-terminally,
GST-tagged recombinant versions of the cytosolic
domains of Tom70 (Tom70-GST) or Tom20 (Tom20-
GST) were expressed in E. coli cells and purified. In
addition, GST alone was expressed as a control pro-
tein. Next, the purified proteins were bound to glu-
tathione affinity beads and the protein-coated matrix
was incubated with the cytosolic fraction of yeast cells.
Bound material was subjected to SDS/PAGE and
immunodecoration with antibodies against different
cytosolic factors (Fig. 11).

The results indicate that Stil, Ssal, and Hsp82 bind
specifically to both receptors with a clear preference
for Tom70. These findings confirm a previous report
on the interaction of Ssal with Tom70 [10]. On the
other hand, Sisl and Ydjl preferably bind to Tom20,
whereas Sbal did not bind to any of the receptors.
These assays clearly demonstrate a direct physical
interaction between the mitochondrial import receptors
and the cytosolic (co-)chaperones.

Discussion

In this study we identified a new role for the cytosolic
cochaperone, Stil, as a mediator of protein import to
mitochondria. Stil is a cochaperone of Hsp70 (yeast
Ssal) and Hsp90 (yeast Hsp82), and indeed its two
partners were previously identified as chaperones
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Fig. 10. Deletion of MIM complex components affects association of cytosolic factors with mitochondria. (A) WT, mim74, and mim24 cells
were grown on YPG medium. Mitochondria were isolated and analyzed by SDS/PAGE and immunodecoration with the indicated antibodies.
Pic2 was used as a loading control, whereas Tom40 biogenesis is known to be affected by deletion of MIM subunits. (B) The bands of
three independent experiments as described in (A) were quantified. For each protein the level in WT cells was set as 100%. Error bars

represent SD.
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involved in mitochondrial protein import [1,3,10].
Hence, our current results might suggest that Stil is
involved in protein import as a subunit of a complex
with Hsp70 and/or Hsp90 although an independent
function of Stil cannot be excluded. At least in mam-
malian cells the complex scenario is more likely since
Hop, the mammalian homolog of Stil, was found to
be part of a complex comprising at least five different
proteins (Hsp90, Hsp70, Hop, Cdc37, and Tom34)
and this complex was shown to associate with mito-
chondrial preproteins [27]. Currently, it is unclear
whether our observation that Stil preferably binds to
Tom70 rather than to Tom20 is caused by differences
in the affinity of Stil to these receptors or is a result
of its association with Hsp70 and/or Hsp90 that in
turn are known to bind to Tom70 [10].

However, regardless of the actual mode of interaction
it seems that Stil is involved in the ternary association
of client proteins, chaperones, and Tom70. In this
respect, our current findings join a growing number of
reports suggesting an involvement of Tom70 not only in
the import of multispan membrane proteins with inter-
nal targeting signals [10,28] but rather also in the bio-
genesis of presequence-containing precursor proteins
[29-31]. Interestingly, it appears that the involvement of
Tom70 is required if the mature domains of the prepro-
teins are prone to aggregation [29,30]. Such precursor

H. Hoseini et al.

Fig. 11. The cytosolic domains of Tom20
and Tom70 directly bind cytosolic factors.
(A) The indicated recombinant GST-tagged
proteins were first bound to GSH-sepharose
beads and subsequently incubated with
cytosol isolated from yeast WT cells. After
washing, the bound material was eluted
from the beads and analyzed by SDS/PAGE
and immunodecoration with the indicated
antibodies. (B) To verify equal amounts of
the recombinant proteins, the same
membrane as in (A) was stained with
Ponceau S to detect the GST-tagged
proteins (indicated with asterisks).

proteins that tend to aggregate are also the natural cli-
ents of cytosolic chaperones. Along this line, the
requirement for Stil function is more apparent at ele-
vated temperatures, most likely due to the higher risk of
aggregation under these conditions.

The strong effect of STII deletion on the morphol-
ogy of mitochondria is striking considering the moder-
ate influence of this mutation on the biogenesis of
mitochondrial proteins. This difference raises the inter-
esting possibility that the Hsp70-Stil-Hsp90 system
affects directly, in a yet unknown mechanism, the mor-
phology of the organelle.

The general ability of chaperones to protect newly
synthesized proteins against misfolding and/or aggre-
gation could also indirectly support the process of
protein import into mitochondria. Hence, we aimed
to show that the contribution of Stil to protein
import into mitochondria diverges from its general
role in protein biogenesis. Indeed, the genetic and
physical interactions of Stil with the mitochondrial
import machinery suggest that this cochaperone is
part of a guiding complex that allows the precursor
protein to reach the organelle surface in an import-
competent conformation. Taken together, our study
adds Stil to the family of cytosolic factors that
impact, directly or indirectly, on the biogenesis of
mitochondrial proteins.
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Materials and methods

Yeast strains and growth conditions

Standard genetic techniques were applied for the growth
and manipulation of Saccharomyces cerevisiae cells. Yeast
strains were grown in standard rich medium YP (2% [w/v]
bacto peptone, 1% [w/v] yeast extract), synthetic medium
(0.67% [w/v] bacto-yeast nitrogen base without amino acids
with either glucose (2% [w/v]) or glycerol (3% [w/v]), SD,
or SG, respectively), or lactate medium (0.3% [w/v] yeast
extract, 0.5 gL™' glucose, 0.5gL™" NaCl, 1gL™'
KH,PO,, 1 gL ! NH,CI, 0.6 gL' MgCl, 0.5gL!
CaCly, 2% [v/v] lactic acid, pH 5.5). For drop dilution
assays, cells were cultured to an ODyggg of 1.0 and diluted
in fivefold increments. Then, 5 pL of each cell suspension
was spotted on the corresponding solid medium.

Yeast strains used in this study are summarized in
Table 1 together with the corresponding references. The
strains used were isogenic to W303a/a or YPH499/500/501.
Transformation of yeast was carried out according to the
lithium-acetate method. The mimliAstilA and tom20Astil A
double-deletion strains were obtained by mating of the sin-
gle-deletion strains followed by tetrad dissection.

Biochemical methods

Mitochondria of yeast cells were isolated by differential
centrifugation as described previously [33]. For isolation of
the crude mitochondrial fraction, cells from liquid culture
at the logarithmic growth phase were harvested by centrifu-
gation (3000 g, 5 min, RT) and washed once with water.
The cell pellets were resuspended in SEM buffer (250 mm
sucrose, | mm EDTA, 10 mm MOPS, pH 7.4). After add-
ing 600-mg glass beads to the suspension, cells were lysed
by vigorous vortexing (five times) for 30 s each with pauses
on ice in between. After centrifugation (1000 g, 5 min,
4 °C), the supernatant, which contains the whole cell lysate,
was transferred to a new tube and the protein concentra-
tion was determined. Crude mitochondria were harvested
from the whole cell lysate by centrifugation (13 200 g,
10 min, 4 °C). The pellet contains the crude mitochondria,
whereas the supernatant contains the cytosolic and ER

Table 1. Yeast strains used in this study.

Strain Genotype Reference
stilA W303a, stil::HISBMX6 This study
tom20A W303a, tom20::KanMX4 [32]

tom20Asti1A W303a, sti1::HIS3MXE, This study

tomZ20::KanMX4

mimT1A W303a, mim1.::KanMX4 [20]
mim1A YPH499, mim1::HIS3MX6 This study
mim71AstiTA YPH499, mim1::HIS3MXBE, This study

sti1::KanMX4

Sti1 is involved in mitochondrial biogenesis

fractions. The mitochondrial fraction was dissolved directly
in sample buffer, whereas proteins of the supernatant were
precipitated first with trichloroacetic acid (TCA) before
addition of sample buffer. All samples were subjected to
SDS/PAGE and immunoblotting using the ECL system.

To study the stability of yeast proteins, cells were grown
in liquid culture to an ODgyy of 0.8-1.0. Next, cyclohex-
imide (100 pg-mL™") was added to the culture (time = 0)
and then aliquots of 100 mL were removed after different
time periods. The cells were harvested by centrifugation
(3000 g, 5 min, RT) and the whole cell lysate was analyzed
by SDS/PAGE and immunoblotting.

For the in vitro import assay, pSu9-DHFR-His6 was
expressed in E. coli cells and purified by affinity chro-
matography. The purified protein was incubated at 25 °C
for various time periods with mitochondria isolated from
stilA cells in the presence of cytosolyc fraction from either
WT or stilA cells. At the end of the import reaction sam-
ples were shifted to 4 °C. Mitochondria were then reiso-
lated and analyzed by SDS/PAGE and immunodecoration
with antibodies against DHFR.

Fluorescence microscopy

For visualization of mitochondria, yeast cells were trans-
formed with a vector encoding GFP fused to mitochondrial
presequence [34], or they were incubated for 10 min with
1 pgmL™! rhodamine B hexyl ester. Microscopy images
were obtained with an Axioskop20 fluorescence microscope
equipped with an Axiocam MRm camera using the 38
Endow GFP and 43 Cys3 filter sets and the AxIovisION soft-
ware (Zeiss, Jena, Germany).

In vivo site-directed photo cross-linking

Site-specific cross-linking was used according to a previ-
ously published protocol with some modifications [14].
Yeast cells were transformed with two plasmids to intro-
duce the photo-reactive cross-linking residue, BPA
(Bachem, Bubendorf, Switzerland) into the protein of inter-
est. One plasmid contains the coding sequence for the pro-
tein of interest, which harbors an amber stop codon (TAG)
in the desired position, and the other plasmid contains the
coding sequence of both an amber suppressor tRNA and its
cognate aminoacyl-tRNA synthetase that specifically charge
the suppressor tRNA with BPA [13]. Precultures of yeast
cells containing both plasmids were grown overnight at
30 °C on selective medium (SD-trp-leu-phe supplemented
with BPA) and diluted in 200 mL of the same media to an
ODggp = 0.3. BPA was dissolved in 1 m NaOH and freshly
added to the culture to a final concentration of 0.2-0.6 mm.
As a control, cells were also grown on a medium without
BPA. The cells were incubated at 30 °C with slight shaking
to reach to an ODgyy = 1.0-1.2 and afterward harvested by
centrifugation (3000 g, 5 min, RT).
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For photo-crosslinking reactions, the cell pellets were
resuspended in water and divided into two samples of
800 uL each (ODggo = 75 units of cells per sample) and
transferred to a 12-well plate. The suspensions were placed
on ice and one sample was exposed to UV light (Blak-
Ray® Ultraviolet Lamp, B-100 AP; UVP, Upland, CA,
USA, L =365 nm) for 1 h at 4 °C (+UV). The other half
of the cells sample served as a control and was stored at
4 °C without exposure to light (—UV). Next, both irradi-
ated cells (+UV) and nonirradiated cells (—UV) were trans-
ferred to 2-mL microcentrifuge tubes, washed once with
water and resuspended in 200 pL SEM buffer supple-
mented with 2 mm PMSF. The cells were disrupted and
after determination of the protein concentration in the
whole cell lysates the samples were subjected first to a pull-
down assay or equal amounts of samples (+/— BPA, +/—
UV) were applied directly to SDS/PAGE analysis.

Pull-down assays

Cells were resuspended in 500 pL lysis buffer (20 mm sodium
phosphate buffer, 300 mm NaCl, 2 mm PMSF, EDTA-free
Complete protease inhibitors (Roche, Basel, Switzerland),
10 mm imidazole, pH 7.5.) and then disrupted with glass
beads. The cell lysate was cleared from glass beads and uno-
pened cells by centrifugation (1000 g, 5 min, 4 °C) and
membranes were solubilized with 1% Triton X-100 for
30 min at 4 °C. To clarify the lysate from undissolved mate-
rial, the mixture was centrifuged (30 000 g, 30 min, 4 °C). In
parallel, Ni-nitrilotriacetic acid agarose beads (50 pL of
1 : 1 slurry) were washed once with water and preequili-
brated with lysis buffer for 1 h at 4 °C. The cleared cell
lysate was applied to the equilibrated beads and the mixture
was incubated for 1 h at 4 °C on an overhead shaker. After-
wards the beads were harvested by centrifugation (400 g,
2 min, 4 °C) and washed twice with wash buffer (20 mm
sodium phosphate buffer, 300 mm NaCl, 50 mm imidazole,
pH 7.5.) for 5 min at 4 °C. Finally, the beads were sedi-
mented again and proteins were eluted in 50 pL sample buf-
fer. All samples were applied to SDS/PAGE analysis.

SILAC experiments

The eluates of pull-down experiments as described above
were separated on a one-dimensional SDS/PAGE and the
lanes were cut into 13 slices each and in-gel digested by
endoproteinase LysC as described previously [35]. Peptide
fractions were collected and desalted separately using C18
StageTips. LC-MS/MS analyses were performed on an
EasyLC nano-HPLC (Proxeon Biosystems, Waltham, MA,
USA) coupled to an LTQ Orbitrap XL (Thermo Scientific,
Waltham, MA, USA). Binding and chromatographic sepa-
ration of the peptides was performed on a 15-cm fused sil-
ica emitter with an inner diameter of 75 pm (Proxeon

H. Hoseini et al.

Biosystems), in-house packed with reversed-phase ReproSil-
Pur C18-AQ 3 pum resin (Dr. Maisch GmbH, Ammerbuch-
Entringen, Germany). The peptide mixtures were injected
in HPLC solvent A (0.5% acetic acid) at a flow rate of
500 nL-min~" and subsequently eluted with an 127-min seg-
mented gradient of 5-33-50-90% of HPLC solvent B (80%
acetonitrile in 0.5% acetic acid) at a flow rate of
200 nL-min~".

The mass spectrometer was operated in the data-depen-
dent mode to automatically switch between MS and MS/
MS acquisition. Precursor ions were acquired in the mass
range of 300-2000 m/z in the Orbitrap mass analyzer at a
resolution of 60 000. Accumulation target value of 10°
charges was set and the lock mass option was used for
internal calibration [36]. The 10 most intense ions were
sequentially isolated and fragmented in the linear ion trap
using collision-induced dissociation (CID) at the ion accu-
mulation target value of 5000 and default CID settings.
The ions already selected for MS/MS were dynamically
excluded for 90 s. The resulting peptide fragment ions were
recorded in the linear ion trap.

The MS data were processed using default parameters of
the MAXQUANT software (v1.5.2.8, Max-Planck-Institute of
Biochemistry, Martinsried, Germany). Extracted peak lists
were submitted to database search using the Andromeda
search engine [37] to query a target-decoy database of
S. cerevisiae proteome, the sequence of the construct pSu9-
DHFR-His6 and 285 commonly observed contaminants. In
database search, full LysC digestion specificity was required
and up to two missed cleavages were allowed. A false dis-
covery rate of 1% was applied at the peptide and protein
level. For protein group quantitation, a minimum of two
quantified peptides were required.

Binding experiments with recombinant proteins

Constructs representing N-terminally GST-tagged cytosolic
domains of Tom20 or Tom70 were expressed in E. coli cells
and purified with GSH-sepharose™ 4B beads (GE Health-
care, Freiburg, Germany). Next, the GST-tagged proteins
and GST alone (as control), were incubated for 2 h at 4 °C
with 100 pL of GSH-sepharose™ 4B beads, which were
previously washed five times with GST basic buffer (20 mm
HEPES-NaOH, pH 7.25, 100 mm NaCl, 1.5 mm MgCly),
in a final volume of 400 pL on an overhead shaker. After-
ward the proteins-coated GSH-sepharose™ beads were
treated with 3% BSA in cytosol lysis buffer (CLB, 0.6 m
Sorbitol, 10 mm Tris-HCI, and pH 7.4) to block unspecific
binding sites. Finally the cleared cytosol was incubated
overnight at 4 °C on an overhead shaker with the protein-
coated GSH-sepharose™ beads. After the incubation, the
mixture was centrifuged (13 000 g, 1 min, 4 °C) and the
supernatant was discarded. The beads were washed three
times with CLB supplemented with 100 mm NaCl and then
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bound proteins were eluted in 200 pL of sample buffer and
analyzed by SDS/PAGE.
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The endosymbiotic organelles mitochondria and chloroplasts harbour, similarly
to their prokaryotic progenitors, f-barrel proteins in their outer membrane.
These proteins are encoded on nuclear DNA, translated on cytosolic ribosomes
and imported into their target organelles by a dedicated machinery. Recent
studies have provided insights into the import into the organelles and the mem-
brane insertion of these proteins. Although the cytosolic stages of their biogene-
sis are less well defined, it is speculated that upon their synthesis, chaperones
prevent fB-barrel proteins from aggregation and keep them in an import-compe-
tent conformation. In this Review, we summarize the current knowledge about
the biogenesis of B-barrel proteins, focusing on the early stages from the trans-
lation on cytosolic ribosomes to the recognition on the surface of the organelle.

Keywords: chloroplasts; mitochondria; B-barrel proteins

Edited by Wilhelm Just

Mitochondria and chloroplasts are eukaryotic orga-
nelles that originated from the endosymbiotic uptake
of an oa-proteobacterium and a cyanobacterium,
respectively [1]. During their evolution, most of the
organellar proteins were transferred to the host cell’s
nucleus and the organelles underwent many changes to
adapt to the new environment. Yet, both organelles
retained several features of their prokaryotic progeni-
tors, one of these being the occurrence of B-barrel pro-
teins in the outer membrane. Of note, chloroplasts
represent only one type of plant plastids; however, the
other plastid types also contain B-barrel proteins. Since
not much is known about the biogenesis pathways in
the other plastids, we refer here to chloroplasts.
Importantly, the outer membranes of mitochondria,
chloroplasts and Gram-negative bacteria are the only
membranes that contain B-barrel proteins. Such pro-
teins span the membrane with a cylindrical B-sheet
formed by 8-26 antiparallel B-strands, thereby forming
a hydrophilic membrane pore.

Abbreviations

Whereas a vast number of different B-barrel proteins
reside in the outer membranes of Gram-negative bacte-
ria, only few of them exist in eukaryotes. Mitochon-
dria from yeast and human cells contain five B-barrel
proteins and nine B-barrel proteins were identified in
Arabidopsis thaliana chloroplasts. Most B-barrel pro-
teins, such as the mitochondrial voltage-dependent
anion channel (VDAC; called Porin in yeast), and the
chloroplast outer envelope protein 21 (OEP21), OEP24
and OEP37 function as transporters for ions, small
molecules, peptides and nucleic acids. Another group
of B-barrel proteins, including Tom40, Tob55/Sam50
and Toc75, play an essential role in the import of pro-
teins into mitochondria and plastids. Furthermore,
eukaryotic PB-barrel proteins are also involved in a
variety of cellular processes, including signalling, orga-
nelle interactions and apoptosis [2,3]. The targeting of
B-barrel proteins to and their assembly into the outer
membrane of chloroplasts and mitochondria is essen-
tial for the biogenesis, morphology and maintenance

BAM, B-barrel assembly machinery; Mdm10, mitochondrial distribution and morphology 10; PTMs, posttranslational modifications; TIM,
translocase of the inner membrane; TOC, translocase of the chloroplast outer membrane; TOM, translocase of the outer membrane; VDAC,

voltage-dependent anion channel.
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of these organelles and thus for the viability of the
cells containing them.

During the evolution of mitochondria and chloro-
plasts, most organellar genes, including all those
encoding P-barrel proteins, were transferred to the
nuclear genome. Therefore, genes encoding eukaryotic
B-barrel proteins are transcribed in the nucleus and
translated on cytosolic ribosomes. To assure that the
newly synthesized proteins reach their correct destina-
tion, namely the outer membrane of either mitochon-
dria or chloroplasts, the eukaryotic cells had to
develop robust targeting and import machineries. In
the past years, the import machinery of mitochondrial
B-barrel proteins has been extensively studied (Fig. 1A,
reviewed in Refs [4] and [5]). Shortly, B-barrel proteins
are transported across the mitochondrial outer mem-
brane by the translocase of the outer membrane
(TOM) complex. The central subunit of the TOM
complex, Tom40, is by itself a B-barrel protein and
forms the general entry pore for most mitochondrial
proteins. In addition to Tom40, the TOM complex
comprises the receptor proteins Tom70, Tom20 and
Tom220 (see below) and the small TOM subunits

T. Jores and D. Rapaport

Tom5, Tom6 and Tom7. In the intermembrane space,
the in transit B-barrel proteins interact with the small
translocase of the inner membrane (TIM) chaperone
complexes (Tim9/10 and Tim8/13) that prevent the -
barrel proteins from aggregation. Finally, the topogen-
esis of outer membrane B-barrel proteins (TOB)
complex (also known as sorting and assembly machin-
ery) mediates the membrane insertion of B-barrel pro-
teins. Tob55/Sam50, the core component of the TOB
complex, is a p-barrel protein and homologous to
BamA, the central subunit of the B-barrel assembly
machinery (BAM) complex in bacteria. The yeast TOB
complex contains two additional proteins, Tob38/
Sam35 and Mas37/Sam37. For the efficient transfer of
B-barrel proteins, the TOM and TOB complexes asso-
ciate to form a supercomplex. The formation of this
supercomplex is facilitated by the interaction of
Tom22 with Mas37/Sam37 [6,7]. To ensure correct
intraorganellar sorting, mitochondrial p-barrel proteins
contain a consensus sequence in their C-terminal (-
strand. This sequence was termed [B-signal and is rec-
ognized by Tob38/Sam35 [8]. Of note, this B-signal is
not strictly necessary for the biogenesis of B-barrel
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Fig. 1. Biogenesis pathways of B-barrel proteins. (A) The import and assembly of mitochondrial B-barrel proteins is facilitated by the TOM
and TOB complexes together with the small TIM chaperones (sTIM). (B) The B-barrel protein Toc75 is imported into chloroplasts with the
help of the TOC and TIC complexes and inserted into the outer membrane either by the TOC complex (1) or by OEP80 (2). IM, inner
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proteins in mitochondria, as bacterial B-barrel proteins
that are devoid of such a B-signal could be assembled
in the outer membrane of mitochondria (see below).

While many aspects of the biogenesis of mitochon-
drial B-barrel proteins could recently be revealed,
much less is known about the biogenesis process of
their chloroplast counterparts [5]. The translocase of
the chloroplast outer membrane (TOC) complex is
required for the import of the B-barrel protein Toc75
that also functions as the core subunit of this complex.
Another chloroplast B-barrel protein, OEP80, was pro-
posed to mediate the membrane insertion of chloro-
plast B-barrel proteins, as it is an essential protein that
is related to BamA and Tob55 [9,10] (Fig. 1B). This
idea was supported by the reduced Toc75 levels
observed in chloroplasts from OEP80-knockdown cells
[11]. However, direct experimental evidence for this
hypothesis is still missing.

At least in the mitochondrial system, we have
reached a decent understanding of the intra-organellar
events in the biogenesis of B-barrel proteins, whereas
the early, cytosolic stages of this biogenesis pathway
are less well defined. In this review, we will focus on
these stages and summarize the current knowledge
about the biogenesis of mitochondrial and chloroplast
B-barrel proteins from their translation on cytosolic
ribosomes until their recognition on the organelle’s
surface. We will discuss the nature of the targeting
sequences of these proteins and the role that potential
interaction partners play in their way through the
cytosol. Finally, we will evaluate possible modes for
the regulation of the import of B-barrel proteins.

Import mode: is it co- or
posttranslational?

B-Barrel proteins are imported from the cytosol into
their target organelle. In general, this import can occur
cotranslationally, i.e. while the protein is still being
translated, or posttranslationally after the protein
translation was completed.

In the late 1970s, it was demonstrated that prese-
quence-containing precursor proteins that were syn-
thesized in a cell-free system could be imported into
isolated mitochondria [12] or chloroplasts [13,14].
These early experiments show that both organelles
are capable of importing at least some proteins in a
posttranslational manner. Posttranslational mitochon-
drial import of matrix-destined preproteins was also
observed in experiments with intact yeast cells [15].
Later studies reported on a posttranslational in vitro
import of several B-barrel proteins including chloro-
plast Toc75, OEP80, OEP37, OEP24 and OEP2I

Biogenesis of eukaryotic p-barrel proteins

[16-18], as well as mitochondrial Porin, Tom40 and
Tob55 [19-21].

However, another set of studies demonstrated that
mitochondrial import can also occur in an apparently
cotranslational mode. These findings were sparked by
the detection of cytosolic polysomes on the mitochon-
drial surface where they localized to contact sites
between the outer and inner membrane, i.e. the region
where protein import occurs [22]. Experiments per-
formed with both in vitro and in vivo systems con-
firmed the existence of a cotranslational import mode
for a limited number of mitochondrial precursor pro-
teins [23-27]. In accordance with a cotranslational
import mode, mRNAs encoding many mitochondrial
proteins were found to be localized to mitochondria
[28,29]. While a few mitochondrial proteins that are
imported cotranslationally were identified, such an
import mode was shown so far only for one chloro-
plast protein [30].

The aforementioned examples of cotranslational
import into mitochondria and chloroplasts raised the
question whether this import form is also true for B-
barrel proteins. In one of the initial studies of cotrans-
lational import in vitro, the B-barrel protein Porin was
proposed to require coupled translation and transloca-
tion [23]. Of note, while a posttranslational in vitro
import of Porin was observed by several studies (e.g.
[19]), the system used in Ref. [23] was not capable of
importing Porin posttranslationally. Hence, it seems
that under most of the employed experimental condi-
tions, posttranslational import of B-barrel proteins is
possible.

Analysing the localization of mRNAs encoding -
barrel proteins can give another hint at their import
mode. In yeast, the mRNAs of Tom40, Tob55 and the
two isoforms of Porin showed little or no mitochon-
drial localization, while the mRNA of another B-barrel
protein, mitochondrial distribution and morphology 10
(Mdm10) seemed to be partially enriched in the vicinity
of mitochondria [29]. In plant cells, mRNA encoding
the B-barrel protein VDAC3 was shown to be associ-
ated with mitochondria [31]. However, while a cotrans-
lational import leads to an mRNA localization to the
site of import, the reverse is not necessarily true. In
fact, targeting of VDAC3 mRNA to mitochondria is
not required for an efficient import of the protein [31].

In summary, although it cannot be excluded that
the import of mitochondrial and chloroplast B-barrel
proteins is already initiated while they are still bound
to a ribosome, the observations that many of them
can be imported posttranslationally and that the corre-
sponding mRNAs show little or no colocalization with
the organelles suggest that the posttranslational import
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mode is the predominant one for these proteins. A
strictly cotranslational import, where an association
with ribosomes is required for the nascent chains to be
targeted to and imported into their corresponding
organelle, can be excluded for B-barrel proteins, as
they can be imported in vitro in the absence of
ribosomes.

Targeting signals of f-barrel proteins

Most precursor proteins of mitochondria and chloro-
plasts contain an N-terminal, cleavable presequence
that targets the protein to the correct intracellular
location. Apart from Toc75 and OEP80 (see below),
mitochondrial and chloroplast B-barrel proteins do not
contain a cleavable targeting signal. This absence of
an obvious targeting sequence raised the question how
the targeting information of f-barrel proteins is
encoded.

The targeting information was conserved during
evolution

Since the prokaryotic ancestors of mitochondria and
chloroplasts contain B-barrel proteins in their outer
membrane, it is possible that the features that allowed
correct targeting of these prokaryotic proteins were
conserved during evolution and are now able to direct
also eukaryotic B-barrels to their proper destination.
To analyse this possibility, several studies were per-
formed in which the capacity of B-barrel proteins to
assemble into foreign membranes was assessed. In
these studies, bacterial B-barrel proteins were shown to
assemble into the outer membrane of mitochondria in
both yeast and human cells [32-34]. Interestingly, the
reverse is also true. Upon expression in bacteria, the
eukaryotic B-barrel protein VDAC was targeted to
and assembled into the outer membrane [35]. These
results show that the targeting information of B-barrel
proteins was conserved from bacteria to mitochondria
and is functional in both systems.

To test whether this conservation of the targeting
information also extends to chloroplast B-barrel pro-
teins, two proteins of this group, OEP37 and OEP24,
were tested for their ability to be imported into yeast
mitochondria. Insertion into the mitochondrial outer
membrane was observed for these proteins both in vivo
and in vitro [17]. Interestingly, in an in vitro import
assay containing both chloroplasts and mitochondria,
OEP37 and OEP24 were imported into both orga-
nelles, whereas the import of the mitochondrial B-bar-
rel protein VDAC into chloroplasts was rather
inefficient [17]. Taken together, chloroplast PB-barrel

T. Jores and D. Rapaport

proteins contain sufficient targeting information for
import and assembly into the mitochondrial outer
membrane, whereas they seem to contain additional
information that is lacking in mitochondrial B-barrel
proteins but is required for an efficient import into
chloroplasts. This implies that in plant cells a mecha-
nism should exist that actively directs chloroplasts -
barrel proteins into their corresponding organelle while
preventing their mistargeting to mitochondria.

The targeting signal of mitochondrial p-barrel
proteins

To characterize further the targeting information of
mitochondrial B-barrel proteins, several research
groups tried to identify a conserved linear amino acid
sequence that could serve as a targeting signal. Such a
linear signal could not be detected by bioinformatic
analyses or a study using hybrid B-barrel proteins [33].
It was thus proposed that the targeting information is
encoded by a structural feature of mitochondrial (-
barrel proteins. This hypothesis was also supported by
the finding that the in vitro import of Tom40 was
decreased when the precursor was unfolded by urea
treatment prior to the import reaction [20]. The obser-
vation that bacterial and chloroplast B-barrel proteins
can be targeted to and inserted into the mitochondrial
outer membrane (see above) further substantiated this
idea, as the tested nonmitochondrial proteins have low
sequence homology to their mitochondrial counter-
parts but fold into similar structures.

Experiments using the bacterial trimeric autotrans-
porter protein Yersinia adhesion A (YadA) could
show that even a partial B-barrel structure is sufficient
for mitochondrial targeting. When inserted into the
outer membrane of bacteria, YadA forms a trimeric -
barrel with 12 B-strands to which each monomer con-
tributes four B-strands [36]. Upon expression in yeast
cells, YadA was targeted to and inserted into the mito-
chondrial outer membrane [37,38]. The four B-strands
of YadA must, therefore, contain all the information
necessary for targeting the protein to the mitochon-
drial outer membrane. This observation prompted the
question whether even a B-hairpin could be sufficient
for mitochondrial targeting. This structural motif
comprises two B-strands with a short connecting loop
and was described as the minimal building block of all
B-barrel proteins [39].

In a recent study, we used several in vitro and in vivo
approaches to test whether a B-hairpin motif can serve
as a targeting signal of mitochondrial B-barrel proteins.
We could show that a peptide derived from the last -
hairpin of human VDACI can competitively inhibit the
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in vitro import of B-barrel proteins into isolated mito-
chondria. Furthermore, we demonstrated that hybrid
proteins composed of this B-hairpin peptide fused to a
soluble passenger domain (like dihydrofolate reductase
or green fluorescent protein) was targeted within intact
yeast cells to mitochondria [40].

However, not any B-hairpin motif can serve as such
a targeting signal. We observed a clear correlation
between the mitochondrial targeting capacity and the
hydrophobicity of the PB-hairpins. Of note, not the
overall hydrophobicity of the B-hairpin is relevant, but
only the hydrophobicity of the residues that are
exposed on the hydrophobic face formed by the two
B-strands [40]. Collectively, we could identify the tar-
geting signal of mitochondrial B-barrel proteins as a -
hairpin motif with a very hydrophobic face (Fig. 2A).

Targeting signals of chloroplast p-barrel proteins

While none of the mitochondrial B-barrel proteins con-
tains a cleavable targeting sequence, the situation is
more complex for the chloroplast ones. Of all the
chloroplast B-barrel proteins, the biogenesis of Toc75
has been studied the most. Interestingly, Toc75 con-
tains a cleavable, bipartite targeting signal. This target-
ing peptide is composed of two parts: an N-terminal
transit peptide with a stroma targeting potential and
downstream to it a sorting signal that contains a
polyglycine stretch, which prevents the translocation of
Toc75 across the inner membrane [41,42]. The transit
peptide and the following sorting peptide are cleaved
by the stromal processing peptidase and the plastidic
type I signal peptidase 1 (Plspl), respectively [41,43]
(Fig. 2B).

Another chloroplast B-barrel protein, OEP80, was
shown to be processed during import [16]. However,

A
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s

180°
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OEP80 does not contain a polyglycine stretch and,
therefore, might use a different import pathway than
Toc75. Furthermore, the chloroplast B-barrel proteins
OEP37 and OEP24 were predicted to contain transit
peptides; however, they are imported into chloroplast
without a change in their size [17]. Yet another group
of chloroplast B-barrel proteins, including OEP21 and
Toc75-1V, has no predicted transit peptides. Taken
together, the various B-barrel proteins of chloroplasts
seem to contain distinct types of targeting signals and
might reach the chloroplast outer membrane by differ-
ent pathways (Fig. 2B).

Interestingly, exchanging the last p-hairpin of
OEP24 or OEP37 with the last B-hairpin of human
VDACI or yeast Porin leads to a mislocalization of
these proteins to mitochondria [40]. This indicates that
deleting the C-terminal B-hairpin of OEP24 or OEP37
disrupts their chloroplast targeting signal and/or that a
mitochondrial targeting signal, in the form of a B-hair-
pin with a strongly hydrophobic face, takes precedence
over a chloroplast targeting signal. A bioinformatic
inspection of the sequences of C-terminal B-hairpins
from mitochondrial or chloroplasts B-barrel proteins
could not identify a clear difference in the hydropho-
bicity pattern of the two groups (A. Kessel, personal
communication). Thus, it seems that the overall
hydrophobicity rather than a specific pattern creates
the difference between these two sets of B-hairpins.

Cytosolic factors interacting with
p-barrel proteins

Since the import of B-barrel proteins can proceed in a
posttranslational manner, the cell is faced with a major
challenge, namely keeping the newly synthesized pro-
teins in an import-competent state. This is especially

chloroplast 3-barrel proteins

Toc75

OEP37, OEP24

N AR — T~

OEP21, Toc75-IV

N—" ~~—_— ~_ —C

Fig. 2. Targeting signals of B-barrel proteins. (A) Mitochondrial B-barrel proteins contain a B-hairpin motif with one very hydrophobic face that
serves as a targeting signal. (B) Chloroplast proteins harbour different types of targeting information including transit peptides (TP) and a
polyglycine stretch (GGG). Peptidase cutting sites for processed proteins are indicated.
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demanding, as B-barrel proteins are prone to aggrega-
tion due to their hydrophobic nature and their propen-
sity to form B-sheets [44]. It is, thus, easily conceivable
that the cell must contain cytosolic proteins that pre-
vent the aggregation of B-barrel proteins. While inter-
actions of newly synthesized B-barrel proteins with
cytosolic factors have not been reported to date, there
are some hints that point into this direction.

One of the early indications for such an involvement
is the observation that a pool of ATP outside of mito-
chondria is required for an optimal in vitro import of
the mitochondrial B-barrel proteins Porin and Tom40
[20,45,46]. Tt was proposed that this ATP is utilized by
cytosolic factors that keep the B-barrel proteins in an
import-competent state; however, experimental evi-
dence for this hypothesis is lacking. Of note, extra-mito-
chondrial ATP is also required for the import of several
non-B-barrel mitochondrial precursor proteins [47]. The
extra-mitochondrial ATP-consumption can, at least in
part, be explained by the interaction of the precursor
proteins with cytosolic, ATP-dependent chaperones of
the heat shock protein 70 (Hsp70) and Hsp90 families
that keep the precursors in an import-competent con-
formation [48-50]. Hsp70 and Hsp90 chaperones are
also involved in the import of chloroplast precursor
proteins [51,52]. Yet, whether they also interact with
chloroplast B-barrel proteins is still unclear.

Apart from a role in preventing B-barrel proteins
from aggregating, cytosolic factors could also play a
more active role in the targeting of their substrate
proteins. However, to date, such targeting factors for
B-barrel proteins were not detected. In contrast, for
non-B-barrel proteins of mitochondria and chloroplas-
ts, several cytosolic proteins were suggested to function
as targeting factors [53-57]. Yet, whether any of these
proteins can also bind to newly synthesized B-barrel
proteins remains to be seen.

The presence of B-barrel protein-specific cytosolic
targeting factors is especially likely for plant cells,
since they must distinguish between B-barrel proteins
destined for either mitochondria or chloroplasts. While
in intact plant cells mislocalization of chloroplast B-
barrel proteins to mitochondria was not observed, it
can occur in in vitro import reactions containing both
organelles. Here, the chloroplast [B-barrel proteins
OEP37 and OEP24 were imported into chloroplasts
and mitochondria with a similar efficiency [17]. These
findings suggest that the plant cytosol probably con-
tains factors that prevent the mistargeting of chloro-
plast B-barrel proteins in vivo. Nonetheless, so far, the
nature of these factors has not been elucidated.

Taken together, while a role of cytosolic factors
in the biogenesis of mitochondrial and chloroplast
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B-barrel proteins seems likely, so far, such components
were not identified and this issue should be addressed
in future studies.

Recognition at the organelle’s surface

After withstanding the cytosolic environment, presum-
ably with the help of cytosolic factors, the newly syn-
thesized PB-barrel proteins will reach the surface of
their target organelle. Here, they interact with specific
receptor proteins to initiate the organellar import.

Mitochondrial import receptors

As part of their biogenesis pathway, mitochondrial -
barrel proteins must cross the outer membrane, as the
TOB complex-mediated membrane insertion occurs
from the intermembrane space face of the membrane
[4,5]. Translocation across the outer membrane is facil-
itated by the TOM complex that contains three recep-
tor subunits: Tom70, Tom20 and Tom22. Tom20 and
Tom22 are mainly involved in the recognition of prese-
quence-containing mitochondrial proteins [58-60],
whereas Tom70 mostly recognizes mitochondrial pro-
teins with an internal targeting signal [61,62] and inter-
acts with the chaperones of the Hsp70 and Hsp90
families [50] (Fig. 3A).

Despite these apparently different recognition pat-
terns, it is becoming clear that the substrate specifici-
ties of Tom20 and Tom70 partially overlap and that
the proteins can complement the absence of one
another in yeast cells [63,64]. The atomic structure of
Tom?20 revealed a hydrophobic groove on the surface
of the receptor as the place where it binds presequence
peptides [65]. Recently, Tom70 was shown to also con-
tain a presequence-binding groove [66]. Of note, plant
mitochondria do not contain Tom70, but they harbour
another outer membrane protein, OM64, that can bind
mitochondrial preproteins and cytosolic chaperones
[67,68].

Several studies concluded that Tom20 is important
for the biogenesis of mitochondrial B-barrel proteins
as mitochondria lacking this receptor had a reduced
import efficiency for the B-barrel proteins Tom40 and
Porin [60,69]. Furthermore, crosslinking experiments
with in vitro translated Tom40 and Porin revealed that
both proteins form crosslinking adducts with Tom20
[20,69]. As part of our efforts to characterize the tar-
geting signal of mitochondrial B-barrel proteins, we
could show that a B-hairpin peptide is sufficient for
the recognition by Tom20. Moreover, NMR analysis
of this interaction indicated that the B-hairpin binds to
Tom?20 in the hydrophobic presequence-binding groove
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Fig. 3. Import receptors of mitochondria and chloroplasts. (A) The two receptors of the TOM complex, Tom20 and Tom70, have different,
but partially overlapping, substrate specificities. (B) Precursor proteins destined for chloroplasts can directly interact with the receptors of
the TOC complex (1). When they are in contact with Hsp70 or Hsp90, they can be recognized by OEP61 (2) or Toc64 (3), respectively.

[40]. This finding is in line with the observation that a
presequence peptide can competitively inhibit the
import of the B-barrel protein Porin [70].

Nevertheless, Tom20 is probably not the only recep-
tor for mitochondrial B-barrel proteins; in vitro import
experiments showed a strong decrease in the mitochon-
drial import of Tom40 when the mitochondria were
pretreated with antibodies against Tom70 [71]. This
finding is supported by the observation of crosslinking
adducts between Tom70 and a B-hairpin peptide corre-
sponding to a B-barrel protein-targeting signal [40].
Along this line, binding studies with in vitro synthe-
sized plant receptors and precursor proteins demon-
strated that Tom40 can be bound by both Tom20 and
OM64 [67]. The involvement of Tom70 and OM64 in
the biogenesis of mitochondrial B-barrel proteins sup-
ports the notion that cytosolic chaperones interact
with newly synthesized [-barrel proteins, as both
receptors were reported to bind Hsp70 and Hsp90
chaperones.

Import receptors of chloroplasts

In contrast to the situation in mitochondria, where all
B-barrels cross the outer membrane to be inserted into
this membrane from its intermembrane space face, a
similar pathway was shown, so far, only for the
chloroplast B-barrel protein Toc75. Outer membrane
translocation of, at least a part of, Toc75 is mediated

FEBS Letters 591 (2017) 2671-2681 © 2017 Federation of European Biochemical Societies

by the general import pore of chloroplasts, the TOC
complex [72]. The TOC complex is composed of the
pore-forming subunit Toc75 and two GTPases, Toc34
and Tocl59, that function as transit peptide receptors
[73-75]. Several studies showed that the in vitro import
of Toc75 is inhibited by the addition of transit pep-
tides, thereby indicating that it interacts with the
receptors Toc34 and/or Tocl59 [72]. In addition to
these receptors, two further chloroplast outer mem-
brane proteins, Toc64 and OEP61, were reported to be
involved in the import of chloroplast proteins. Toc64
and OEP61 bind not only to the precursor proteins
but also to Hsp90 or Hsp70, respectively [52,76,77]
(Fig. 3B). Toc64 in cooperation with Toc33, a Toc34
homologue, was reported to be important for the bio-
genesis of the chloroplast B-barrel protein Toc75 [76].
While Toc75 requires the TOC complex and its
receptors, some chloroplast B-barrel proteins were pro-
posed to be imported independently of this complex.
The chloroplast B-barrel OEP21 was shown to be effi-
ciently imported into the outer membrane, even when
the chloroplasts were pretreated with the protease ther-
molysin [18]. Since thermolysin degrades the chloro-
plast import receptors, OEP21 seems to be imported
without the help of these proteins. This observation
can be explained by a receptor-independent interaction
with the pore component Toc75. An alternative
hypothesis suggests that OEP21, and maybe other
chloroplast B-barrel proteins, can directly insert into
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the chloroplast outer membrane [78]. Experimental
support for any of the above two alternatives is, how-
ever, still missing.

Regulation of fj-barrel protein import

Mitochondria and chloroplasts are both dynamic orga-
nelles that can adapt to the cell’s needs. This adaptive-
ness requires changes in the protein composition of the
organelles. Since most mitochondrial and chloroplast
proteins are encoded in the nucleus and imported into
the organelles, a tight regulation of this import is impor-
tant to ensure the proper protein configuration in
response to external stimuli. Transcriptional and trans-
lational up- or downregulation of precursor proteins
destined for mitochondria or chloroplasts can affect the
protein composition of these organelles. However, a
more direct regulation of the protein import has been
reported for both mitochondria and chloroplasts. The
main import machineries as well as precursor proteins
can acquire diverse posttranslational modifications
(PTMs) which lead to changes in the organellar import
capacity. Phosphorylation was reported for several sub-
units of the TOM complex of mitochondria [79], as well
as for the TOC complex of chloroplasts [73,80]. Further-
more, it was proposed that the TOC complex is addi-
tionally regulated by changes in the redox status of the
cell and by the ubiquitin-proteasome system [81,82].

While regulation on the level of the TOM or TOC
complexes will influence the import of many precursor
proteins at the same time, PTMs of individual precur-
sor proteins can lead to an altered import of only
these modified proteins. In yeast cells, it was estab-
lished that the precursor of the mitochondrial B-barrel
protein Tom40 can be phosphorylated by protein
kinase A and that this phosphorylation inhibits the
import of the precursor protein [83]. In contrast, a
direct phosphorylation of newly synthesized chloro-
plast B-barrel proteins has not been reported to date.
However, phosphorylation of chloroplast transit pep-
tides has been reported to inhibit the import of the
precursor proteins [84]. Since the chloroplast B-barrel
protein Toc75 contains a transit peptide, it could also
be subject to this type of phosphorylation.

Conclusions and Perspectives

Our knowledge about the biogenesis pathway of mito-
chondrial B-barrel proteins has dramatically increased
in the past years. However, this is mainly true for the
intramitochondrial stages of this pathway. Information
about cytosolic processes that are required for B-barrel
protein biogenesis is scarce. Identification of cytosolic
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factors that interact with newly synthesized B-barrel
proteins could help to understand how the cell keeps
these proteins in an import-competent conformation.
Furthermore, deciphering the involvement of these fac-
tors might answer the question whether the targeting
information of B-barrel proteins is already decoded in
the cytosol or only later by the import receptors on
the mitochondrial surface.

In contrast to the biogenesis of mitochondrial B-bar-
rel proteins, little is known about the biogenesis of
their chloroplast counterparts. Elucidating the nature
of the targeting information of these proteins will help
to understand not only how they are recognized by the
chloroplast import receptors but also how the plant
cell is able to distinguish between mitochondrial and
chloroplast B-barrel proteins. Furthermore, the compo-
nents of the import machinery necessary for the
import and assembly of chloroplast B-barrel need to
be defined. The identification of these factors will also
help in understanding how the biogenesis of chloro-
plast proteins is regulated.
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Abstract

Mitochondrial B-barrel proteins are encoded in the nucleus, translated by cytosolic ribosomes
and then imported into the organelle. Recently, a detailed understanding of the intra-
mitochondrial import pathway of B-barrel proteins was obtained. In contrast, it is still
completely unclear how newly synthesized B-barrel proteins reach the mitochondrial surface in
an import-competent conformation. In this study, we show that cytosolic Hsp70 chaperones and
their Hsp40 co-chaperones Ydjl and Sisl interact with newly synthesized B-barrel proteins.
These interactions are highly relevant for proper biogenesis as inhibiting the activity of the
cytosolic Hsp70, preventing its docking to the mitochondrial receptor Tom70, or depleting both
Ydjl and Sisl resulted in a significant reduction in the import of such substrates into
mitochondria. Further experiments demonstrate that the interactions between B-barrel proteins
and Hsp70 chaperones and their importance are conserved also in mammalian cells.
Collectively, this study outlines a novel mechanism in the early events of the biogenesis of

mitochondrial outer membrane B-barrel proteins.



Introduction

In eukaryotes, membrane-embedded B-barrel proteins can be found in the outer membrane
(OM) of chloroplasts and mitochondria where they perform many crucial functions including
the transport of ions, small molecules and nucleic acids. Additionally, some B-barrel proteins
have essential roles in the organellar import of cytosolically synthesized proteins and in
exchange of lipids with other compartments.

Mitochondrial B-barrel proteins are translated on cytosolic ribosomes and then imported
into their target organelles (Hohr et al., 2015; Ulrich and Rapaport, 2015). Upon reaching the
mitochondrial surface, they are translocated across the OM into the intermembrane space (IMS)
with the help of the translocase of the mitochondrial outer membrane (TOM) complex (Pfanner
et al., 2004; Rapaport and Neupert, 1999). The B-barrel precursor proteins interact with the
import receptor Tom20 that can recognize them via their targeting signal, which is composed
of a highly hydrophobic B-hairpin motif (Jores et al., 2016; Krimmer et al., 2001; Rapaport and
Neupert, 1999; Schleiff et al., 1999; Sollner et al., 1989; Yamano et al., 2008). Next, they are
translocated across the OM via a pore formed by Tom40, the core subunit of the TOM complex,
At the IMS, the small translocase of the inner membrane (TIM) chaperone complexes Tim8/13
and Tim9/10 prevent the aggregation of the B-barrel precursor proteins (Habib et al., 2005;
Hoppins and Nargang, 2004; Wiedemann et al., 2004). Finally, OM insertion of the B-barrel
proteins is facilitated by the topogenesis of outer membrane B-barrel proteins (TOB) complex
(also known as sorting and assembly machinery, SAM) (Chan and Lithgow, 2008; Paschen et
al., 2003; Wiedemann et al., 2003).

While the mitochondrial steps of the B-barrel biogenesis are rather well defined, much
less is known about the early events of the biogenesis that take place in the cytosol. Importantly,
during their transit through the cytosol, the newly synthesized B-barrel proteins must be kept in
an import-competent conformation. This is a difficult task as B-barrel proteins are prone to
aggregation due to their high overall hydrophobicity and their tendency to form (-sheets (Hecht,
1994).

The cell possesses a multitude of different molecular chaperones and co-chaperones that
should prevent misfolding and aggregation of their client proteins (Kim et al., 2013). The ATP-
dependent chaperones of the heat shock protein 70 (Hsp70) family help in the folding of newly-
synthesized proteins but can also unfold and disaggregate misfolded proteins (Clerico et al.,
2015; Mayer, 2013; Morano, 2007; Nillegoda and Bukau, 2015). While Hsp70 chaperones can
interact with a vast range of proteins, their activity and substrate specificity are often fine-tuned

by co-chaperones of the Hsp40 family, also known as J proteins (Clerico et al., 2015; Kampinga



and Craig, 2010; Walsh et al., 2004). Proteins of the Hsp90 family form a second group of ATP-
dependent multipurpose chaperones that are often involved in the maturation of signaling
molecules (Schopf et al., 2017; Terasawa et al., 2005; Young et al., 2001).

Chaperones of the Hsp90 and Hsp70 families as well as some of their co-chaperones
have been implicated in the import of mitochondrial presequence-containing proteins (Caplan
et al., 1992; Deshaies et al., 1988; Endo et al., 1996; Hoseini et al., 2016; Xie et al., 2017), and
of carrier proteins in the mitochondrial inner membrane (Bhangoo et al., 2007; Young et al.,
2003). Furthermore, the OM protein Mim1, was shown to interact specifically with the Hsp40
protein Djpl (Papi¢ et al., 2013). In many cases, however, the data was only obtained in in vitro
experiments and the physiological relevance of the chaperone-precursor interaction is unclear.
Additionally, the role of the individual chaperones in the biogenesis of the mitochondrial
proteins is often not well defined. Similarly unclear is whether the chaperones are solely
preventing the aggregation of the newly synthesized proteins or whether they are also involved
in the mitochondrial targeting of their substrates. Finally, it is still unknown whether the
involvement of molecular chaperones in the biogenesis of mitochondrial precursor proteins is
specific to only some mitochondrial proteins or whether this is a general principle. For example,
so far, B-barrel proteins were not reported to interact with any cytosolic chaperone or co-
chaperone.

To address these open questions and to better understand the early events in the
biogenesis of mitochondrial B-barrel proteins, we characterized their interactions with cytosolic
factors and analyzed the importance of these interactions for the biogenesis pathway of these
proteins. We found that, in yeast, several chaperones of the Hsp90, Hsp70 and Hsp40 families
interact with B-barrel proteins and that these B-barrel protein/chaperone interactions are
required for an efficient mitochondrial import in vitro and in vivo. Furthermore, our experiments
indicated that the involvement of Hsp70 chaperones in the biogenesis of mitochondrial $-barrel
proteins is also conserved in mammals. Collectively, the current study sheds new light on the

early events in the biogenesis of mitochondrial B-barrel proteins.



Results

Cytosolic chaperones interact in vitro with newly synthesized -barrel proteins

To remain import-competent, newly synthesized mitochondrial p-barrel proteins should avoid
aggregation in the cytosol, a task that might require the function of chaperones. To study the
role of cytosolic chaperones in the biogenesis of mitochondrial B-barrel proteins, we first
wanted to identify the chaperones that interact with such proteins. To that goal, we performed
pull-down experiments with an HA-tagged version of the p-barrel protein Porin translated in
vitro in yeast extract. We reasoned that, since the yeast extract does not contain mitochondria,
the newly synthesized proteins cannot be integrated into a membrane, implying that they should
be kept in solution by proteins present in the extract. After pulling-down Porin-HA with anti-
HA beads, we identified co-purified proteins by mass spectrometry. Among the co-eluted
proteins, we identified molecular chaperones of the Hsp90 and Hsp70 families as well as Hsp40
family co-chaperones (Table 1).

To verify these results and to test whether the chaperones also interact with other B-barrel
proteins, we translated HA-tagged variants of either the B-barrel proteins Porin (P), Tom40 (40),
or Tob55 (55) as well as the control protein, DHFR (D) in yeast extracts and analyzed the co-
purified proteins by immunodecoration with antibodies against several chaperones and co-
chaperones (Fig. 1A). To assure that potential interactions are not mediated by the N-terminal
POTRA domain of Tob55, we used a truncated version of Tob55 that is composed only of its
B-barrel domain (Pfitzner et al., 2016). We found that all three B-barrel proteins co-eluted with
the Hsp70 chaperones Ssal/Ssa2 and the Hsp90 chaperones Hsc82/Hsp82. Of note, the
paralogues proteins Ssal/Ssa2 and Hsc82/Hsp82 are very similar to each other and our
antibodies cannot discriminate between the two isoforms. Additionally, the eluates contained
the Hsp40 co-chaperones Ydjl, Sisl, and Djpl, two co-chaperones interacting with Hsp90
proteins, namely Stil and Ahal, and two chaperones that function as disaggregases, Hsp104
and Hsp42. The co-chaperones Shal and Hch1l, as well as the cytosolic protein Bmh1 were not
co-eluted with any of the translated proteins. Control reactions without any translated protein
or with newly synthesized DHFR lead to a negligible co-purification, if at all, of the above-
mentioned chaperones (Fig. 1A). These findings indicate specific interactions of newly

synthesized B-barrel proteins with a subset of cytosolic chaperones.

The interactions of chaperone with p-barrel proteins are dynamic
Having established an assay to monitor specific association of cytosolic factors with p-barrel

proteins, we next wanted to test whether the observed interactions can dynamically adapt to



changing conditions. Since Hsp70 and Hsp90 chaperones are ATPases, we were interested to
see how their interactions respond to changes in the energy level of the yeast extract. To this
end, we translated Porin in yeast extract that was left untreated, was depleted of ATP by the
addition of apyrase, or was supplemented with excess ATP. Then we performed a pull-down of
the newly translated B-barrel protein and analyzed its interaction partners (Fig. 1B). We
observed that the levels of co-eluted Ssal were reduced in the sample from the ATP-depleted
extract but increased when the extract was supplemented with additional ATP. Conversely, the
levels of Hsp82 were not changed by the ATP depletion and were reduced when the amount of
ATP was increased. Interestingly, we found that increasing the amount of ATP had a strong
impact on the levels of the co-eluted Hsp40 co-chaperones. Adding an excess of ATP to the
extracts, reduced the amount of co-purified Ydj1 and Djpl but lead to a substantial increase of
co-eluted Sisl (Fig. 1B). These findings indicate that the association of (co-)chaperones with
B-barrel proteins is dynamic and can be modulated.

Next, we analyzed whether the observed interactions are invariable over extended
periods. When we increased the in vitro translation reactions from 30 to 120 min, we observed
that the levels of most chaperones were reduced over time. Interestingly, the levels of the
disaggregase proteins Hsp104 and Hsp42 were slightly increased in the samples from longer
incubation times (Fig. 1C). These findings suggest that the Hsp70 and Hsp90 chaperone
systems are early interaction partners that can keep the newly synthesized p-barrel proteins in
solution for only a limited time. Longer incubation times, therefore, lead to an increased
aggregation of the substrate protein and consequently also to an increased association with
disaggregase factors.

Finally, we tested if the chaperones depend on each other for binding to newly
synthesized B-barrel proteins. To this end, we translated Porin in yeast extracts prepared from
cells that were lacking the co-chaperones Stil, Ydj1, or Sisl (Fig. S1). The absence of Stil lead
to a strongly decreased association of Hsp82. This is in line with the reported function of Stil
as mediator of the transfer of substrate proteins from Hsp70 to Hsp90 chaperones (Scheufler et
al., 2000; Wegele et al., 2003). Additionally, the amount of co-purified Ydj1 is increased while
the level of Djpl is reduced in the eluates obtained from the szi/4 extract (Fig. SIA). When an
extract from ydji4 cells was used, the levels of co-eluted Sisl and Djpl were reduced, while
the disaggregase proteins Hspl04, Hsp42 and Hsp26 were present in the eluate in higher
amounts (Fig. S1B). These observations substantiate the importance of Ydjl in preventing

aggregation of newly synthesized B-barrel proteins.



To prepare a yeast extract without Sisl, we constructed a yeast strain that contains the
SIS1 gene under the control of a tetracycline-repressible promoter. Cells were depleted of Sis1
by adding the tetracycline analogue doxycycline (Dox) to the growth medium and the obtained
yeast extract was compared to one from the same cells grown without Dox. As expected, Sisl
could not be detected in the Dox-treated cells (Fig. S1C). Using these extracts, we observed a
slightly increased association of Ssal, Hsp82, Stil and Hsp104 with the newly synthesized
Porin, whereas the levels of co-purified Ydj1 and Djp1 were reduced (Fig. S1C). Collectively,
these results show that the chaperone system that prevents the aggregation of newly synthesized
B-barrel proteins can dynamically adapt to the energy status and the chaperone composition of
the cell. It seems that the association with chaperones is not critically dependent on any single
co-chaperone as the lack of Stil, Ydj1 or Sis1 can be compensated by the remaining chaperones

and co-chaperones.

A B-hairpin motif is sufficient for the interaction with chaperones

Since we could demonstrate that full-length p-barrel proteins can interact with several
chaperones and co-chaperones, we asked if a B-hairpin motif, as the smallest building block of
all B-barrel proteins, is sufficient for this interaction. To address this question, we used a linear
and cyclic B-hairpin peptide derived from the human B-barrel protein VDACLI. In a previous
study, we showed that the cyclic B-hairpin peptide is recognized by the cell as a mitochondrial
targeting signal of 3-barrel proteins and interacts with various components of the TOM complex
(Jores et al., 2016). The peptides used in this study harbor the photo-reactive amino acid p-
benzoyl-L-phenylalanine (Bpa) and can form covalent bonds to nearby proteins upon irradiation
with ultraviolet (UV) light. When we mixed the Bpa-containing peptides with a yeast extract
and illuminated the sample with UV light, we observed a dose-dependent formation of photo-
adducts (PA) of the cyclic, but not the linear, B-hairpin peptide with Ssal, Ydj1, Djpl and
Hspl104 (Fig. 1D). For some chaperones we observed the formation of several PAs that are
migrating at an apparent molecular mass higher than expected for an adduct of the chaperones
with a single peptide molecule. Such multiple bands were observed in previous crosslinking
experiments (Jores et al., 2016; Plath et al., 1998; Wu et al., 2017), and might result from
multiple peptides binding to the same chaperone molecule and/or from different SDS-PAGE
mobility of the various PAs. The observed adducts are specific, as the co-chaperone Hchl,
which was not pulled-down by B-barrel proteins, did not form any photo-adduct with the B-
hairpin peptide. We conclude that the B-hairpin motif is sufficient for a direct interaction with
cytosolic chaperones and co-chaperones.



To further characterize the interaction between the B-hairpin peptide and the Hsp70
chaperone Ssal, we analyzed their binding kinetics and affinity by fluorescence anisotropy. The
fluorescence anisotropy of a rhodamine-labeled variant of the cyclic B-hairpin peptide increased
upon addition of recombinant Ssal indicating the formation of a peptide-Ssal complex (Fig.
2A, black circles). This interaction is specific as the addition of the control protein BSA did not
lead to such an increase (Fig. 2A, gray circles). When the Ssal/rhodamine-labeled peptide
complex was subjected to an excess of unlabeled cyclic B-hairpin peptide, the labeled peptide
dissociated from Ssal demonstrating that the chaperone can also interact with the unlabeled
peptide (Fig. 2B). Next, we used titration experiments with increasing concentrations of Ssal
to determine the affinity between the chaperone and the cyclic B-hairpin peptide (Fig. 2C). A
dissociation constant (Kq) of 3.5 uM was derived from a hyperbolic regression curve fitted to
the data. This affinity is in line with previous studies that reported affinities in the low
micromolar range for the interaction of Hsp70 chaperones with substrate peptides (Endo et al.,
1996; Pierpaoli et al., 1997; Ricci and Williams, 2008; Schmid et al., 1994; Schneider et al.,
2016).

Next, we performed similar experiments with a recombinant co-chaperone Ydj1, and
observed an association of Ydj1 with both the rhodamine-labeled (Fig. 2D) and the unlabeled
cyclic B-hairpin peptide (Fig. 2E). Titration experiment revealed the Kq of the Ydj1/peptide
interaction to be 46.8 pM (Fig. 2F). Similar two-digit micromolar affinities have been
previously determined for interactions of Hsp40 co-chaperones with their substrate peptides (Li
and Sha, 2004, Pierpaoli et al., 1997). Taken together, a cyclic B-hairpin peptide can be bound
directly, with micromolar affinities, by both the Hsp70 chaperone Ssal and its Hsp40 co-
chaperone Ydj1.

Hsp70 chaperones are required for the biogenesis of p-barrel proteins
Having established that chaperones can bind to newly synthesized B-barrel proteins, we wanted
to test if these interactions are required for an efficient mitochondrial import of these proteins.
To this end, we performed in vitro import experiments with B-barrel proteins and the
requirement for chaperones was assessed by testing if the C-terminal domain of human Hsp90
(C90) can inhibit the B-barrel protein import. Previous studies showed that C90 inhibits the
import of mitochondrial inner membrane carrier proteins by obliging the chaperone binding site
on the mitochondrial import receptor Tom70 (Bhangoo et al., 2007; Young et al., 2003).
Importantly, the in vitro import of radiolabeled Porin, as measured by its resistance to
alkaline extraction, was reduced by approximately 50% in the presence of C90 (Fig. 3A).



Comparable results were obtained when we used Tom40 from Neurospora crassa (NcTom40)
as an imported protein (Fig. 3B). The proper membrane integration of NcTom40 was monitored
by the formation of a proteinase K-protected fragment of 26 kDa (F26) (Rapaport and Neupert,
1999). In a third import assay, we tested the effect of C90 on the assembly of Saccharomyces
cerevisiae Tom40 (ScTom40) into the TOM complex, as monitored by BN-PAGE. On its
assembly pathway into the mature TOM complex, Tom40 forms two stable intermediates that
are detected by BN-PAGE, a first assembly intermediate (Int I) with the TOB complex, and a
second intermediate (Int 11) composed of Tom40, Tom22, and the small TOM subunits (Model
et al., 2001; Rapaport and Neupert, 1999; Wiedemann et al., 2003). We observed that the
addition of C90 to the import reaction caused a clear reduction in the formation of the two
assembly intermediates and of the mature TOM complex (Fig. 3C). The impaired formation of
Int I indicates that the import of Tom40 is inhibited in an early step before its association with
the TOB complex.

To exclude the possibility that the observed import inhibition is caused by a general
import deficiency of the C90-treated mitochondria, we performed import experiments using the
matrix-destined precursor protein pSu9-DHFR. Supporting a specific effect on B-barrel
proteins, the presence of C90 in the import reaction did not affect the import of pSu9-DHFR
(Fig. S2A). Collectively, these results demonstrate that binding of chaperones to Tom70 is
required for an efficient import of mitochondrial B-barrel proteins.

As C90 blocks the binding of both Hsp70 and Hsp90 family chaperones to Tom70, the
aforementioned experiments cannot distinguish whether the requirement is for the former or
the latter group of chaperones. To directly analyze the putative involvement of Hsp70
chaperones, we performed in vitro import experiments in the presence of the Hsp70 inhibitor
cBag that is composed of the C-terminal Bag domain of human Bag-1M (Bhangoo et al., 2007,
Young et al., 2003). The mitochondrial import of Porin and NcTom40 as well as the assembly
of ScTom40 were reduced by 30-70% when these proteins were synthesized in cBag-treated
yeast extract (Fig. 3D-F). As a control, the import of the matrix-destined protein pSu9-DHFR
was not affected under these conditions (Fig. S2B). Taken together, these experiments show
that Hsp70 chaperones are required for proper import of mitochondrial B-barrel proteins.

Cytosolic chaperones interact in vivo with a g-hairpin peptide

We next asked whether the interactions that we observed in the yeast extract can be detected
also in vivo. To this end, we used a hybrid protein composed of the B-hairpin peptide mentioned
before fused to the passenger domain DHFR-HA. We demonstrated previously that this fusion



protein is targeted to mitochondria (Jores et al., 2016). As we expected only transient binding
of the B-hairpin peptide and chaperones, we employed a photo-crosslinking approach to take a
snapshot of the interactions of the B-hairpin peptide. For this aim, we used an amber suppression
system to insert in vivo the unnatural amino acid Bpa into the B-hairpin moiety (Chen et al.,
2007).

When cells expressing the Bpa-containing version of the B-hairpin fusion protein were
irradiated with UV light, we observed the formation of several PAs (Fig. 4, upper panel). The
specificity of the formation of these PAs is demonstrated by the observations that no PAs were
obtained when the cells were either not exposed to UV light or upon usage of proteins lacking
the Bpa residue (Fig. 4, -UV and/or -BPA). To analyze if the B-hairpin is crosslinked to
chaperones, we first performed a pull-down with anti-HA beads to enrich the fusion protein and
its PAs. Then, we probed the samples with antibodies against some of the chaperones that we
found to bind in vitro to B-barrel proteins. In this way, we detected specific PAs for Ssal, Hsp82,
Ydjl and Sisl (Fig. 4, lower panels). In all cases, no PAs were observed in the absence of UV
irradiation or using constructs without Bpa residue. These results demonstrate that cytosolic

(co)chaperones directly interact in vivo with B-barrel proteins.

Hsp40 co-chaperones are required for the biogenesis of B-barrel proteins
Since we observed that the Hsp40 co-chaperones Ydj1 and Sisl can bind to B-barrel proteins
both in vitro and in vivo, we wanted to gain insight whether this interaction is of functional
relevance in the context of the B-barrel protein biogenesis. Ydj1 was previously implicated with
the import of the mitochondrial presequence-containing inner membrane protein F13 and the
same study also showed that overexpression of Sisl can partially complement the growth
phenotype of yeast cells harboring a temperature-sensitive allele of YDJ1 (Caplan et al., 1992).
However, so far, Sis1l was not reported to be involved in the import of mitochondrial proteins.
Sisl is an essential protein and yeast cells with a deletion of YDJ1 have a severe growth defect
and tend to accumulate suppressors. Therefore, we created strains that express SIS1, YDJ1, or
both genes under the control of a tetracycline-repressible promoter. To further speed up the
depletion of the corresponding proteins, they were fused at their N-termini with Ubiquitin
followed by a leucine residue. After translation, the Ubiquitin part is cleaved off leaving Ydjl
or Sisl with an N-terminal leucine residue that reduces the half-life of the proteins
(Gnanasundram and Kos, 2015).

We employed a protocol where cells harboring endogenous Porin-HA were grown for

four hours in the presence or absence of Dox, followed by one hour incubation in medium
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without methionine. Then, the medium was supplemented with 3°S-methionine and the cells
were harvested immediately or 5, 15, or 30 min afterwards. The cells were lysed, a crude
mitochondrial fraction was obtained, solubilized, and subjected to a pull-down of the HA-
tagged Porin. Of note, two populations of Porin-HA molecules can be detected in such
experiments: freshly synthesized radiolabeled ones by autoradiography and preexisting ones
together with the newly synthesized molecules by immunodecoration with anti-HA antibodies.
Initially, as a control, we performed these experiments with wild type (WT) cells that does not
contain tetracycline-repressible promoters. As expected, the levels of radiolabeled Porin-HA
from Dox-treated or untreated cells were indistinguishable (Fig. 5A), verifying that the addition
of Dox does not affect the biogenesis of Porin-HA.

Next, we tested if a depletion of Ydj1 hampers the biogenesis of Porin-HA and observed
only a marginal reduction in the level of the radiolabeled B-barrel protein (Fig. 5B). Comparable
results were obtained when Sisl1 was depleted (Fig. 5C). Since it was reported that Sisl can
partially complement for the absence of Ydj1, we also analyzed the effect of a double depletion
of both proteins on the biogenesis of Porin-HA. Interestingly, the levels of radiolabeled Porin-
HA in the mitochondrial fraction was reduced by approximately 50% when cells were ablated
for both, Ydj1 and Sis1 (Fig. 5D). In addition, we could also observe a reduction in the overall
amounts of Porin-HA as detected by the immunodecoration with the anti-HA antibody (Fig.
5D). Collectively, these results show that Ydj1 and Sisl are involved in the biogenesis of
mitochondrial B-barrel proteins. As they have somewhat redundant functions in this process,

they can complement the absence of each other.

Mammalian Hsp70 is involved in the biogenesis of p-barrel proteins
To test whether the involvement of cytosolic Hsp70s in the biogenesis of B-barrel proteins is
also conserved in higher eukaryotes, we performed pull-down experiments with B-barrel
proteins translated in rabbit reticulocyte lysate. We found that the mammalian Hsp70
chaperone, Hsc70 co-elutes with yeast Porin (P) and its human homologue VDAC1 (V). Only
negligible levels were obtained when no protein was synthesized or when the control protein
DHFR (D) was used as a substrate protein (Fig. 6A). As a negative control, the cytosolic protein
GAPDH did not co-elute with any of the tested proteins.

Next, we analyzed whether mammalian Hsc70 is required for the biogenesis of Porin.
To this end, we performed mitochondrial import experiments using isolated mitochondria and
Porin-containing rabbit reticulocyte lysate that was treated with the Hsp70 inhibitor cBag. A

severe reduction of approx. 60% in the import of Porin after cBag-treatment was observed (Fig.
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6B). Taken together, these results indicate that also in mammals, Hsp70 chaperones are required

for the biogenesis of mitochondrial B-barrel proteins.

Discussion

Currently, little is known about the mechanisms that assure the safe passage of mitochondrial
precursor proteins through the cytosol. To keep these newly synthesized proteins in an import-
competent conformation, a tight folding as well as an aggregation of the precursors must be
prevented. In this study, we identified several molecular chaperones in the cytosol of yeast and
mammalian cells that can bind to newly synthesized B-barrel proteins. We further demonstrate
that this binding has a physiological significance as inhibiting the cytosolic Hsp70 chaperones
of the Ssa subfamily or down-regulating the Hsp40 co-chaperones Ydj1 and Sis1 hampered the
biogenesis of B-barrel proteins. Although pull-down experiments followed by mass
spectrometry analysis identified yeast Hsp90 as an interaction partner of B-barrel proteins,
subsequent assays with inhibitors of this chaperone failed to detect any effect on the biogenesis
of these substrate proteins. Hence, it seems that the binding to Hsp90 is not absolutely required
under the tested conditions. This situation is rather similar to the binding preferences in yeast
cells of carrier proteins of the mitochondrial inner membrane. These latter proteins required for
their proper import in yeast cells cytosolic Hsp70 but not Hsp90 (Young et al., 2003). As Hsp70
and Hsp90 chaperones require ATP for their proper function, their involvement in the
biogenesis of B-barrel proteins shed light on previous unexplained observations namely, that
the biogenesis of these proteins requires ATP (Asai et al., 2004; Hwang and Schatz, 1989;
Pfanner et al., 1988; Rapaport and Neupert, 1999).

Members of the Hsp70 and Hsp90 families serve as multi-purpose chaperones and were
implicated with the mitochondrial import of inner membrane proteins (Deshaies et al., 1988;
Young et al., 2003). Hsp70 and Hsp90 chaperones have a very broad substrate range and
specificity is often generated by interaction with co-chaperones (Kampinga and Craig, 2010;
Rohl et al., 2013; Walsh et al., 2004). In line with this, we found that newly synthesized -
barrel proteins are bound by several co-chaperones that can also interact with Hsp70 and/or
Hsp90 chaperones. Notable, the lower affinity of the association of the B-hairpin motif with the
co-chaperone Ydjl as compared with the affinity to Hsp70 is in line with the assumption that
the substrate might be recognized first by the co-chaperone and then transferred to the better
binder, the Hsp70 chaperone.
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When we analyzed the role that these co-chaperones play in vivo in the biogenesis of
mitochondrial $-barrel proteins, we found that they have overlapping functions, as none of them
is absolutely required for the binding of B-barrel proteins to other chaperones and co-
chaperones. This multifaceted involvement of co-chaperones matches emerging concepts about
the function of these proteins as fine tuner of the ability of Hsp70s to participate in diverse
cellular processes (Craig and Marszalek, 2017; Cyr and Ramos, 2015). Furthermore, we could
demonstrate that cells depleted of Ydjl or Sisl alone imported B-barrel proteins with only
slightly reduced efficiency as compared to non-depleted cells. However, when the cells were
depleted of both proteins simultaneously, the biogenesis of mitochondrial B-barrel proteins was
reduced by about 50%. While Ydj1 and its mammalian orthologue DNAJA1 were reported to
be involved in the import of mitochondrial inner membrane proteins (Bhangoo et al., 2007;
Caplan et al., 1992), an involvement of Sisl in the mitochondrial protein import was not
described so far. Our observation that a certain level of import is still maintained in the double
deletion strain might suggest that additional, yet unknown, co-chaperones can replace the
absence of Ydjl and Sisl. Alternatively, the remaining import levels might reflect the basal
chaperoning function of Hsp70 without contribution of co-chaperones. Our findings regarding
the binding of B-barrel proteins to multiple (co-)chaperones are in line with a systematic study
that found that a given yeast protein can interact with up to 25 different chaperones during its
lifetime in the cell (Gong et al., 2009).

Of note, we found that a [-hairpin, which can serve as a targeting signal for
mitochondrial B-barrel proteins is sufficient for the binding to cytosolic chaperones. This raises
the possibility that the initial binding of newly synthesized B-barrel proteins to chaperones can
occur already co-translationally, namely while the rest of the molecule is still being synthesized.
In this way, premature aggregation of the hydrophobic segments of the protein will be prevented
already upon their exit from the ribosome.

In this study, we could show that, apart from keeping the B-barrel proteins in an import-
competent conformation, the Hsp70 chaperones are also directly involved in the mitochondrial
import of their substrates, probably by targeting them to the receptor Tom70. Interestingly, so
far, Tom20 was assumed to be the major import receptor for mitochondrial -barrel proteins
(Jores et al., 2016; Krimmer et al., 2001; Rapaport and Neupert, 1999; Schleiff et al., 1999;
Sollner et al., 1989; Yamano et al., 2008). The results obtained in this study, however,
demonstrate, that Tom70 is also involved in the biogenesis of B-barrel proteins. This
involvement can be via direct recognition of the B-barrel precursor protein and/or serving as an

anchor for the cytosolic chaperones. Our findings are also in line with previous reports
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suggesting that Tom70 is playing a role in the import of B-barrel precursor proteins (Habib et
al., 2005; Jores et al., 2016; Keil et al., 1993).

Our current findings together with previous knowledge allow us to suggest a detailed
working model for the early stages of the biogenesis of mitochondrial B-barrel proteins (Fig.
7). Upon their synthesis on cytosolic chaperones, or shortly afterwards, these proteins associate
with various co-chaperones that mediate their association with Hsp70s. This interaction keeps
the newly synthesized proteins in an import-competent conformation. The chaperone/substrate
complex then docks on the import receptor Tom70 while appropriate B-hairpin elements, which
serve as targeting signal, can be recognized by the import receptor Tom20. Both alternatives of
initial binding to either Tom20 or Tom70 can be envisaged. The combined action of both
receptors increases the fidelity of the recognition, provides a double-check mechanism, and
supports productive continuation of the import process by transfer of the substrate to the import
pore of the TOM complex. The results obtained with the mammalian lysate and the human
substrate VDAC1 suggest that these principles are conserved also in higher eukaryotes.
Collectively, our findings outline a novel mechanism in the early events of the biogenesis of

mitochondrial B-barrel proteins.

Materials and Methods

Yeast strains and growth methods

Standard genetic techniques were used for growth and manipulation of yeast strains. All strains
used in this study are listed in Table S1. For strains with genes under the control of a
tetracycline-repressible promoter, the strain YMK120 was used (Gnanasundram and Kos,
2015). The tetracycline operator was inserted into the genome by homologous recombination
using an insertion cassette amplified from the plasmids pMK632 (Gnanasundram and Kos,
2015), pMK632Kan or pMK632His. Strains with two genes under the control of the tetracycline
operator were obtained by mating of strains with a single tet-regulated gene followed by tetrad
dissection. Strains with genomically HA-tagged Porin were created by homologous
recombination using an insertion cassette amplified from the plasmid pFA6a-3HA-NatNT2.

Recombinant DNA techniques
The plasmid pGEM4 (Promega) was amplified by PCR using primers TJ207 and TJ208 to
create pPGEM4polyA with a poly-A stretch after the multiple cloning site.
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The plasmid pRS316-Atg32-3HAN was used as template for the PCR-amplification of
a triple HA-tag. The amplification product was inserted into either pGEM4polyA or pRS426-
TPI using BamHI and Sall restriction sites. The DHFR, POR1, TOM40, TOB55, NcTOM40
and VDAC1 genes were amplified by PCR from pGEM4 plasmids harboring these genes and
were then inserted into pGEM4polyA or pGEM4polyA-3HA using suitable restriction sites.
The plasmids pGEM4-pSu9-DHFR and pGEM4-VDAC1 were used as templates for the
amplification of the pSu9 and hp18(VDAC) gene fragments. The amplification products were
cloned into pGEM4polyA-DHFR-3HA using EcoRI and Kpnl restriction sites.

The Thr258Bpa mutation within hpl8(VDAC) was introduced via site-directed
mutagenesis using the QuikChange Site-Directed Mutagenesis Kit (Stratagene) according to
the manufacturer’s instructions. The hp18(VDAC)-DHFR-3HA constructs were sub-cloned
into pRS426-TPI using EcoRI and Sall restriction sites. The C-terminal triple HA-tag and
CYC1 terminator from pRS426-TPI-3HA were amplified by PCR and inserted into the plasmid
pFAGA-NatNT2 using Hindlll and BamHI restriction sites. For the exchange of the NatMX
cassette in pMKG632, the plasmid was PCR-amplified using primers TJ203 and TJ204. The
HIS3MX and KanMX cassettes were amplified by PCR using the plasmids pFA6a-HIS3MX6
and pFA6a-KanMX4 as templates and TJ201 and TJ202 as primers. The PCR products were
combined using a previously described method (Jacobus and Gross, 2015). All primers and
plasmids used in this study are listed in Tables S2 and S3, respectively.

Immunoblotting

A list of primary antibodies used in this study is included in Table S4. The secondary antibodies
were Horseradish peroxidase-coupled goat-anti-rabbit (Bio-Rad, cat. # 1721019) or goat-anti-
rat (abcam, cat. # ab6845) that were diluted 1:10 000 or 1:2000, respectively.

Protein purification

Recombinant cBag and C90 were expressed in BL21 cells from the plasmid pPROEX HTa
cBag or pPROEX HTa C90 (kind gift of Dr. F.U. Hartl) (Young et al., 2003). Expression was
induced with 1 mM IPTG for 4 h at 37 °C. The cells were harvested, resuspended in French
Press buffer (40 mM HEPES, 100 mM KCI, 20 mM imidazole, 2 mM PMSF, 1 x EDTA-free
cOmplete protease inhibitor [Roche], pH 7.5) and lysed with an EmulsiFlex-C5 French Press.
The cell lysate was subjected to a clarifying spin (15000 x g, 15 min, 4 °C) and the recombinant
proteins were purified using a 1 mL HisTrap HP column (GE Healthcare) on an AKTA Start
chromatography system (GE Healthcare). The bound proteins were washed with 20 mL wash
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buffer (40 mM HEPES, 100 mM KCI, 50 mM imidazole, pH 7.5) and eluted with elution buffer
(40 mM HEPES, 100 mM KCI, 300 mM imidazole, pH 7.5).

Ssal was expressed and purified as described earlier (Schmid et al., 2012). For
recombinant Ydj1, BL21-Codon Plus (DE3)-RIL cells were used containing a pET28 vector
carrying the full length Ydj1 gene and an N-terminal Hise-SUMO-tag. Expression was induced
with 1 mM IPTG for 4 h at 30 °C. Cells were harvested and resuspended in Ni-NTA buffer A
(40 mM NaH2PO4, 500 mM NaCl, 20 mM imidazole, 2 mM B-mercaptoethanol, pH 8.0)
supplemented with EDTA-free protease inhibitor [SERVA] and DNasel. Cells were lysed
using a Cell Disruption System (Constant Systems) at 1.8 kbar. After lysate clarification (20000
X g, 1 h, 4 °C), the supernatant was loaded on a 5 mL HisTrap HP column (GE Healthcare),
washed with 10 column volumes (CV) Ni-NTA buffer A and 10 CV 5 % Ni-NTA buffer B (40
mM NaH2POs, 500 mM NaCl, 500 mM imidazole, 2 mM B-mercaptoethanol, pH 8.0). The
bound proteins were eluted with 100% Ni-NTA buffer B (40 mM NaH2PO4, 500 mM NacCl,
500 mM imidazole, 2 mM B-mercaptoethanol, pH 8.0). Fractions were diluted 1:10 with Ni-
NTA buffer A/H,O (1:1), supplemented with Hise-tagged SUMO-protease and incubated
overnight at 4 °C. The protein solution was then loaded on a 5 mL HisTrap HP column. The
flow-through was concentrated and loaded on a Superdex 16/60 200 pg SEC column (GE
Healthcare). Proteins were eluted with SEC buffer (40 mM HEPES, 150 mM KCI, 5 mM
MgClz, 1 mM DTT). Purity was checked by SDS-PAGE and the identity of the protein was

confirmed by mass specrometry.

In vitro translation and import of radiolabeled proteins

Yeast extracts for in vitro translation were prepared as described (Wu and Sachs, 2014).
Proteins were synthesized in yeast extract or rabbit reticulocyte lysate (Promega) after in vitro
transcription by SP6 polymerase from pGEM4 vectors. Radiolabeled proteins were synthesized
in the presence of 3S-methionine (Hartmann Analytik). If not indicated otherwise, the
translation times were 30 min for the yeast extract and 60 min for the rabbit reticulocyte lysate.
After translation, the reactions were centrifuged (100000xg, 45 min, 2 °C) to remove ribosomes.
The supernatant was diluted with import buffer (250 mM sucrose, 0.25 mg/ml BSA, 80 mM
KCI, 5 mM MgCl,, 10 mM MOPS, 2 mM NADH, 2 mM ATP, pH 7.2) and incubated for
10 min at 25 °C. Where indicated, the supernatant was supplemented with 20 uM cBag or, as a
control, with an equivalent amount of BSA. To remove aggregated proteins, the supernatant
was centrifuged (16000xg, 10 min). Isolated mitochondria were diluted in import buffer and,
where indicated, supplemented with 20 uM of either C90 or, as a control, BSA. The import
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reactions composed of the precursor proteins mixed with isolated mitochondria were performed
by incubation at 25 °C for the indicated times. The import reactions were stopped by diluting
the samples with SEM-K® buffer (250 mM sucrose, 80 mM KCI, 10 mM MOPS, 1 mM EDTA,
pH 7.2) and mitochondria were reisolated (13200xg, 2 min, 2 °C).

The import of Porin and Porin-3HA was analyzed by carbonate extraction. The
mitochondria were resuspended in 0.1 M Na2COs, incubated on ice for 30 min and reisolated
by centrifugation (100000xg, 30 min, 2 °C). The pellets were resuspended in 2 x L&mmli buffer,
incubated for 10 min at 95 °C and subjected to SDS-PAGE. The import of pSu9-DHFR-3HA
and NcTom40 was analyzed by proteinase K (PK) treatment (50 pg/mL PK for 30 min on ice)
and resistance of the mature form (pSu9-DHFR-3HA) or the formation of typical proteolytic
fragments (NcTom40). After inhibition of PK with 5 mM PMSF, the samples were boiled at
95 °C for 10 min before their analysis by SDS-PAGE.

The assembly of Tom40 was analyzed by BN-PAGE. The mitochondria were
solubilized with digitonin buffer (1% digitonin, 20 mM Tris, 0.1 mM EDTA, 50 mM NacCl,
10% glycerol, pH 7.4) for 30 min at 4 °C on an overhead shaker (12 rpm). After a clarifying
spin (30000xg, 15 min, 2°C), 10x sample buffer (5% [wt/vol] Coomassie brilliant blue G-250,
100 mM Bis-Tris, 500 mM 6-aminocaproic acid, pH 7.0) was added and the mixture was
analyzed by electrophoresis in a blue native gel containing an 8-13% gradient of acrylamide
(Schéagger et al., 1994). In all cases, gel separation was followed by Western blotting and
autoradiography. For dissipation of membrane potential, isolated mitochondria were mixed

with 20 uM CCCP and incubated for 5 min at 4 °C prior to the import reaction.

Pull-down of in vitro translated proteins

Reactions containing proteins translated in either yeast extract or rabbit reticulocyte lysate were
loaded onto magnetic anti-HA beads (ThermoFisher) that were previously equilibrated with
KHM buffer (110 mM potassium acetate, 20 MM HEPES, 2 mM MgCly, pH 7.4). Binding to
the beads was performed for 2 h at 4 °C on an overhead shaker (12 rpm). The beads were then
washed 4 times with KHM buffer. In the third washing step, the beads were transferred to a
new reaction tube. Bound proteins were eluted by addition of 2x Ladmmli buffer containing
0.05% H»0> and 5 min incubation at 95 °C. The beads were collected and the supernatant was
transferred to a new tube, supplemented with 5% [-mercaptoethanol and incubated for another
5 min at 95 °C before analysis by SDS-PAGE followed by Western blotting or mass

spectrometry.
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Mass spectrometry

Eluted proteins were purified on an SDS-PAGE and Coomassie-stained gel pieces were
digested in gel with trypsin as described previously (Borchert et al., 2010). After desalting using
C18 Stage tips, extracted peptides were separated on an EasyLC nano-HPLC (Thermo
Scientific) coupled to an LTQ Orbitrap Elite (Thermo Scientific) as described elsewhere (Franz-
Wachtel et al., 2012) with slight modifications: The peptide mixtures were separated using a
127 minute segmented gradient from to 5-33-50-90% of HPLC solvent B (80% acetonitrile in
0.1% formic acid) in HPLC solvent A (0.1% formic acid) at a flow rate of 200 nl/min. The 15
most intense precursor ions were sequentially fragmented in each scan cycle using collision-
induced dissociation (CID). The target values for MS/MS fragmentation were 5000 charges and
106 charges for the MS scan. Acquired MS spectra were processed with MaxQuant software
with integrated Andromeda search engine (Cox et al., 2011). Database search was performed
against a target-decoy Saccharomyces cerevisiae database obtained from Uniprot, the
sequences of the constructs DHFR-3HA and Porin-3HA, and 285 commonly observed
contaminants. Initial maximum allowed mass tolerance was set to 4.5 ppm (for the survey scan)
and 0.5 Da for CID fragment ions. A false discovery rate of 1% was applied at the peptide and

protein level.

Metabolic labelling
Yeast cells grown in 25 mL SD medium at 30 °C to early logarithmic phase (ODsoo =~ 0.3) were
supplemented with 2 pg/mL doxycycline and grown for another 4 h. The cells were harvested,
washed with water and resuspended in SD medium lacking methionine (SD-Met). After 1 h
shaking at 30 °C, the cells were harvested and resuspended in 2.5 mL SD-Met. Following 10
min at 30 °C, the cultures were supplemented with 10 pumol *S-methionine and incubated
further at 30 °C with shaking. Samples (540 pL) were collected after various time periods and
mixed with sodium azide and methionine (final concentration 10 mM and 0.003%,
respectively). The samples were centrifuged (5000xg, 1 min, 2 °C) and the cell pellets were
washed with a 10 mM sodium azide solution.

For isolation of crude mitochondria, the cells were resuspended in 350 pL lysis buffer
(10 mM Tris, 1 mM EDTA, 2 mM PMSF, pH 8.0) mixed with 300 mg glass beads (0.25-0.5
mm @) and lysed by 5 cycles of vortexing for 1 min, with 1 min break on ice in between. The
glass beads and cellular debris were removed by centrifugation (1000xg, 3 min, 2 °C) and crude
mitochondria were isolated from the supernatant by centrifugation (8000xg, 10 min, 2 °C). The
mitochondrial pellet was solubilized in 300 pL solubilization buffer (50 mM Tris, 5mM EDTA,
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150 mM NacCl, 0.5% Triton X-100, pH 8.0) for 30 min at 4 °C on an overhead shaker (12 rpm).
After a clarifying spin (30000xg, 15 min, 2 °C), the supernatant was loaded onto magnetic anti-
HA beads (ThermoFisher) and further treatment was as described above for the pull-down of

in vitro synthesized proteins.

UV induced crosslinking

Synthesis of the Bpa-containing linear and cyclic B-hairpin peptides was described before (Jores
et al., 2016). In vitro photo-crosslinking was performed by mixing yeast extract with Bpa-
containing B-hairpin peptides in import buffer without BSA. The mixture was incubated for 10
min on ice before ultraviolet (UV)-irradiation for 30 min at 4 °C using a Blak-Ray B-100 AP
UV lamp at a distance of 10 cm from the samples. After the UV-illumination, the samples were
mixed with 4x Lammli buffer, incubated at 95 °C for 5 min and subjected to analysis by SDS-
PAGE followed by Western blotting.

In vivo photo-crosslinking was performed according to a previously published protocol
(Shiota et al., 2013). Yeast cells were transformed with a plasmid coding for hp18(VDAC)-
DHFR-3HA with or without the Thr258Bpa mutation and with the plasmid pBpa2-
PGK1+3SUP4-tRNAcua that harbors a suppressor tRNA and an aminoacyl-tRNA synthetase
that can charge it with Bpa. The cells were grown at 30 °C in 500 mL SD-Ura-Trp medium
supplemented with 0.6 mM Bpa (Bachem) to logarithmic phase (ODegoo =~ 1) and harvested by
centrifugation (3000xg, 5 min, RT). For photo-crosslinking, the cells were resuspended in 6 mL
water, divided into four samples of 1.5 mL each and two samples were transferred to a four-
section glass petri dish. The petri dish was wrapped with aluminum foil on the bottom and sides
and was placed on ice. A UV lamp as above, was placed immediately on top of the petri dish
and the cells were subjected to UV-irradiation for 15 min at 4 °C. The remaining two samples
were kept in the dark. Irradiated and non-irradiated cells were harvested by centrifugation
(3000xg, 5 min, 2 °C) and resuspended in 1.2 mL lysis buffer (10 mM Tris, 150 mM NaCl, 2
mM PMSF, 1 x EDTA-free cOmplete protease inhibitor [Roche], 5 mM EDTA, pH 7.5). The
cell suspension was distributed into two 1.5 mL test-tubes and crude mitochondria were isolated
as described above. Membranes were solubilized with 1% Triton X-100 for 30 min at 4 °C on
an overhead shaker (12 rpm). After a clarifying spin (30000xg, 30 min, 2 °C), the supernatant
was loaded onto magnetic anti-HA beads (ThermoFisher) and further treatment was as

described above for the pull-down of in vitro synthesized proteins.
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Fluorescence anisotropy measurements

Cyclic B-hairpin peptides were synthesized as described (Jores et al., 2016), coupled to 5(6)-
Carboxytetramethylrhodamine and used for the determination of binding kinetics and affinity
of peptide/chaperone complexes by fluorescence anisotropy. Measurements were performed at
30 °C inaJasco FP-8500 Fluorospectrometer equipped with polarizers. Excitation and emission
wavelengths were set to 554 nm and 579 nm, respectively. Samples containing 2 uM
rhodamine-labeled peptide were equilibrated for approximately 15 min before 10 pM Ssal,
30 uM Ydj1, or 30 uM BSA were added. After reaching steady-state, a 100-fold molar excess
of the unlabeled cyclic B-hairpin peptide was added to the cuvette and dissociation was
recorded. For affinity measurements, 2 uM rhodamine-labeled peptide were supplemented with
the indicated concentrations of Ssal or Ydj1 and the difference in anisotropy of bound and free

peptide were plotted against the (co-)chaperone concentration.
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Figure legends

Figure 1. Cytosolic chaperones interact with newly synthesized p-barrel proteins. (A) In
vitro translation reactions using yeast extracts without mRNA (&) or programmed with mRNA
encoding DHFR-HA (D), Porin-HA (P), Tom40-HA (40), or Tob55A120-HA (55) were
subjected to a pull-down assay with anti-HA beads. Samples from the input and the eluates
were analyzed by SDS-PAGE and immunodecoration with the indicated antibodies. (B)
Translation reactions were performed as in (A). At their end, the samples were supplemented
with 5 mM CaCl; and either water (-), 1.5 U apyrase (apy) or 5 mM ATP (ATP). After further
15 min incubation at 25 °C, the reactions were subjected to a pull-down with anti-HA beads
and analyzed as in (A). (C) Yeast extracts programmed with mRNA encoding for Porin-HA
were incubated for in vitro translation at 26 °C for the indicated times. Afterwards, the reactions
were subjected to an anti-HA pull-down and analyzed as in (A). (D) Yeast extracts were
incubated with a Bpa-containing linear or cyclic B-hairpin peptide at the indicated
concentrations. Some samples were illuminated with UV light (+UV) to induce crosslinking,
whereas others were left in darkness (-UV). Then, the samples were analyzed by SDS-PAGE
and immunodecoration with the indicated antibodies. Specific photo-adducts (PA) are

indicated.

Figure 2. Cyclic B-hairpin peptide binds directly to Ssal or Ydj1. (A-F) The fluorescence
anisotropy of a rhodamine-labeled cyclic B-hairpin peptide was measured in the presence of
Ssal (A-C, black circles), BSA (A, gray circles), or Ydj1 (D-F). After association of the
rhodamine-labeled peptide with the indicated proteins (A, D), the samples were supplemented
with a 100-fold excess of the unlabeled cyclic B-hairpin peptide and dissociation was recorded
(B, E). For affinity determinations, the rhodamine-labeled peptide was mixed with the indicated
concentrations of either Ssal (C) or Ydj1 (F) and the difference in anisotropy (A anisotropy) of
the bound and free peptide was plotted against the (co)chaperone concentration. The data was

fitted using a hyperbolic regression curve (gray).

Figure 3. Cytosolic chaperones are required for the in vitro import of p-barrel proteins.
(A-F) Top panels: Radiolabeled precursor proteins of Porin-HA (A, D), N. crassa Tom40
(NcTomd40; B, E) or yeast Tom40 (C, F) were subjected to in vitro import reactions using
isolated mitochondria. Prior to the import reaction, the mitochondria were mixed with either 20
MM C90 or BSA (A-C). Alternatively, the precursor protein-containing translation reactions
were supplemented with 20 uM of either cBag or BSA (D-F). After import for the indicated
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times, the mitochondria were subjected to carbonate extraction (A, D) or were treated with
proteinase K (B, E). The samples were subjected to SDS-PAGE (A, B, D, E) or BN-PAGE (C,
F) and autoradiography. Lower panels: The intensities of the bands corresponding to Porin-HA,
the protease-protected fragment F26 of NcTom40, or assembly intermediate | of Tom40 from
three independent experiments were quantified and the mean intensity from the 20 min (A, B,
D, E) or 15 min (C, F) import in the presence of BSA was set to 100%. Error bars represent
standard deviation. FL, full-length. F26, protease-protected fragment of 26 kDa. The migration
of the assembled TOM complex and assembly intermediates (Int) 1 and Il of Tom40 are

indicated.

Figure 4. Cytosolic chaperones interact in vivo with a B-hairpin peptide. Yeast cells
expressing either control hp18(VDAC)-DHFR-HA (-Bpa) or a variant with Bpa inserted in the
B-hairpin (+Bpa) were subjected to in vivo photo-crosslinking (+UV) or kept in the dark (-UV).
Next, the cells were lysed and subjected to a pull-down with anti-HA beads. Samples from the
input and the eluates were analyzed by SDS-PAGE and immunodecoration with the indicated

antibodies. Specific photo-adducts (PA) are indicated.

Figure 5. The Hsp40 co-chaperones Ydj1 and Sisl are required for the in vivo biogenesis
of Porin. Yeast cells harboring endogenously HA-tagged Porin from a wildtype strain (A) or
from strains with a tetracycline-repressible promoter controlling the expression of YDJ1 (B),
SIS1 (C) or both (D) were grown for 4 h in the absence (-Dox) or presence (+Dox) of
doxycycline (Dox) followed by 1 h of methionine starvation. Synthesis of radiolabeled proteins
was initiated by addition of 3S-Met to the medium and cells were harvested after the indicated
time periods. Then, a crude mitochondrial fraction was obtained, solubilized, and subjected to
a pull-down with anti-HA beads. Input samples from the whole cell lysate (inp) and the eluates
were analyzed by SDS-PAGE, autoradiography (autorad.) and immunodecoration with the
indicated antibodies. Cox2 was used as a loading control. Lower panels: The intensities of the
bands corresponding to Porin-HA from three independent experiments were quantified and the
mean intensity from the 30 min samples without Dox was set to 100%. Error bars represent
standard deviation.

Figure 6. Mammalian Hsc70 is involved in the biogenesis of B-barrel proteins. (A) In vitro
translation reactions using rabbit reticulocyte lysate without mRNA (&) or programmed with
mMRNA encoding DHFR-HA (D), Porin-HA (P), or VDAC1-HA (V) were subjected to a pull-
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down with anti-HA beads. Samples from the input and the eluates were analyzed by SDS-PAGE
and immunodecoration with the indicated antibodies. (B) Top panel: Rabbit reticulocyte lysate
was used to synthesize radiolabeled Porin. After translation, the lysate was supplemented with
either cBag or BSA and subjected to in vitro import reactions using isolated mitochondria. After
import for the indicated times, the mitochondria were subjected to carbonate extraction and the
samples were analyzed by SDS-PAGE and autoradiography. Lower panels: The intensities of
the bands corresponding to Porin from three independent experiments were quantified and the
mean intensity from the 20 min import with BSA was set to 100%. Error bars represent standard

deviation.

Figure 7. Working model for the early events in the biogenesis of mitochondrial g-barrel
proteins. Mitochondrial B-barrel proteins are encoded by nuclear genes (1). Upon their
synthesis on cytosolic ribosomes (2), these proteins associate with Hsp70 and Hsp40
chaperones that keep the newly synthesized proteins in an import-competent conformation. On
the mitochondrial surface, the chaperone/substrate complex can dock to the import receptor
Tom70 while the B-barrel targeting signal in the form of a B-hairipin motif is recognized by the
import receptor Tom20 (3). For further assembly into the mitochondrial OM, the newly

synthesized protein is translocated across the OM through the import pore of the TOM complex

(4).
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Table 1. Proteins that co-purified with in vitro translated Porin. Only the 20 proteins with
the highest iBAQ* value are shown. Proteins with a chaperone-like function are highlighted.

Protein name Gene name iBAQ
Ubiquitin RPS31;RPL40B;RPL40A;UBI4 | 255830000
Porin POR1 234220000
Heat shock protein SSA2 SSA2 138040000
Elongation factor 1-alpha TEF1 135660000
Mitochondrial protein import protein MAS5 YDJ1 105990000
Heat shock protein 60, mitochondrial HSP60 92565000
Glyceraldehyde-3-phosphate dehydrogenase 3 TDH3 78971000
Tryptophan-tRNA ligase, cytoplasmic WRS1 64375000
Pyruvate kinase 1 CDC19 59277000
Heat shock protein SSB1 SSB1 57047000
ATP-dependent RNA helicase elF4A TIF1 44960000
Tubulin beta chain TUB2 39876000
Plasma membrane ATPase 1/2 PMA1;PMA2 35671000
Long-chain-fatty-acid-CoA ligase 4 FAA4 32266000
40S ribosomal protein S3 RPS3 31676000
H/ACA ribonucleoprotein complex subunit 2 NHP2 30161000
ATP-dependent molecular chaperone HSC82 HSC82 27457000
60S ribosomal protein L27-A/B RPL27B;RPL27A 23564000
Acetolactate synthase catalytic subunit, mitochondrial | ILV2 21029000
60S ribosomal protein L17-B RPL17B 20275000

* iBAQ, intensity-based absolute quantification.
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the eluate were analyzed by SDS-PAGE and immunodecoration with the indicated antibodies. (C) Yeast extracts were prepared
from cells that were left untreated (—Dox) or depleted for Sis1 by addition of doxycyline to the growth medium for 8 h (+Dox). The
extracts were then used for in vitro translation followed by a pull-down assay as in (A).
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Figure S2. The import of pSu9-DHFR-HA is not affected by chaperone inhibitors. (A and B) Top panels: Radiolabeled
precursor molecules of pSu9-DHFR-HA were subjected to in vitro import reactions using isolated mitochondria. Prior to the
import reaction, the mitochondria were mixed with either 20 uM C90 or an equivalent amount of BSA (A), or the precursor
protein-containing translation reactions were supplemented with either 20 pM cBag or an equivalent amount of BSA (B). After
import for the indicated times, the mitochondria were treated with proteinase K. The samples were subjected to SDS-PAGE and
autoradiography. In a control reaction, the mitochodria were treated with the uncoupler CCCP prior to the import reaction. Lower
panels: The intensities of the bands corresponding to the protease-protected, mature form (m) of pSu9-DHFR-HA from three
independent experiments were quantified and the mean intensity from the 20 min import with BSA was set to 100%. Error bars
represent standard deviation. p, precursor form of pSu9-DHFR-HA.



Table S1. Yeast strains used in this study.

Ydj1/sis1

ydj1::tetO7-Ubiquitin-Leu-YDJ1 HIS3MX,
sis1::tetO7-Ubiquitin-Leu-SIS1 KanMX

strain genotype reference

stilA W303aq, stilA::HIS3MX6 Hoseini et al. (2016)

ydjiA BY4741, ydj1A::KanMX4 EUROSCARF

tetO7-Sis1 YMK1203, sis1::tetO7-SIS1(NatMX) this study

Porin-3HA tetO7-Ubi-L-Ydjl | YMK120a, por1::POR1-3HA NatNT2, this study
ydj1::tetO7-Ubiquitin-Leu-YDJ1 HIS3MX

Porin-3HA tetO7-Ubi-L-Sis1 | YMK120a, por1::POR1-3HA NatNT2, this study
sis1::tetO7-Ubiquitin-Leu-SIS1 HIS3MX

Porin-3HA tetO7-Ubi-L- YMK120a, por1::POR1-3HA NatNT2, this study




Table S2. Primers used in this study.

construct primer | sequence
Porin-3HA TJ207 | AGTTGTCTGAACCTGTTCACAAGCTAGGTTGGTCTTTGTCCTTCGACGCT-
CTGAAGCTTTACCCATACGATGTTCCTG
TJ208 | CGAGCACATATATGGTATATAGTGAACATATATATATTAGATATATACGT-
GAGCTCGATTACAACAGGTGTTGTCC
tetO;-Sis1 TJ196 | GGATAAGTTGTTTGCATTTTAAGATTTTTTTTTTAATACATTCACATCAA-
CAGTATAGCGACCAGCATTCACATACG
TJ198 | GCACTTGGAGATACTCCAAGTAAATCATAAAGTTTTGTCTCCTTGACCAT-
AAGCTTATCGATACCGTCGATCCCC
tetO7-Ubi-L-Ydj1 TJ192 | CATATCTTTTGATAGAACATAATTAAAAATTATCCAAACTGAATTCTACA-
CAGTATAGCGACCAGCATTCACATACG
TJ193 | GTGGCAGTTACTGGAACACCTAGAATATCGTAAAACTTAGTTTCTTTAAC-
CAAACCACCTCTCAATCTCAAGACCAAG
tetO7-Ubi-L-Sis1 TJ196 | GGATAAGTTGTTTGCATTTTAAGATTTTTTTTTTAATACATTCACATCAA-
CAGTATAGCGACCAGCATTCACATACG
TJ197 | TTAGCACTTGGAGATACTCCAAGTAAATCATAAAGTTTTGTCTCCTTGAC-
CAAACCACCTCTCAATCTCAAGACCAAG
tetO7-Ssal TJ233 | TCTATTTGTAAGATAAGCACATCAAAAGAAAAGTAATCAAGTATTACAAG-
CAGTATAGCGACCAGCATTCACATAC
TJ260 | GCAACACACGAGTATGTTGTACCTAAATCAATACCGACAGCTTTTGACAT-
AAGCTTATCGATACCGTCGATCCCC
tetO7-Ssa2 TJ237 | TCTCTTATTTAAGTTACTTCTATTCTTCAATTGATTAATTCCAACAGATC-
CAGTATAGCGACCAGCATTCACATAC
TI261 | GCAACACAGGAGTAGGTAGTACCTAAATCAATACCGACAGCTTTAGACAT-
AAGCTTATCGATACCGTCGATCCCC
tetO7-Hsp82 TI253 | CGCTGTATTAGAGTTCAAGAAATCATACCTGATAGAAAATAGAGTCCTAT-
CAGTATAGCGACCAGCATTCACATAC
TI263 | CTCATCAACTGAGTAATTTCAGCTTGAAATTCAAAAGTTTCACTAGCCAT-
AAGCTTATCGATACCGTCGATCCCC
tetO7-Hsc82 TI249 | TTTTGTGATATATTCTTTCTCTTGTTTTCTTTTTCTTGAAACGCTACAGA-
CAGTATAGCGACCAGCATTCACATAC
TI262 | CTCATCAACTGAGTGATTTCAGCTTGAAATTCAAAAGTTTCACCAGCCAT-
AAGCTTATCGATACCGTCGATCCCC
ssa3A TI240 | AATGTTTGTCACTAAACGGATAGAATAGGTACTAAACGCTACAAAGAAAA-
CGTCGACCTCGAGGCCAGAAG
TI241 | TAAAAGGTTAAACATAAAAAGTAGCTAAATAGAACACTATAGAAGAATAA-
TTCATCTCCGGTTCTGCTGCTAG
ssadl TI245 | ATAAAAAGTAAATAACAAAAACAAGAAAAAAAATAAACAAAACAATAATC-
CAGCTGAAGCTTCGTACGCTGC
TI246 | GGAAAACTAAGAAATTCGATGCTGCTACTTCATCGCATCTTTGTATTTAT-
GCATAGGCCACTAGTGGATCTGGAC
pGEM4polyA TI154 | AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-GCGGCCGC-
CCGGTCTCCCTATAGTGAGTCGTATTAATTTC
TJ155 TTTTTTTTTITTTITTITTITITTITTITTITITTTIT-
AAGCTTGCATGCCTGCAGGTCGACTC
3HA TI024 | CCC-GGATCC-A-TACCCATACGATGTTCC
TJI025 | CCC-GTCGAC-TTA-ACCAGCGTAATCTGG
DHFR-3HA TIO09 | CCC-GGTACC-ATGGTTCGACCATTGAACTGC
TI010 | CCC-GGATCC-CC-GTCTTTCTTCTCGTAGAC
yk DHFR-3HA TJ144 | CACAC-GGTACC-AAAAAAATGTCT-GTTCGACCATTGAACTGCATC
TI010 | CCC-GGATCC-CC-GTCTTTCTTCTCGTAGAC
yk Porin-3HA TJ149 | CACAC-GGTACC-AAAAAA-ATGTCTCCTCCAGTTTACAGC

2




TJ150

CACAC-GGATCC-CC-AGCGTCGAAGGACAAAGAC

yk Tom40-3HA TJ180 | CACAC-GAGCTC-AAAAAA-ATGTCTGCACCAACTCCATTAGC
TJ181 | CACAC-GGATCC-CC-CAATTGAGGAAGAGCTTGCAATG

yk Tob55(bbd)-3HA TJ184 | CACAC-GAGCTC-AAAAAAATGTCT-AAAACGTTTACAGCGAAGACAG
TJ183 | CACAC-GGATCC-CC-TAAAAATGCCAGACCAAGACCAAAC

yk NcTom40 TJ187 | CACAC-GAGCTC-AAAAAA-ATGGCTTCGTTTTCCACCG
TJ188 | CACAC-GGATCC-TTA-AAAGGGGATGTTGAGGGAC

yk Tom40 TJ180 | CACAC-GAGCTC-AAAAAA-ATGTCTGCACCAACTCCATTAGC
TJ186 | CACAC-GGATCC-TTA-CAATTGAGGAAGAGCTTGCAATG

yk pSu9-DHFR-3HA TJ157 | CACAC-GAATTC-AAAAAAATGTCT-GCCTCCACTCGTGTCCTC
TJ158 | CACAC-GGTACC-ACCAGCACCAGCACC-GGAAGAGTAGGCGCGC

hp18(VDAC, Bpa258) TIO90 | GGTATTAAACTG-TAG-CTGTCAGCTCTTC
TI091 | GAAGAGCTGACAG-CTA-CAGTTTAATACC

hp18(VDAC)-DHFR-3HA | TJ014 | CCC-GAATTC-ATG-AAGCCAGGTATTAAACTGAC
TI010 | CCC-GGATCC-CC-GTCTTTCTTCTCGTAGAC

mk DHFR-3HA TJ141 | CACAC-GGTACC-GCCACC-ATGGTTCGACCATTGAACTGC
TJ0O10 | CCC-GGATCC-CC-GTCTTTCTTCTCGTAGAC

mk Porin-3HA TJ148 | CACAC-GGTACC-GCCACCATGGCT-TCTCCTCCAGTTTACAGCG
TJ150 | CACAC-GGATCC-CC-AGCGTCGAAGGACAAAGAC

mk VDAC1-3HA TJ151 | CACAC-GGTACC-GCCACC-ATGGCTGTGCCACCCACG
TJ153 | CACAC-GGATCC-CC-TGCTTGAAATTCCAGTCCTAGAC

3HA NatNT2 TJ205 | CACAC-AAGCTT-TACCCATACGATGTTCCTGACTATG
TJ206 | CACAC-GGATCC-CTTCGAGCGTCCCAAAACCTTC

pMK632 TJ203 | GGAGGGTATTCTGGGCCTCCATGTC
TJ204 | GTATGTGAATGCTGGTCGCTATACTG

KanMX/HIS3MX TJ201 | GACATGGAGGCCCAGAATACCCTCC
TJ202 | CAGTATAGCGACCAGCATTCACATAC




Table S3. Plasmids used in this study.

If not indicated otherwise, gene sequences are from S. cerevisiae

plasmid insert reference
pGEM4polyA poly-A stretch (72 x A) this study
pRS316-Atg32-3HAn Atg32 with internal 3 x HA-tag Okamoto et al. (2009)
pGEM4polyA-3HA C-terminal 3 x HA-tag this study
pRS426-TPI-3HA C-terminal 3 x HA-tag this study

pGEMA4-pSu9-DHFR

presequence of N. crassa ATP
synthase subunit 9 (aa M1-S69)-M.
musculus DHFR

Pfanner et al. (1987)

pGEM4-Tom40 Tom40 Paschen et al. (2003)
pGEM4-Tob55 Tob55 Paschen et al. (2003)
pGEM4-NcTom40 N. crassa Tom40 Rapaport and Neupert (1999)
pGEMA4-VDAC1 H. sapiens VDAC1 Engl et al. (2012)
pGEM4polyA-DHFR-3HA M. musculus DHFR-3 x HA-tag this study
pGEM4polyA-yk-DHFR-3HA yeast kozak sequence this study
(AAAAAAATGTCT) M. musculus
DHFR-3 x HA-tag
pGEM4polyA-yk-Porin-3HA yeast kozak sequence this study
(AAAAAAATGTCT) Porin-3 x HA-tag
pGEM4polyA-yk-Tom40-3HA | yeast kozak sequence this study
(AAAAAAATGTCT) Tom40-3 x HA-
tag
PGEM4polyA-yk-Tob55(A1- yeast kozak sequence this study
120)-3HA (AAAAAAATGTCT) Tob55 B-barrel
domain (aa K121-end)-3 x HA-tag
PGEM4polyA-yk-NcTom40 yeast kozak sequence this study
(AAAAAAATGGCT) N. crassa Tom40
pGEM4polyA-yk-Tom40 yeast kozak sequence this study
(AAAAAAATGTCT) Tom40
PGEM4polyA-yk-pSu9-DHFR- | yeast kozak sequence this study

3HA

(AAAAAAATGTCT) presequence of
N. crassa ATP synthase subunit 9
(aa M1-S69)-M. musculus DHFR-3 x

HA-tag
pBpa2-PGK1+3SUP4-tRNAcua | tRNA aaRS + tRNAcua Chen et al. (2007)
pRS426-TPI-hp18(VDAC)- hairpin 18 of H. sapiens VDAC1 (aa | this study
DHFR-3HA K252-A283)-M. musculus DHFR-3 x
HA-tag
pRS426-TPI-hp18(VDAC, hairpin 18 of H. sapiens VDAC1 (aa | this study
Bpa258)-DHFR-3HA K252-A283; Thr258Bpa)-M.
musculus DHFR-3 x HA-tag
pGEM4polyA-mk-DHFR-3HA mammalian kozak sequence this study
(GCCACCATGG) M. musculus DHFR-
3 x HA-tag
pGEM4polyA-mk-Porin-3HA mammalian kozak sequence this study
(GCCACCATGG) Porin-3 x HA-tag
pGEM4polyA-mk-VDAC1-3HA | mammalian kozak sequence this study

(GCCACCATGG) H. sapiens VDAC1-3
x HA-tag

pGEM4-Porin

Porin

Mayer et al. (1993)

pFA6a-NatNT2

NatNT2 cassette

Janke et al. (2004)

pFA6a-KanMX4

KanMX4 cassette

Wach et al. (1994)




pFA6a-HIS3MX6

HIS3MX6 cassette

Wach et al. (1997)

pFA6a-3HA-NatNT2

3 x HA-tag CYC1 terminator NatNT2
cassette

this study

pMK632 NatMX cassette tetO7-CYC1 Gnanasundram and Kos (2015)
promoter-Ubiquitin-Leucin-HA-tag

pMK632Kan KanMX cassette tetO7-CYC1 this study
promoter-Ubiquitin-Leucin-HA-tag

pMK632His HIS3MX cassette tetO7-CYC1 this study

promoter-Ubiquitin-Leucin-HA-tag




Table S4. Antibodies used in this study.

If not indicated otherwise, target proteins are from S. cerevisiae.

antibody directed against dilution Identifier

Ahal 1:2000 N/A

Bmhl 1:1000 N/A

Cox2 1:1000 N/A

Djp1 1:2000 N/A

H. sapiens GAPDH 1:1000 CSA-335 (Stressgen)
HA 1:1000 11867423001 (Roche)
Hchl 1:4000 N/A

H. sapiens Hsc70 1:1000 ADI-SPA-815 (Enzo)
Hsp104 1:25 000 N/A

Hsp26 1:4000 N/A

Hsp42 1:4000 N/A

Hsp82/Hspc82 1:20 000 N/A

Shal 1:2500 N/A

Sis1 1:20 000 N/A

Ssal/2 1:20 000 N/A

Stil 1:10 000 N/A

Ydj1 1:10 000 N/A
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