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List of abbreviations

1 List of abbreviations

AAA ATPases associated with diverse cellular activities
AAC ADP-ATP carrier

ATP adenosine triphosphate

BAM B-barrel assembly machinery

DHFR dihydrofolate reductase

GFP green fluorescent protein

HA hemagglutinin

IMS intermembrane space

MOM mitochondrial outer membrane

Oep24 outer envelope protein 24

Oep37 outer envelope protein 37

OM outer membrane

OMP outer membrane protein

Omp85 outer membrane protein 85

P; inorganic phosphate

POTRA polypeptide-transport-associated

pSu9 presequence of subunit 9 of Neurospora crassa Fo-ATPase
RuBisCO ribulose-1,5-bisphosphate carboxylase/oxygenase
SAM sorting and assembly machinery

TAA trimeric autotransporter adhesins

TAM translocation and assembly module

TOB topogenesis of outer-membrane 3-barrel proteins
TOC translocase of the outer chloroplast membrane
TOM translocase of the outer mitochondrial membrane
VDAC voltage-dependent anion channel

WT wild-type

YadA Yersinia adhesin A
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2 Summary

The vast majority of outer membrane proteins (OMPs) in Gram-negative bacteria
belong to the class of membrane-embedded [-barrel proteins. Besides Gram-negative
bacteria, the presence of these proteins is restricted to the outer membranes (OM) of the
eukaryotic organelles mitochondria and chloroplasts. This can be seen as evidence for the
endosymbiotic theory, according to which these organelles derived from the engulfment
of prokaryotic ancestors into a progenitor of the eukaryotic cell. The process of
organellogenesis led to a major DNA transfer of genes encoding mitochondrial proteins
to the host genome. As a consequence, more than 99% of the proteins in present-day
mitochondria are encoded in the nucleus and thus have to contain all the information
required for specific sorting to their target compartment within mitochondria. Although
progress has been made in understanding the targeting signals in numerous mitochondrial
proteins, the signal that ensures targeting of B-barrel proteins still remains elusive. It is
remarkable that in all membranes harboring these proteins the assembly is facilitated by
dedicated protein complexes that contain a highly conserved central [-barrel protein
termed BamA/YaeT/Omp85 in Gram-negative bacteria and Tob55/Sam50 in
mitochondria. In this context it is astonishing that in spite of a very long divergent
evolution of pro- and eukaryotes, mitochondria retained the ability to recognize and
assemble bacterial B-barrel proteins. Due to this evolutionary conservation, yeast
mitochondria can provide us a useful model system to study the biogenesis of B-barrel
proteins from different origin.

Currently, little is known about the signal that ensures specific targeting of -barrel
proteins to either mitochondria or chloroplasts. To shed light on this topic, I investigated
the targeting of the chloroplast B-barrel proteins Oep24 and Oep37 upon their expression
in yeast cells. We could demonstrate their exclusive localization to the mitochondrial
outer membrane (MOM). Assembly of Oep37 partially complemented the growth

phenotype of yeast cells lacking the general metabolite transporter Porin. Interestingly,
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both proteins followed in yeast cells a pathway similar to the one undertaken by bona
fide mitochondrial B-barrel proteins.

In another part of my studies I investigated targeting of the trimeric autotransporter
protein Yersinia adhesin A (YadA). Specifically, I was interested in the mechanism by
which precursors of such proteins cross the periplasm and assemble in the OM. To that
goal, we took advantage of the evolutionary conservation in the biogenesis of B-barrel
proteins between bacteria and mitochondria. Upon expression in yeast cells, both
monomeric and trimeric forms of YadA were targeted to mitochondria, but solely the
trimeric form was fully assembled into the MOM. Remarkably, the co-expression of YadA
with a mitochondrially-targeted form of the bacterial periplasmic chaperone Skp, but not
with SurA or SecB, resulted in elevated levels of YadA.

Taken together, the results presented in this thesis demonstrate that in the course of
evolution mitochondria retained the ability to assemble a wide range of -barrel proteins.

This ability allows insights into the nature of the B-barrel targeting signal.
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3 Zusammenfassung

Die iberwiegende Mehrzahl der Aussenmembranproteine in Gram-negativen
Bakterien gehort zur Klasse der membranstiandigen B-barrel Proteine. Das Vorkommen
dieser Proteine ist neben Gram-negativen Bakterien auf die Aussenmembranen der
eukaryotischen Organellen Mitochondrien und Chloroplasten beschrankt. Dies kann als
Beleg fiir die Endosymbiontentheorie betrachtet werden, geméfl welcher diese Organellen
von der Aufnahme prokaryotischer Vorfahren in einen Vorlaufer der eukaryotischen Zelle
abstammen. Der Verlauf der Organellenevolution fithrte zu einem bedeutenden DNA-
Transfer von Genen, die fiir mitochondriale Proteine kodieren, in das Wirtsgenom. Als
Folge dessen sind in heutigen Mitochondrien mehr als 99% der Proteine im Kern kodiert
und miissen alle Informationen enthalten, die fiir einen spezifischen Transport zum
mitochondrialen Zielkompartiment benotigt werden. Obwohl Fortschritte im Verstéandnis
der Transportsignale zahlreicher mitochondrialer Proteine gemacht werden konnten, ist
das Signal, das den Transport und die Erkennung von B-barrel Proteinen sicherstellt
noch immer unbekannt. Es ist bemerkenswert, dass die Assemblierung dieser Proteine in
allen Membranen von speziell dafiir vorgesehenen Proteinkomplexen erméoglicht wird.
Diese Komplexe enthalten ein zentrales, hochkonserviertes B-barrel Protein, das in Gram-
negativen Bakterien als BamA/YaeT/Omp85 und in Mitochondrien als Tob55/Sam50
bezeichnet wird. In diesem Zusammenhang ist es erstaunlich, dass Mitochondrien trotz
der sehr langen divergenten Evolution von Pro- und Eukaryoten, die Fahigkeit bewahrt
haben, bakterielle 3-barrel Proteine zu Erkennen und zu Assemblieren. Aufgrund dieser
evolutiondren Konservierung, liefern uns Mitochondrien ein niitzliches Modellsystem zur
Untersuchung der Biogenese von B-barrel Proteinen unterschiedlichen Ursprungs.

Bislang ist wenig tiber das Erkennungssignal bekannt, das den Transport von [-barrel
Proteinen zu Mitochondrien oder Chloroplasten sicherstellt. Um Erkenntnisse tiber dieses
zu gewinnen, habe ich den Transport und die Erkennung der plastidédren B-barrel

Proteine Oep24 und Oep37 in Hefezellen untersucht. Wir konnten zeigen, dass diese
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ausschliellich in die mitochondriale Aussenmembran eingebaut wurden. Die Insertion
von Oep37 konnte den Wachstumsphédnotyp von Hefezellen, denen der
Metabolittransporter Porin fehlt, teilweise komplementieren. Interessanterweise folgten
beide Proteine in Hefezellen einem Biogeneseweg, der dem endogener mitochondrialer -
barrel Proteine ahnlich war.

In einem anderen Teil meiner Arbeit untersuchte ich die Erkennung und den
Transport des trimeren Autotransporterproteins Yersinia adhesin A (YadA). Dabei
interessierte ich mich im Speziellen fiir den Mechanismus durch den Vorldufer dieser
Proteine das Periplasma durchqueren und sich in die Aussenmembran assemblieren. Zu
diesem Zweck haben wir uns die evolutiondre Konservierung in der Biogenese von [3-
barrel Proteinen zwischen Bakterien und Mitochondrien zu Nutze gemacht. Nach der
Expression in Hefezellen wurden sowohl monomeres als auch trimeres YadA in
Mitochondrien detektiert, wobei nur die trimere Form komplett in die mitochondriale
Aussenmembrane eingebaut wurde. Bemerkenswerterweise fithrte die gemeinsame
Expression von YadA und einer im Intermembranraum lokalisierten Version des
baktierellen periplasmatischen Chaperones Skp zu erhéhten Mengen beider Formen von
YadA.

Zusammengenommen zeigen die Ergebnisse dieser Dissertation, dass Mitochondrien
im Laufe der Evolution die Fahigkeit erhalten haben, eine Vielzahl von (-barrel Proteinen
zu assemblieren. Diese Fahigkeit erlaubt Einblicke in die Beschaffenheit des

Erkennungssignals in -barrel Proteinen.
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I performed the subcellular fractionations of yeast cells expressing Oep37 (Fig. 5A)
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proteases (Fig. 5B and Fig 5C). Moreover, I tested the ability of Oep37 to complement
the growth phenotype of yeast cells deleted for POR1 (Fig. 6). To decipher the biogenesis
pathways of Oep37 and Oep24, I imported in wvitro 3S-labeled precursor proteins into
mitochondria from various deletion strains (Fig. 7A and B, Fig. 9A, B and C, Fig 10A).
In addition, I also compared the steady-state levels of Oep37 and Oep24 in mutant strains
to those in the corresponding WT-strains (Fig. 7C and D, Fig. 9D, Fig. 10B).
Furthermore, I tested the dependency of the in vitro import of *S-labeled Oep37, Oep24

and Porin on the TOM complex (Fig. 8). I participated in writing the manuscript.

Experiments shown in Fig. 5A and B, Fig. 6, Fig. 7C, Fig. 9D (left panel: tim8/13A)
and Fig. 10B, C of the article were performed during my diploma studies and are already
included in my diploma thesis “The chloroplast outer envelope protein Oep37 shares the

import pathway with endogenous mitochondrial B-barrel proteins in S. cerevisiae”.
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6 Introduction

6.1 Membrane-embedded [-barrel proteins

Proteins belonging to the class of membrane-embedded (-barrel proteins can
exclusively be found in the outer membranes (OM) of Gram-negative bacteria,
mitochondria and chloroplasts. This restricted occurrence nicely supports the
endosymbiotic theory, according to which the eukaryotic organelles mitochondria and
chloroplasts originated from the engulfment of prokaryotic ancestors into the antecedent
of the eukaryotic cell. Whereas comprehensive analyses of mitochondrial DNA (mtDNA)
support the origin of extant mitochondria from a subgroup of a-proteobacteria, the
plastids are thought to descend from the inclusion of an ancestral cyanobacterium about
one billion years ago (Gray, 2011; Gray et al., 1999; McFadden, 2001).

Despite considerable functional diversity ranging from passive and active metabolite
transporters, through enzymes and receptors to toxins and translocation machineries, all
members belonging to the class of $-barrel proteins share a characteristic basic structure.
They span the OM with 8-26 amphipathic anti-parallel B-sheets that are arranged in a
cylindrical shape. Thereby the hydrophilic residues are orientated towards the interior of
the barrel, whilst the hydrophobic side chains are facing towards the phospholipids of
the membrane. The stability of the barrel structure is predominantly based on the
hydrogen bonds between the individual B-strands (Qiao et al., 2014; Wimley, 2003). It is
thought that duplication events of an ancestral Bf-hairpin gave rise to the broad variety
of B-barrel proteins. Accordingly, the structures of all bacterial B-barrel proteins solved
so far display a consistent composition of an even number of B-strands (Remmert et al.,
2010). In contrast to the situation in bacteria, structure determinations of mitochondrial
voltage-dependent anion channel 1 (VDACI) revealed an unexpected architecture of 19
B-stands (Bayrhuber et al., 2008; Hiller et al., 2008; Ujwal et al., 2008). This arrangement

was later on also suggested for Tom40, the pore forming component of the translocase of
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the mitochondrial outer membrane (TOM complex) (Gessmann et al., 2011; Lackey et
al., 2014; Zeth, 2010).

Although evolution gave rise to a wide range of B-barrel proteins, the basic principles
of assembly into the corresponding membrane seem to be conserved from bacteria to
humans. In each case a dedicated protein complex that contains a highly conserved -
barrel protein from the Omp85 superfamily facilitates the integration of the precursor

protein into the lipid bilayer of the OM.

6.2 Biogenesis of -barrel proteins in Gram-negative bacteria

The vast majority of outer membrane proteins (OMP) in Gram-negative bacteria
belongs to the class of B-barrel proteins and is synthesized on cytoplasmic ribosomes with
an N-terminal signal peptide, which ensure translocation across the bacterial inner
membrane (Driessen and Nouwen, 2008; Papanikou et al., 2007). In contrast to inner
membrane a-helical proteins, precursors of B-barrel proteins are guided to the Sec-
machinery of the inner membrane in a post-translational manner. The cytoplasmic trigger
factor (TF) recognizes the nascent polypeptide chain as it emerges at the exit channel of
the ribosome (Ferbitz et al., 2004; Hagan et al., 2011; Valent et al., 1995). Subsequently,
the tetrameric cytoplasmic chaperone SecB binds the precursor protein and escorts it to
the Sec translocon (Fig. 1) (Bechtluft et al., 2010; Randall and Hardy, 2002; Ullers et al.,
2004). Whereas hydrophobic transmembrane segments in o-helical proteins destined to
the inner membrane trigger the lateral opening of the SecYEG translocon, precursors of
B-barrel proteins are translocated across the inner membrane in a process depending on
the hydrolysis of ATP and the proton-motive force (ApH*) (Papanikou et al., 2007; Park
and Rapoport, 2012; Xie et al., 2007; Zimmer et al., 2008).

After reaching the periplasmic side of the inner membrane, the signal sequence is
cleaved off by the signal peptidase (Paetzel, 2013). Periplasmic chaperones are involved

in the biogenesis of B-barrel proteins in order to keep the precursor protein in an unfolded
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state and to avoid misfolding and aggregation (Fig. 1). One of these is SurA, which
contains two peptidyl-prolyl isomerase (PPIlase) domains and was previously shown to
chaperone the bulk of OM proteins in FEscherichia coli. Furthermore, recent data
demonstrated interaction of SurA with the dedicated insertion machinery of the OM
(Bennion et al., 2010; Lazar and Kolter, 1996; Rouviere and Gross, 1996; Volokhina et
al., 2011). A second parallel pathway involves the periplasmic chaperone Skp that can
either act alone or together with the chaperone/protease DegP. In the periplasm Skp
exists as a trimer and was shown to bind OMPs within its hydrophobic cavity that is
generated between the a-helical tentacles (Walton and Sousa, 2004). In contrast to E.
coli, where this second pathway was suggested to have a minor role in OMP biogenesis,
deletion studies in Neisseria meningitidis proposed a major role for Skp in the biogenesis
of the OMPs PorA and PorB, whilst deletion of SurA did not show a comparable
phenotype (Sklar et al., 2007b; Vertommen et al., 2009; Volokhina et al., 2011). These
apparent contradictory results suggest that the precise role of the periplasmic chaperones
seems to depend on the substrate and organism.

Once having reached the inner surface of the OM, the B-barrel proteins are assembled
into the lipid bilayer with the help of a dedicated protein assembly machinery termed (-
barrel assembly machinery (BAM) complex (Fig. 1). Since its discovery, remarkable
progress has been made in identifying and characterizing the roles of the individual BAM
subunits in the biogenesis pathway of B-barrel proteins. In E. coli, the complex is
composed of the central B-barrel protein BamA (YaeT) and the four lipoproteins BamB,
BamC, BamD and BamE (formerly YfgL, NIpB, YfiO and SmpA, respectively)(Hagan
et al., 2011; Voulhoux et al., 2003; Wu et al., 2005). As a member of the Omp85
superfamily BamA displays a characteristic architecture composed of five N-terminal
polypeptide-transport-associated (POTRA) domains and a C-terminal 16-stranded f-
barrel domain. As their name implies, the POTRA domains in the different Omp85

homologs are thought to function in the recognition and transport of incoming substrate



14 Introduction

proteins (Sanchez-Pulido et al., 2003; Simmerman et al., 2014). Among the proteins of
the BAM complex solely BamA and BamD are essential for viability (Malinverni et al.,
2006; Wu et al., 2005). BamD was previously shown to bind to POTRA domain 5 of
BamA and to scaffold the interaction of BamC, BamE and BamA. Furthermore its N-
terminal domain was suggested to interact with incoming precursor proteins (Gatsos et
al., 2008; Hagan et al., 2011; Sklar et al., 2007a; Vuong et al., 2008). Although the
lipoproteins BamB, BamC and BamE are not essential for cell viability and are less
conserved among different bacterial species, deletion of each one of them results in a
decrease of the steady-state levels of B-barrel proteins (Hagan et al., 2011; Sklar et al.,
2007a; Wu et al., 2005).

Despite the recent progress, the exact mechanism by which precursor proteins are
finally assembled into the lipid bilayer is still ill-defined. Recently, the structure of the
central component of the BAM complex, BamA from Neisseria gonorrhoeae and
Haemophilus ducreyi has been solved (Noinaj et al., 2013). Analysis of the structural
features revealed a reduction in the hydrophobicity on one side of the barrel, which leads
to a local destabilization of the OM. Furthermore it was shown that due to a relatively
weak interaction between the first and the last B-strand the barrel might undergo lateral
opening, thus allowing the release of the precursor protein into the lipid bilayer.
Accordingly, prevention of this lateral opening by formation of disulfide bridges between

B-strands 1 and 16 resulted in a loss of BamA function (Noinaj et al., 2014).

6.3 Biogenesis of 3-barrel proteins in mitochondria

Compared to Gram-negative bacteria, mitochondria harbor a rather low number of
B-barrel proteins in their OM. So far, only five members of this class have been identified
in yeast. These are the two essential proteins Tom40 and Tob55, two isoforms of Porin
(also known as VDAC, voltage-dependent anion channel) and Mdm10 (Paschen et al.,

2005; Walther et al., 2009b). According to the endosymbiotic theory, mitochondria were
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derived by the engulfment of an a-proteobacterium into an antecedent of the eukaryotic
cell (Gray, 2011; Gray et al., 1999). In the process of organelle evolution more than 99%
of the proteins of extant mitochondria have undergone DNA transfer to the host genome.
As a consequence, the vast majority of mitochondrial proteins is synthesized on cytosolic
ribosomes and thus precursor proteins have to contain all the information required to
ensure a specific and efficient sorting to their final destination within mitochondria. Since
precursors of mitochondrial -barrel proteins do no longer have to cross the bacterial
inner membrane, the requirement for N-terminal signal sequences got lost in the
transformation from bacteria to a semi-autonomous eukaryotic organelle. Thus, newly
synthesized mitochondrial B-barrel proteins are devoid of any cleavable targeting signal.
Upon their synthesis on cytosolic ribosomes precursor proteins of mitochondrial (-
barrel proteins are initially recognized on the mitochondrial surface by import receptors
of the TOM complex (Chacinska et al., 2009; Endo and Yamano, 2009; Paschen et al.,
2005; Pfanner et al., 2004). Next, they are relayed to Tom40 (Fig. 1), the central unit of
the TOM complex, which is a -barrel protein itself and provides the general entry gate
for most of the mitochondrial precursor proteins. It is thought that the stepwise
increasing affinity of precursor proteins to components of the TOM complex is the driving
force for the protein translocation across the mitochondrial OM (Komiya et al., 1998;
Nargang et al., 1998; Rapaport et al., 1998a; Rapaport et al., 1998b; Schatz, 1997).
Upon the appearance of the B-barrel precursor proteins at the intermembrane space
(IMS), they are protected from misfolding and aggregation by the hexameric small
chaperone complexes Tim8/13 and Tim9/10 (Fig. 1). Albeit not being homologous, the
hexameric arrangement in these complexes displays remarkable structural similarity to
the bacterial periplasmic chaperone Skp and archaeal or eukaryotic prefoldin (Beverly et
al., 2008; Habib et al., 2005; Hoppins and Nargang, 2004; Walton and Sousa, 2004; Webb

et al., 2006; Wiedemann et al., 2004b).
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Figure 1. Comparison of the B-barrel biogenesis pathways in mitochondria and Gram-
negative bacteria. Mitochondrial B-barrel proteins (left) are initially recognized at the mitochondrial
surface by receptors of the TOM complex. Upon translocation across the mitochondrial OM through the
Tom40 pore, they are escorted by the hexameric chaperone complexes Tim8/13 and Tim9/10. The
assembly of precursor proteins into the mitochondrial OM is facilitated by the TOB complex, which is
composed of the B-barrel Tobb5 and the peripherally associated proteins Mas37 and Tob38. Precursors of
bacterial B-barrel proteins (right) are synthesized in the cytoplasm with an N-terminal signal sequences
(SP) which guides them to the Sec translocon where they are translocated across the inner membrane. In
the periplasm the precursor proteins are protected from misfolding and aggregation by the chaperones
SurA, Skp and the chaperone/protease DegP. Finally the precursor proteins are inserted into the lipid
bilayer by the BAM complex, which is build up by the central component BamA and the four lipoproteins
BamB-E.

The final step of protein assembly into the lipid bilayer of the OM is facilitated by a
protein complex termed topogenesis of outer-membrane B-barrel proteins (TOB) complex
also called sorting and assembly machinery (SAM) complex (Fig. 1) (Gentle et al., 2004;
Paschen et al., 2003; Wiedemann et al., 2003). The complex is composed of the B-barrel
protein Tob55 (Sam50), which is homologous to BamA, and the two auxiliary subunits
Tob38 (Sam35, Tom38) and Mas37 (Sam37, Tom37), which are peripherally associated
to the cytosolic side of the OM. Of these three components that form the core structure

of the TOB complex, solely Tob55 and Tob38 were shown to be essential for cell viability
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(Ishikawa et al., 2004; Milenkovic et al., 2004; Waizenegger et al., 2004). Whereas Tob38
was previously reported to be involved in the intramitochondrial recognition of B-barrel
precursor proteins through a C-terminal recognition sequence termed [-signal, the second
subunit Mas37 was suggested to act at a later stage of B-barrel assembly with a putative
role in the release of the precursor into the lipid bilayer (Chan and Lithgow, 2008; Kutik
et al., 2008; Waizenegger et al., 2004). Since in mitochondria the assembly of precursor
proteins into the lipid bilayer occurs from the IMS side, it remains elusive how Tob38
can act in the recognition of precursor proteins. One possible explanation is that a cavity
in the proteinaceous components of the complex allows Tob38 a direct contact with the

substrate proteins (Kutik et al., 2008).

6.4 Biogenesis of 3-barrel proteins in chloroplasts

Chloroplasts or plastids in general are the second organelles harboring membrane-
embedded B-barrel proteins in the OM. According to the endosymbiotic theory, the
plastids originated by the incorporation of an endosymbiotic prokaryote into a progenitor
of the eukaryotic cell. Whereas mitochondria are thought to descend from a subgroup of
a-proteobacteria, it is believed that the engulfment of an ancestral cyanobacterium was
the initial step for the organellogenesis of plastids (Gray et al., 1999; McFadden, 2001).
Of the approximately 2500-3500 proteins in chloroplasts only about 80-100 genes are still
encoded on the plastome, mainly encoding ribosomal RNAs and proteins, tRNAs, the
large subunit of the RuBisCO and proteins required for photosynthesis (Joyard et al.,
2009). The remaining 95% of the chloroplast proteins are encoded by the nuclear genome
and thus have to be imported into the chloroplasts. Although progress has been made in
understanding the biogenesis of chloroplast proteins containing cleavable targeting
sequences, currently very little is known about how chloroplast B-barrel proteins are
assembled into the outer envelope. Like in mitochondria, most chloroplast precursors of

B-barrel proteins are predicted to be devoid of N-terminal targeting signals. An
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exceptional case, however, is the central component of the translocase of the outer
chloroplast membrane (TOC) complex, Toc75-1I1. It is a highly abundant protein in the
OM that is synthesized in the cytoplasm with an N-terminal bipartite transit peptide
(Cline et al., 1981; Tranel and Keegstra, 1996). Interestingly, the first half guides the
precursor protein to the chloroplast stroma, where it is cleaved by the stromal processing
peptidase (SPP) (Inoue et al., 2005; Inoue et al., 2001; Tranel and Keegstra, 1996). The
second half of the signal contains a stop-transfer segment which is thought to prevent
full translocation across the inner membrane. Before the precursor protein is finally
assembled into the chloroplast OM, the second part of the transit peptide is removed by
the plastidic type I signal peptidase (Plspl) (Inoue et al., 2005). Despite this exceptional
biogenesis pathway, the precursor translocation across the OM and the insertion into the
lipid bilayer from the inner face of the membrane resemble the biogenesis pathway of -
barrel proteins in mitochondria. In sharp contrast to the situation in mitochondria,
several Omp85 homologs have been identified in chloroplasts. Among these is Toc75-V,
also known as outer envelope protein 80 (Oep80), which was shown to be essential for
viability in Arabidopsis thaliana (Patel et al., 2008). Phylogenetic analyses suggest that
the two essential proteins Toc75-II1 and Toc75-V evolved from an ancestral cyanoOmp85
by gene duplication. Whilst sequence alignments and comparison of structural predictions
imply that Toc75-V might have retained its ancestral function in the assembly of [3-
barrel proteins, Toc75-111 evolved to form the general entry gate for chloroplast-destined
proteins that are synthesized in the cytosol and have to be imported into chloroplasts
(Day et al., 2014; Soll and Schleiff, 2004). However, so far there is no experimental

support for the putative function of Toc75-V in the biogenesis of B-barrel proteins.
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6.5 Commonalities and disparities in the biogenesis of

B-barrel proteins

Three common characteristics are shared in the biogenesis pathways of B-barrel
proteins between bacteria and mitochondria: (I) insertion into the lipid bilayer from the
internal side of the membrane, (II) participation of soluble chaperones in the periplasm
or IMS, and (III) homology in the central subunit of the assembly complexes (Fig. 1).
Homologs of BamA, the central component of the BAM complex can be found in all
Gram-negative bacteria and in the OM of the eukaryotic organelles mitochondria and
chloroplasts. The most striking similarity among all members of the Omp85 superfamily
is their unique structural organization. It was predicted that the structure contains a
varying number of N-terminal POTRA domains followed by a 16-stranded C-terminal 3-
barrel pore. Indeed, the recent structure determination of BamA from Neisseria
gonorrhoeae and Haemophilus ducreyi confirmed this assumption (Noinaj et al., 2013).

Despite such apparent similarity, comparison of several members of the Omp85
superfamily reveals that the number of POTRA domains varies from one in the
mitochondrial Tob55 to three in the chloroplast homologs Toc75-II1 and Toc75-V,
whereas up to seven POTRA domains were predicted for the Omp85 of Myzococcus
zanthus (Arnold et al., 2010; Sanchez-Pulido et al., 2003). Regardless of the number of
POTRA domains, a comparative study of 567 POTRA domains from all kingdoms of life
identified the most C-terminal POTRA domain as the best conserved one, followed by
the most N-terminal one (Arnold et al., 2010; Simmerman et al., 2014). Accordingly, it
can be speculated that in the process of organelle evolution the mitochondrial Omp85
homolog Tob55 evolved in a way that it retained the most C-terminal POTRA domain
as a minimal motif for B-barrel assembly in mitochondria. This assumption is in line with
the discovery that POTRA domains 1-4 are dispensable for viability in N. meningitidis
and their deletion results in merely mild assembly defects of OM proteins (Bos et al.,

2007). However, in sharp contrast to the situation in N. meningitidis, POTRA domains
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3-5 were shown to be essential in E. coli (Kim et al., 2007). Interestingly, the accessory
lipoproteins of the BAM complex, BamC, BamD and BamE were reported to bind to
POTRA domain 5, whereas the binding of BamB, which is not present in N. meningitidis,
to the BAM complex was affected in a strain deleted for POTRA domains 2-5 (Kim et
al., 2007).

In respect of these differences in the necessity of POTRA domains in the different
organisms, it is also conceivable that Omp85 homologs with multiple POTRA domains
evolved from an ordinary ancestral Omp85 harboring only one POTRA domain. It is still
controversially discussed how the variable number of POTRA domains in the different
Omp85 homologs might be explained. Conspicuously, the number of POTRA domains
seems to correlate with the predicted number of B-barrel proteins in Gram-negative
bacteria, mitochondria and chloroplasts (Habib et al., 2007; Schleiff et al., 2003; Wimley,
2003). On the other hand, the deletion of POTRA domains 1-4 in N. meningitidis had
less effect on the assembly of the 8-stranded B-barrel protein NspA than on that of a 22-
stranded [-barrel protein. This difference might also reflect the requirement for multiple
POTRA domains in order to facilitate an efficient assembly of larger and more complex
substrates (Bos et al., 2007).

Besides the varying number of POTRA domains that can be found among distinct
Omp85 homologs, a crucial discrepancy persists regarding the orientation of the POTRA
domains. Here, an exceptional position is held by chloroplast homologs Toc75-III and
Toc75-V. Whilst the POTRA domains in all other Omp85 homologs protrude into the
periplasm in bacteria or the IMS in mitochondria, a recent study using a split-GFP assay
and electron cryotomography demonstrated that the N-terminal POTRA domains of
Toc75-111/Toc75-V are exposed towards the cytosol (Sommer et al., 2011). This however,
would exclude the putative involvement of the POTRA domains as a receptor or scaffold
in the biogenesis of B-barrel proteins from the inner side of the membrane as it was

previously shown for bacteria and mitochondria. Therefore it remains elusive whether
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the cytoplasmic orientation of the POTRA domains in the chloroplast homologs allows
for the recognition and assembly of incoming B-barrel precursor proteins without even
entering chloroplasts through the TOC complex.

Even though structural data of the POTRA domains in different Omp85 homologs
are available, very little is known about the exact mechanism by which the individual
POTRA domains assist in the assembly of B-barrel precursor proteins. One possible
mechanism that is often discussed is B-augmentation, which describes the interaction of
B-strands of two different proteins by extending the B-sheet motif (Bennion et al., 2010;
Harrison, 1996; Kim et al., 2007; Knowles et al., 2008; Koenig et al., 2010). In this regard
the characteristic Blala2B2B3 secondary structure organization in POTRA domains
might allow for the pairing of the exposed B-sheets with B-sheets in precursor proteins,
thus facilitating a sequential substrate sliding to the core of the corresponding Omp85
homolog. Such mechanism would allow for the recognition and handling of a broad
variety of OM proteins thereby being rather selective for alternating hydrophobic and
polar patches in B-barrel proteins without the demand for a specific linear sequence
information (Gatzeva-Topalova et al., 2008; Knowles et al., 2008).

Apart from the evolutionary conservation in the function and structure among the
members of the Omp85 superfamily, the B-barrel assembly machineries in bacteria and
mitochondria differ regarding their distinct accessory proteins. Although facilitating a
basically similar process, the BAM and the TOB complexes display considerable disparity
regarding the number and the orientation of their accessory proteins. In E. coli, the
lipoproteins BamB, BamC, BamD and BamE are localized on the inner side of the OM
and hence are able to directly interact with the incoming precursor proteins. The two
mitochondrial subunits Tob38 and Mas37, however, are peripherally associated at the
cytosolic side of the MOM and do not show any homology with their bacterial

counterparts.
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6.6 Heterologous expression of -barrel proteins

In accordance with the aforementioned evolutionary relation between bacteria and
mitochondria, previous studies revealed that their dedicated import machineries can
recognize signals in heterologous bacterial and mitochondrial B-barrel proteins (Miiller et
al., 2011; Walther et al., 2010; Walther et al., 2009a). Yet, it is unclear whether this link
also allows mitochondria to recognize and assemble B-barrel proteins of chloroplastic
origin. In this thesis I took advantage of the evolutionary conservation in the biogenesis
of B-barrel proteins and used yeast mitochondria as a model system to study the targeting
of the bacterial trimeric autotransporter adhesin Yersinia adhesin A (YadA) and the two

chloroplast B-barrel proteins Oep24 and Oep3T7.

6.6.1 The trimeric autotransporter Yersinia adhesin A (YadA)

An interesting exception of the consistent B-barrel architecture is constituted by the
trimeric autotransporter adhesins (TAA) of the type Ve secretion system. These proteins
are prevalent among pathogenic Gram-negative bacteria and mediate bacterial adherence
to host cells or extracellular matrix (Grijpstra et al., 2013; Linke et al., 2006). TAAs
form a distinctive lollipop structure on the bacterial surface with a characteristic
tripartite molecular architecture. The N-terminal head domain is connected via a highly
repetitive coiled-coil stalk domain to the C-terminal B-domain (Grijpstra et al., 2013;
Hoiczyk et al., 2000; Linke et al., 2006). In contrast to ordinary B-barrel proteins, the
TAAs assemble into the OM as homotrimers, in which each monomer contributes four
B-stands to the 12-stranded [B-barrel structure, which anchors the adhesins in the
bacterial OM (Fig. 2). This architecture is unique among the class of B-barrel proteins
and cannot be found in eukaryotic cells.

Yersinia adhesin A (YadA) from enteropathogenic Yersinia enterocolitica and

Yersinia pseudotuperculosis strains is the best characterized trimeric adhesin and was
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previously shown to bind laminin, collagen and fibronectin via its N-terminal head
domain (Linke et al., 2006; Tahir et al., 2000; Tamm et al., 1993; Tertti et al., 1992).
With a molecular size of 45 kDa YadA represents a relatively short member of the
trimeric autotransporter adhesins. Upon binding to host cells, YadA triggers interleukin-
8 (IL8) secretion from these cells and was furthermore reported to be the major factor in
serum resistance of Y. enterocolitica by inhibiting activation of the complement system

(Balligand et al., 1985; Linke et al., 2006; Schindler et al., 2012; Schmid et al., 2004).
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Figure 2. Model structure of YadA. The oligomeric structure of full-length YadA (left) displays the

typical TAA architecture composed of an N-terminal head domain, the connecting coiled-coil stalk and
the C-terminal membrane anchor. The individual monomers are shown in blue, yellow and green. Fach of
the monomers contributes four B-strands to the trimeric 12-stranded B-barrel anchor (right). Figure

adopted and modified from (Linke et al., 2006) and (Ackermann et al., 2008).
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6.6.2 Oep24 and Oep37

The chloroplast outer envelope proteins 24 and 37 (Oep24 and Oep37, respectively)
form voltage-dependent high conductance B-barrel pores in the chloroplast OM (Goetze
et al., 2006; Pohlmeyer et al., 1998). Both were predicted to harbor a common 12-
stranded B-barrel conformation, which however differs severely in the size of the soluble
loops. According to the predicted model, Oep37 forms relatively large loops facing both,
the cytosol and the IMS, whereas the individual B-strands in Oep24 seem to be connected
by comparatively short loops (Schleiff et al., 2003). Oep24 was shown to allow the passage
of triose phosphates, dicarboxylic acids, sugars, positively and negatively charged amino
acids, ATP and P; across the outer membrane, thus representing a rather non-selective
pore (Pohlmeyer et al., 1998). This goes in line with the finding that heterologous
expression of Oep24 in yeast can complement the growth phenotype of a deletion of
POR1, encoding the general solute channel in the MOM (Rohl et al., 1999). However,
apart from these findings, the biogenesis pathway of chloroplast $-barrel proteins remains

obscure.
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7 Research objectives

In this thesis I intended to investigate the molecular mechanisms underlying the
biogenesis of B-barrel proteins. To that end, I addressed two major questions: (I) Is the
previously shown evolutionary conservation in the biogenesis of B-barrel proteins between
Gram-negative bacteria and mitochondria also applicable to B-barrel proteins of
chloroplastic origin? (II) Does the recognition and assembly of B-barrel proteins require
the complete B-barrel sequence or does a fragment of a B-barrel contain enough targeting
information?

To address the first question we chose Oep24 and Oep37 as examples for B-barrel
proteins of the chloroplast outer envelope and investigated the sorting of these proteins
upon expression in yeast cells. Here, we were also interested whether these proteins would
share the biogenesis pathway of the endogenous mitochondrial 3-barrel proteins or utilize
an alternative one.

The second topic was investigated by taking advantage of the archetype trimeric
autotransporter protein Yersinia adhesin A (YadA). We wanted to know whether the
mitochondrial Omp85-homolog Tobb5 retained the ability to recognize and assemble such
proteins into the MOM. Furthermore, we intended to gain insight into the yet
unidentified biogenesis pathway of YadA using yeast mitochondria as a model system.

As previous studies suggested an involvement of bacterial chaperones in the biogenesis
pathway of trimeric autotransporter proteins in bacteria, we wondered whether we could
employ yeast mitochondria to study the roles of the bacterial chaperones SecB, SurA and

Skp in the biogenesis of YadA.
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8 Summary of the results

8.1 “Chloroplast B-barrel proteins are assembled into the

mitochondrial outer membrane in a process that depends
on the TOM and TOB complexes”

Previous studies showed that heterologous expression of bacterial B-barrel proteins in
yeast cells results in the proper assembly of those proteins into the MOM (Miiller et al.,
2011; Walther et al., 2009a). In a reciprocal approach the mitochondrial B-barrel protein
Porinl (VDAC1) from Neurospora crassa was assembled into the bacterial OM upon
expression in F. coli (Walther et al., 2010). These findings revealed that the signals in
B-barrel proteins can be processed by both prokaryotic and eukaryotic assembly
machineries. Accordingly, also the chloroplast B-barrel protein Oep24 was reported to be
assembled into the mitochondrial OM upon its expression in yeast (Rohl et al., 1999).
However, since this study did not address the mechanism of such assembly, it remains
obscure whether chloroplast B-barrel proteins share the biogenesis pathway with their
mitochondrial counterparts.

Using in wvitro import into either isolated chloroplasts or mitochondria or by
employing a dual import system, in which radiolabeled precursor proteins were incubated
with both isolated chloroplasts and mitochondria, Oep24 and Oep37 were found in both
membranes. In contrast, the control protein VDAC1 was preferentially integrated into
the MOM (Fig. 3 and 4).

In order to shed light on the biogenesis of the chloroplast B-barrel proteins, we
expressed Oep24 and Oepd7 in S. cerevisiae and examined their intracellular targeting.
Subcellular fractionation revealed that Oep37 is exclusively targeted to mitochondria
(Fig. 5A). To further demonstrate that Oep37 was integrated into the MOM rather than
simply attached to the surface of the organelle we performed carbonate extraction, an
established method to distinguish between membrane-embedded and soluble proteins.

We found Oep3d7 in the pellet fraction together with the mitochondrial membrane
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proteins Tom70 and Porin (Fig. 5B). Accordingly, resistance against externally added
proteinase confirmed that Oep37 was embedded into the lipid bilayer of the MOM (Fig.
5B and C). To exclude targeting of Oep37 to the mitochondrial inner membrane, we
further performed protease protection assays with high concentrations of trypsin. The
formation of proteolytic fragments under these conditions demonstrated cleavage of loops
exposed to the cytosol and thereby OM localization of Oep37 (Fig 5C).

Next, we wondered whether the expression of Oep37 would interfere with crucial
mitochondrial functions. To address this issue we compared the growth rate of cells
expressing Oepd7 to cell harboring an empty plasmid and investigated the mitochondrial
morphology in these cells. However, under all conditions tested, we could not observe an
effect on crucial cellular and mitochondrial processes (Fig 6A). Given that Oep37 was
previously shown to form a voltage-dependent high conductance channel in artificial
membranes, we asked whether it can complement the absence of the general solute
transporter of the mitochondrial outer membrane, Porinl. Indeed, porIA cells expressing
Oep37 partially regained the ability to grow on a nonfermentable carbon source (Fig.
6B), indicating that Oep37 forms pores in the MOM, as it was previously reported for
Oep24 (Rohl et al., 1999).

The endogenous mitochondrial -barrel proteins are initially recognized on the
mitochondrial surface via Tom20 and Tom70, the import receptors of the TOM complex
(Krimmer et al., 2001; Rapaport and Neupert, 1999; Yamano et al., 2008). To address
the dependency of chloroplast B-barrel proteins on these receptors, we employed an in
vitro import assay of radiolabeled Oep24 and Oep37. Proteolytic removal of the exposed
domains of receptors prior to the import reaction affected the membrane integration of
both Oep24 and Oep37 (Fig. TA). In order to verify this effect, we also performed in
vitro imports into mitochondria isolated from strains deleted for either TOMZ20 or
TOM70/71. Under these conditions, the import of both chloroplast proteins was severely

reduced (Fig. 7B). To investigate the in vivo situation, we compared the steady-state
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levels of Oep24 and Oepd7 expressed in WT cells to those in cells lacking either Tom20
or Tom70/71. Interestingly, mitochondria isolated from cells lacking Tom20 displayed
strongly reduced amounts of Oep3d7, whereas the same deletion had no effect on the
steady-state levels of Oep24. In contrast, deletion of TOM70/71 did not influence the
amounts of chloroplast B-barrel proteins in mitochondria (Fig. 7C and D).

Since precursors of B-barrel proteins are translocated across the outer membrane via
the Tom40 pore (Endo and Yamano, 2009; Pfanner et al., 2004; Walther et al., 2009b),
we asked whether this is also true for Oep24 and Oep3d7. To that end we imported
radiolabeled precursors of the chloroplast proteins in the presence of increasing amounts
of the matrix-destined precursor pSu9(1-69)-DHFR. Addition of high concentrations of
this protein blocked the Tom40 pore and thus precluded TOM-dependent import of *S-
Oep24, #S-Oep37 and *S-Porin (Fig. 8).

Following translocation across the Tom40 pore, precursors of [-barrel proteins are
protected from misfolding and degradation in the IMS by the hexameric small Tim
complexes (Hoppins and Nargang, 2004; Wiedemann et al., 2004a). Therefore we
examined the role of the small Tim chaperones in the biogenesis of Oep24 and Oep37.
To that end, we first imported **S-Oep37 and *S-AAC into mitochondria, of which the
OM was ruptured by osmotic swelling to release the small Tim chaperones from the IMS.
As expected, such treatment caused a reduction in the assembly of inner membrane ADP-
ATP carrier (AAC), whereas the assembly of ¥S-Oep37 was not compromised in the
ruptured organelles (Fig. 9A). In agreement with these findings, comparable results were
obtained upon import of #*S-Oep24 and **S-Oep37 into mitochondria isolated from either
control cells or from cells lacking the Tim8/13 complex (Fig. 9B) or alternatively
harboring a temperature sensitive allele of TIM10 (Fig. 9C). To verify these results, we
further expressed Oep24 and Oep37 in these mutant cells and compared their steady-
state levels in crude mitochondria to those in the corresponding parental strains (Fig.

9D). With the exception of Oep24, where the steady-state levels were slightly reduced in
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tim8/15A cells, the results nicely agree with those obtained by the in vitro import. Hence,
the small Tim complexes seem to play a minor role, if at all, in the biogenesis of
chloroplast -barrel proteins.

As the membrane integration of mitochondrial B-barrel proteins heavily depends on
the TOB complex, we further investigated whether the assembly of the chloroplast
proteins Oep24 and Oep37 is facilitated in the same way. Therefore, we performed in
vitro import of the radiolabeled precursor proteins into mitochondria lacking Mas37, a
peripherally associated subunit of the TOB complex. As expected, import into these
mitochondria was significantly hampered in comparison to import into control organelles
(Fig. 10A). A similar effect could be observed upon expression of Oep24 and Oep37 in
yeast cells. The steady-state levels of both proteins were strongly reduced in mas37A
cells (Fig. 10B). Due to the fact that in these strains also the levels of the essential
Tom40 protein were reduced, we aimed to substantiate our findings by demonstrating
direct dependence on the central component of the TOB complex. Since Tob55 is
essential for viability in yeast, we coexpressed Oep37 in a strain where Tobb5 is expressed
under the control of an inducible GAL promoter. In these cells, a switch from galactose-
containing medium to glucose as a carbon source results in a gradual reduction in the
levels of Tob55. We observed that the steady-state levels of Oep37 and the mitochondrial
B-barrel protein Porin dramatically dropped upon the depletion of Tob55, whereas the
level of Tom40 was gradually decreased over a longer period of time (Fig. 10C).

Taken together, these new findings demonstrate that the chloroplast B-barrel proteins
Oep24 and Oep37 are assembled into the MOM in a pathway that comprises recognition
and translocation of precursor proteins by the TOM complex as well as integration into

the lipid bilayer by the TOB complex.



Summary of the results 31

8.2 “Evolutionary conservation in the biogenesis of -barrel
proteins allows mitochondria to assemble a functional

bacterial trimeric autotransporter protein”

Yersinia adhesin A (YadA) belongs to the class of trimeric autotransporter proteins
that mediate bacterial adhesion in numerous pathogenic Gram-negative bacteria. In their
mature trimeric form a 12-stranded -barrel domain anchors the proteins to the bacterial
OM. So far, very little is known about the factors that are involved in the biogenesis of
these proteins. We took advantage of the evolutionary link between bacteria and
mitochondria and investigated the yet unknown biogenesis pathway of the trimeric
autotransporter protein YadA.

To test whether yeast mitochondria can accomplish the recognition and assembly of
the trimeric autotransporter adhesin, we performed subcellular fractionation of cells
expressing an N-terminally HA-tagged version of full-length YadA. As we previously
showed for the truncated membrane anchor of YadA (Miiller et al., 2011), the full-length
protein was exclusively found in the mitochondrial fraction, where it assembled into a
SDS-stable trimeric structure (Fig. 1A). Interestingly, we were also able to detect a
fraction of monomeric YadA, which might represent import intermediates that cannot
be found in the bacterial system (Grosskinsky et al., 2007; Schiitz et al., 2010).

To verify the membrane insertion of YadA, we subjected mitochondria isolated from
cells expressing YadA to carbonate extraction. As expected, trimeric YadA was solely
found in the pellet but we could also observe that a fraction of the monomer appeared
in the supernatant with other soluble proteins (Fig. 1B). In order to examine the topology
of trimeric YadA in the MOM and to investigate the localization of the soluble monomer,
we incubated isolated mitochondria with increasing amounts of externally added protease.
Whilst trimeric YadA was already degraded at low concentrations of proteinase K (PK),
suggesting the exposure of the N-terminus to the cytosol, a portion of the monomer

remained protected from digestion most probably as import intermediates in the IMS
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(Fig. 1C). This hypothesis was then further tested by proteolytic treatment of organelles
where the OM was either left intact or ruptured by hypoosmolaric swelling (Fig. 1D). As
anticipated, the portion of monomeric YadA that was protected from digestion in intact
mitochondria was almost completely degraded upon rupturing the MOM.

The initial step in the import of mitochondrial B-barrel proteins is the recognition of
substrates by the import receptors of the TOM complex (Krimmer et al., 2001; Model et
al., 2001; Rapaport and Neupert, 1999). This dependence on the Tom receptors is shared
by different bacterial B-barrel proteins, but could not be observed in the biogenesis of
the truncated membrane anchor of YadA (Miiller et al., 2011; Walther et al., 2009a).
However, it remains elusive whether the import receptors Tom20 and Tom70 participate
in the biogenesis of full-length YadA. To that end, we expressed YadA in either tom20A
or tom70/71A cells and compared its steady-state levels to those in the corresponding
wild-type strains. Interestingly, the steady-state levels of the full-length protein in
mitochondria lacking Tom20 or Tom?70/71 were comparable to those in wild-type
organelles (Fig. 2A and B). As the biogenesis of YadA is apparently independent of the
Tom receptors, we wanted to verify that the precursors of the TAA are translocated
across the OM via the Tom40 pore. To that end, we expressed YadA in a conditional
Tom40 mutant strain which was previously reported to be hampered in the import of
TOM-dependent precursor proteins (Wenz et al., 2014). Demonstrating the importance
of the Tom40 pore, the levels of YadA were drastically reduced in this strain (Fig. 2C).

As hydrophobic proteins are prone to misfolding and aggregation in the aqueous
environment of the IMS, we asked whether YadA interacts with the mitochondrial small
Tim chaperone complexes Tim8/13 or Tim9/10. To that end, we transformed yeast cells
either deleted for both TIMS& and TIM13 or harboring a temperature-sensitive allele of
TIM10 with a plasmid encoding YadA and monitored the levels of YadA in the crude
mitochondrial fraction. Whereas the amount of YadA in tim8/15A cells was comparable

to those in wild-type cells, a clear reduction could be observed in the tim10ts-cells (Fig.
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2D and E). Hence, the biogenesis of YadA depends on the soluble Tim9/10 complex in
the IMS.

In a previous report, the assembly of YadA into the bacterial OM was suggested to
depend on BamA (Lehr et al., 2010). Since Tob55 is the mitochondrial homologue of
BamA, we next analyzed the relevance of the TOB complex for the proper membrane
assembly of YadA. To that end, we transformed cells lacking Mas37, a non-essential
peripheral subunit of the TOB complex with a plasmid encoding YadA and compared
the steady-state levels with the corresponding parental strain. Mitochondria isolated from
those cells exhibited dramatically reduced amounts of YadA, displaying the dependency
on a functional TOB complex (Fig. 2F). To substantiate this finding, we analyzed the
levels of YadA in a strain where Tob55 is under control of an inducible GAL promoter.
To gradually deplete Tob55 in those cells, we switched from galactose- to glucose-
containing medium and monitored the steady-state levels of YadA after certain periods
of time. Upon the disappearance of the Tob55 signal, also no trimeric YadA could be
observed anymore (Fig. 2G). Of note, the depletion of Tob55 had only minor effect on
the levels of monomeric YadA. Thus, a functional TOB complex is essential for the
trimerization and thereby proper assembly of YadA into the MOM.

The biogenesis pathways of B-barrel proteins in bacteria and mitochondria share the
involvement of soluble chaperones in the periplasm or the IMS. However, the knowledge
about the roles of periplasmic chaperones in this process is mainly based on conflicting
results in E. coli and N. meningitidis. A major drawback of the bacterial system in
investigating chaperone function is that the deletion of a single chaperone might either
lead to the compensation by another one or result in pleiotropic effects. Thus, we used
yeast mitochondria as a model system to investigate the effects of the bacterial
chaperones SecB, SurA and Skp on the biogenesis of YadA. To that end, we co-expressed
YadA together with SecB or mitochondrially-targeted versions of SurA and Skp (mtSurA,

mtSkp) in yeast cells. Next, we verified correct targeting of the chaperones to the desired
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cellular and mitochondrial compartment (Fig. 3A, C and D). In order to estimate the
relative amounts of SurA and Skp in the IMS we compared their levels in mitochondria
to those in E. coli cells (Fig. 3A). Next, we examined the contribution of the individual
chaperones to the biogenesis of YadA. Interestingly, the co-expression of YadA and
mtSkp led to a drastic increase in the levels of both trimeric and monomeric YadA,
whereas neither SecB nor mtSurA showed such an effect (Fig. 4A). A similar increase
could also be observed for the bacterial B-barrel protein PhoE, although not as
pronounced as in the case of YadA (Fig. 4C). Since the levels of the mitochondrial -
barrel proteins were not altered in the presence of Skp, we aimed to substantiate the
specificity of the chaperone effect by using in vitro import into mitochondria harboring
mtSkp. Reflecting the in vivo situation, the presence of mtSkp did not increase the import
of the radiolabeled mitochondrial B-barrel proteins Porin and Tom40 (Fig. 4B). To
examine a conceivable synergistic effect of the chaperones, we compared the strain
harboring YadA and mtSkp to a strains simultaneously co-expressing YadA with all
three chaperones (SecB, mtSurA and mtSkp). This latter strain displayed a marginal
increase in the levels of YadA, which could however also result from slightly elevated
levels of mtSkp (Fig. 4D). We further asked whether the enhanced levels of YadA also
influence the oligomerization behavior of the protein. To that end, we performed protease
protection assays and carbonate extraction. Although, the levels of monomer and trimer
were drastically increased, both species behaved similar to the situation when YadA was
expressed alone (Fig. 4E and F).

The aforementioned findings left open the question of how mtSkp causes such highly
elevated levels of YadA. This could be due to either an improved biogenesis or the
protection of precursor proteins from degradation. To test the second hypothesis, we
blocked protein translation by addition of cycloheximide to the cell culture and monitored
the steady-state levels of YadA after various periods of incubation. Such treatment led

to almost complete degradation of the monomeric form already after 30 min. Similar
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results could be observed for a strain co-expressing mtSurA. However, the presence of
mtSkp resulted in a stabilization of monomeric YadA (Fig. 5A). Since the AAA-protease
Ymel is known to degrade mitochondrial proteins in the IMS (Leonhard et al., 1999),
we repeated the cycloheximide treatment in a strain deleted for this protease. Indeed,
the absence of Ymel reduced the degradation of monomeric YadA by 2-3-fold, thus
substantiating the role of Skp in stabilization of YadA precursors in the IMS (Fig. 5B).
To further test the direct interaction of Skp and YadA, we solubilized mitochondria co-
expressing YadA-HA and mtSkp and performed pull-down assays using anti-HA beads.
Supporting the previous results, we could pull-down mtSkp together with YadA-HA (Fig.
5C). In a reciprocal approach using antibodies against Skp, we were able to co-
immunoprecipitate YadA-HA together with mtSkp (Fig. 5D). Hence, the periplasmic
chaperone Skp directly binds percursors of YadA in the IMS and protects them from
degradation.

To figure out whether the observed stabilizing effect of Skp depends on the interaction
with the passenger domain, we also investigated the effects of the different bacterial
chaperones on the membrane-anchor domain of YadA (YadA-MA). In agreement with
the results with the full-length protein, solely the co-expression with mtSkp resulted in
highly elevated levels of YadA-MA in mitochondria (Fig. 6A). Accordingly, the presence
of mtSkp led to the stabilization of monomeric YadA-MA, although not to the same
extent as we observed for full-length YadA (Fig. 6B). Simultaneous expression of all the
three chaperones with YadA-MA did not further increase the protein levels when
compared to expression of YadA-MA and Skp alone (Fig. 6C). Cycloheximide treatment
of ymelA-cells revealed that Skp also functions in stabilizing the membrane-anchor
domain of YadA (Fig. 6D). In summary it appears that even though Skp can interact
with the truncated version of YadA, the presence of the passenger domain enhances the

interaction.
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9 Discussion

Beta-barrel proteins probably evolved from duplication events of an ancestral Bf3-
hairpin motif. Such duplications apparently gave rise to the broad variety of B-barrel
proteins that can be found in the outer membranes of Gram-negative bacteria,
mitochondria and chloroplasts (Remmert et al., 2010). Their exclusive occurrence in these
membranes can be explained by the endosymbiotic theory, according to which the
eukaryotic organelles mitochondria and chloroplasts descend from the engulfment of
bacterial ancestors into progenitors of the eukaryotic cell over one billion years ago (Gray,
2011; Gray et al., 1999; McFadden, 2001). It is remarkable that despite the long process
of organelle evolution all membranes harboring (-barrel proteins retained a member of
the Omp85 superfamily to facilitate the assembly of these proteins into the OM (Gentle
et al., 2004; Simmerman et al., 2014; Walther et al., 2009b). Interestingly, heterologous
expression revealed that this evolutionary link allows the -barrel assembly machineries
in bacteria and mitochondria to recognize and process signals in prokaryotic and
eukaryotic B-barrel proteins (Kozjak-Pavlovic et al., 2011; Miiller et al., 2011; Walther
et al., 2010; Walther et al., 2009a).

So far, it remains unclear whether the evolutionary conservation in the biogenesis of
these proteins between bacteria and mitochondria can also be extended to [-barrel
proteins of chloroplastic origin. To address this question, we expressed the chloroplast -
barrel proteins Oep24 and Oep37 in yeast cells. We demonstrated that the proteins were
exclusively targeted to mitochondria, where they got assembled into the MOM in a
process that includes recognition by the Tom receptors, translocation across the OM
through the Tom40 pore and finally insertion into the lipid bilayer by the TOB complex.
Collectively, they follow a similar biogenesis pathway as the endogenous mitochondrial
B-barrel proteins and thus have to contain all the information required for their
recognition as substrates by the mitochondrial import machineries. This also suggests

that the yet unidentified chloroplast B-barrel assembly machinery uses similar signals as
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the mitochondrial TOB complex. In this respect our results substantiate the assumption
that such information can be rather found in structural elements than in a specific
mitochondrial sequence motif.

The fact that both Oep24 and Oep37 were imported in vitro into chloroplasts and
mitochondria isolated from plant cells raises the question of how these cells avoid
mistargeting of mitochondrial B-barrel proteins to chloroplasts and vice versa. One way
to explain such specific targeting is to assume that differences between plant
mitochondria and their yeast counterparts allow the former to discriminate between the
substrates. Here, it is important to take into consideration that despite the conservation
of the pore forming components in the mitochondrial inner and outer membranes across
all eukaryotic kingdoms, conspicuous divergence exists in the mitochondrial import
receptors between plants and fungi (Duncan et al., 2012). Whilst in plant mitochondria
a homologue of Tom20 is missing, the equivalent protein of similar size and function
displays remarkable difference in domain organization. A truncated version of Tom22
that can be found in plant mitochondria is even lacking the whole cytosolic domain
(Jansch et al., 1998; Macasev et al., 2000; Perry et al., 2008). Moreover, the absence of
Tom70 from the plant TOM complex is thought to be compensated by the unrelated
import receptor OM64 (Chew et al., 2004; Duncan et al., 2012). However, apart from
these differences, the import receptors of plant and yeast mitochondria seem to recognize
a similar set of substrate proteins and thus the distinction of B-barrel proteins on the
basis of these receptors seems unlikely.

Another possible explanation is based on the fact that chloroplasts are predominant
in plant cells and thus expose a much larger surface to newly synthesized precursor
proteins than mitochondria. Assuming free diffusion of these proteins in the cytosol,
distribution of B-barrel protein based on the number of potential binding sites on the
surface of the organelles would demand some kind of bouncing-off mechanism for

mitochondrial B-barrel proteins in chloroplasts.
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However, these mechanisms would probably not meet the necessary requirements to
ensure the efficient and specific targeting to the right organelle. Considering that, it
would be rather beneficial for the plant cell to avoid any contact of mitochondrial -
barrel proteins with chloroplasts and vice versa. It is assumed that plant cells evolved
by the incorporation of a cyanobacterium into an ancestral eukaryotic cells that already
contained mitochondria. Therefore it appears conceivable that whilst mitochondrial -
barrel proteins followed a default pathway, the recently affiliated chloroplasts had to
adapt in order to avoid this destination. A solution to this problem would be specific
mRNA localization to the organelle and cotranslational import of certain chloroplast
proteins. Although, so far only scant attention has been given to this issue, fluorescence
in situ hybridization (FISH) and immunofluorescence microscopy (IF) revealed that
mRNA encoding a subunit of the light harvesting complex II (LHCII) and 80S ribosomes
colocalize at distinct regions of the chloroplast (Uniacke and Zerges, 2009; Weis et al.,
2013). However, experimental evidence if such targeting pathway also exists for
chloroplast B-barrel proteins is still lacking.

The discrimination between the two pools of B-barrel proteins could also be achieved
by utilization of a distinct subset of cytosolic factors that guide chloroplast precursors to
their particular target organelle. A challenge in future studies will be the identification
of these putative factors. In case such mechanism exists, it remains to be explored how

these factors recognize specifically chloroplast B-barrel proteins.

We further demonstrated that the evolutionary link between bacteria and
mitochondria allows the latter to assemble trimeric prokaryotic B-barrel proteins in their
functional form although such proteins are completely absent in eukaryotes. Taking
advantage of this surprising capacity, yeast mitochondria provide a useful model system
to shed light on the biogenesis of trimeric autotransporter adhesins. In addition to a

detailed dissection of the biogenesis pathway this further allowed us to investigate the
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potential contribution of single chaperones to the overall biogenesis of YadA. In this way
we could show that upon expression in yeast cells YadA is targeted to mitochondria
where it assembles into the OM in its native functional trimeric form. This assembly was
highly dependent on the TOB complex. In contrast to the bacterial system, we were able
to detect a partially soluble monomeric form of YadA in the IMS. This monomer was
rather unstable and eventually degraded by mitochondrial proteases. Interestingly, co-
expression of the periplasmic chaperone Skp with full-length YadA or with the membrane
anchor of YadA resulted in significantly elevated levels of both the trimeric and
monomeric species (Fig. 3). We could demonstrate that Skp stabilizes the precursor
proteins in the IMS and therefore protects them from degradation by mitochondrial
proteases. Similar effects were not observed for co-expression with other bacterial
chaperones like SecB or SurA.

Of note, contradictory results exist about the different roles of bacterial chaperones
in the biogenesis of OMPs and little is known about their importance in the biogenesis
of TAAs (Grijpstra et al., 2013; Hagan et al., 2011; Volokhina et al., 2011). Our findings
provide, for the first time, an indication for the involvement of the periplasmic chaperone
Skp in the biogenesis of these proteins. However, future studies have to confirm whether
these results also hold true in the bacterial system.

In bacteria, Skp was reported to assist the biogenesis of OMPs by specific binding to
unfolded precursor forms and thereby preventing their unproductive aggregation or
degradation in the periplasm (Grijpstra et al., 2013; Walton et al., 2009). The biogenesis
of only certain E. coli OMPs was suggested to depend on Skp and the chaperone was
assumed to mainly sequester precursors that have fallen off the favored SurA route. In
contrast to this, a recent study in N. meningitidis has revealed an important role for Skp
but not for SurA or DegP in the biogenesis of OMPs (Hagan et al., 2011; Schwalm et al.,
2013; Volokhina et al., 2011). The capacity of Skp to stabilize the monomeric form of

YadA suggests a similar role in the biogenesis of YadA. These results are in line with the
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recent findings that Skp plays an important role in the early stages of the periplasmic
transit of the autotransporter EspP (leva et al., 2011). In contrast to the effect of Skp
on the stability of YadA in the IMS, we could not observe such an effect upon co-
expression of the periplasmic chaperone SurA. Recent studies described the interaction
of SurA with POTRA domain 1 of BamA (Simmerman et al., 2014; Sklar et al., 2007b;
Vuong et al., 2008). As the single POTRA domain of the mitochondrial homolog Tob55
is thought to correspond to POTRAS5 of BamA, it might also be conceivable that in the

yeast model system SurA was simply unable to bind to the TOB complex (Fig. 3).
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Figure 3. Yeast mitochondria as a model system to study the biogenesis of YadA

Upon transit across the periplasm, the BAM machinery is crucial for recognition of
autotransporters at the OM and for the subsequent assembly of the membrane-anchor
domain into the lipid bilayer. Although a recent study identified the translocation and
assembly module (TAM) to be responsible for the membrane integration of certain

autotransporter proteins, it is currently unknown whether this system is also involved in



42 Discussion

the biogenesis of TAAs (Selkrig et al., 2012). At least the heterologous expression of
YadA in E. coli argues against this idea, since its membrane assembly was shown to
depend on BamA (Lehr et al., 2010). Little is known about how the BAM complex
facilitates the translocation of the passenger domain across the OM and in which way
the BAM subunits are involved in this process (Leo et al., 2012; Leyton et al., 2012;
Pavlova et al., 2013; Sauri et al., 2011). Interestingly, our results demonstrated that the
presence of the mitochondrial BamA homolog Tob55 can facilitate the targeting and
assembly of YadA in its native functional conformation, although the BAM and TOB
complexes display rather limited similarity in the accessory proteins. Accordingly, the
BAM subunits BamB-E seem not to be absolutely necessary for these biogenesis steps.
Most probably the presence of these components results in comparatively better kinetics
in substrate assembly, since in the bacterial system intermediate forms of YadA could
not be detected. Considering this, it is remarkable that the evolutionary conservation in
the central components that facilitate the assembly of B-barrel proteins in bacteria and
eukaryotes provides yeast mitochondria with the capacity to correctly fold and integrate
TAAs into the MOM, although such exceptional proteins are completely absent from
eukaryotes.

For a long time it has been under debate at which stage the individual subunits of
TAAs come together in order to form the 12-stranded B-domain. The models range from
early oligomerization in the periplasm to full trimerization only upon membrane
integration of each of the three monomers. Our inability to detect trimeric YadA which
is both soluble and protected from externally-added protease suggests that the
trimerization process occurs only at the membrane, probably upon interaction with the
TOB complex. This would be in line with the recent finding that precursors of
mitochondrial B-barrel proteins do not acquire their B-barrel structure before they

interact with the TOB complex (Qiu et al., 2013).
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Collectively, our findings suggest that the common ancestry of bacteria and
mitochondria allows the latter to recognize and process prokaryote-specific substrates.
The evolutionary conservation in the biogenesis of 3-barrel proteins allows the usage of
yeast mitochondria as a model system to investigate the biogenesis pathways of TAAs
and to gain insight into the potential involvement of periplasmic chaperones in these

processes.
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(Bacl(ground: The signal that ensures the specific targeting of B-barrel proteins to either mitochondria or chloroplasts is

Results: Chloroplast B-barrel proteins can be assembled ix vitro into the mitochondrial outer membrane.
Conclusion: The mitochondrial import machinery can recognize and process chloroplast B-barrel proteins as substrates.
Significance: Dedicated targeting factors had to evolve in plant cells to prevent mis-sorting of chloroplast 3-barrel proteins to

N
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Membrane-embedded f3-barrel proteins are found in the
outer membranes (OM) of Gram-negative bacteria, mitochon-
dria and chloroplasts. In eukaryotic cells, precursors of these
proteins are synthesized in the cytosol and have to be sorted
to their corresponding organelle. Currently, the signal that
ensures their specific targeting to either mitochondria or chlo-
roplasts is ill-defined. To address this issue, we studied targeting
of the chloroplast B-barrel proteins Oep37 and Oep24. We
found that both proteins can be integrated in vitro into isolated
plant mitochondria. Furthermore, upon their expression in
yeast cells Oep37 and Oep24 were exclusively located in the
mitochondrial OM. Oep37 partially complemented the growth
phenotype of yeast cells lacking Porin, the general metabolite
transporter of this membrane. Similarly to mitochondrial
B-barrel proteins, Oep37 and Oep24 expressed in yeast cells
were assembled into the mitochondrial OM in a pathway
dependent on the TOM and TOB complexes. Taken together,
this study demonstrates that the central mitochondrial compo-
nents that mediate the import of yeast 3-barrel proteins can deal
with precursors of chloroplast 3-barrel proteins. This implies
that the mitochondrial import machinery does not recognize
signals that are unique to mitochondrial f3-barrel proteins. Our
results further suggest that dedicated targeting factors had to
evolve in plant cells to prevent mis-sorting of chloroplast f3-bar-
rel proteins to mitochondria.

In addition to the outer membrane (OM)? of Gram-negative
bacteria, membrane-embedded B-barrel proteins are found
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also in the OM of the endosymbiotic organelles, mitochondria
and chloroplasts. Compared with the diversity of B-barrel
membrane proteins in prokaryotes, the number of organellar
OM proteins confirmed to have this structural type is rather
limited. In Saccharomyces cerevisiae, bakers’ yeast, only five
members have been identified: Tom40, Tob55/Sam50, two iso-
forms of Porin/VDAC, and Mdm10. The number of character-
ized B-barrel proteins in chloroplast OM is not much higher,
although sequence analysis predicted the presence of many
such proteins in this membrane (1). Some of those (for example,
outer envelope proteins OEP21, OEP24, and OEP37) were pro-
posed to function as pores for small metabolites, and their dis-
tinct substrate specificities may point to discrete roles in vari-
ous metabolic processes (2, 3). The chloroplast OM harbors
also Toc75, a B-barrel protein with several isoforms in Arabi-
dopsis thaliana (4). Toc75 (Toc75-111 in A. thaliana) forms the
protein-conducting pore of the translocase of the OM of chlo-
roplasts (TOC complex) (5, 6).

Newly synthesized mitochondrial B-barrel precursor pro-
teins are devoid of canonical N-terminal presequences or any
other characterized linear targeting signal. They are initially
recognized by the Tom20 and Tom22 receptor components of
the translocase of the outer mitochondrial membrane (TOM
complex) before their translocation across the OM via the
import pore of this complex. Next, these proteins are relayed to
the dedicated complex for topogenesis of outer membrane
B-barrel proteins (TOB complex, also known as sorting and
assembly machinery), which mediates their assembly into the
OM. The known components of the TOB core complex are
Tob55/Sam50/Omp85, Tob38/Sam35, and Mas37/Tom37/
Sam37. On their way from the TOM to the TOB complex, the
B-barrel precursors are exposed to the intermembrane space
(IMS) where they interact with the small Tim chaperones (for
detailed reviews see Refs. 7-9).

In contrast to our detailed picture on the biogenesis of B-bar-
rel proteins in mitochondria, relatively little is known about
their assembly pathways in chloroplasts. Specific signals for tar-
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geting of most B-barrel proteins to the chloroplast have not yet
been identified. An interesting exception is provided by the
unique biogenesis pathway of the precursor of Toc75-II1. This
precursor protein is synthesized with an N-terminal extension,
which functions as a bipartite transit peptide and is processed
during maturation (10, 11). The first portion of the targeting
signal directs the precursor protein to the chloroplast stroma
where it is cleaved by a stromal processing peptidase (10). The
second portion functions probably as a stop-transfer segment
and was found to be processed by a type I signal peptidase (12).
The overall import pathway of Toc75-1II seems to support the
idea that sorting of B-barrel membrane proteins of chloroplasts
occurs in a manner similar to that of mitochondria. The Toc75-
III precursor is first completely translocated across the outer
envelope by the TOC complex and thus is likely inserted from
the inner face into the lipid phase of the OM. Another Toc75
isoform (Toc75-V/OEP80 in A. thaliana) was speculated to be
involved in the membrane integration of chloroplast OM
B-barrel proteins; however, experimental evidence to support
this proposal is still lacking. In any case, this isoform is not a
component of the TOC complex (13). Surprisingly, the N-ter-
minal region of Toc75-V is not essential for the targeting, bio-
genesis, or functionality of the protein suggesting that Toc75-
III and Toc75-V do not follow the same targeting pathway (14).
Thus, currently Toc75-111 is the only known protein in the OM
of chloroplasts or mitochondria with a cleavable targeting
sequence. Hence, the question regarding how the vast majority
of the B-barrel proteins of chloroplasts and all those of mito-
chondria is targeted to their respective organelle is still an open
one.

Bacterial B-barrel proteins can be targeted to mitochondria
when expressed in eukaryotic cells suggesting that signals in
these proteins are functional in eukaryotic cells for targeting to
and assembly in mitochondria (15-18). In addition, previous
studies failed to identify a linear sequence that functions as an
intracellular targeting signal for mitochondrial 3-barrel pro-
teins (9). These findings indicate that the signal for targeting of
B-barrel precursors to mitochondria is probably not confined
to a single linear sequence but rather involves structural ele-
ments unique to membrane-embedded 3-barrel proteins. Sup-
porting this assumption is a report that the chloroplast 3-barrel
protein Oep24 was integrated into the mitochondrial OM upon
its expression in yeast cells (19). However, the mechanism of
such assembly was not studied, and therefore, it is not clear
whether a chloroplast B-barrel can be recognized and pro-
cessed by the same elements that mediate the biogenesis of
mitochondrial B-barrel proteins.

To better understand the specific targeting of these proteins,
we expressed the chloroplast B-barrel proteins Oep37 and
Oep24 in yeast cells and studied their biogenesis in this system.
The proteins were located exclusively in mitochondria where
they assembled into the OM. In vitro experiments revealed that
both Oep24 and Oep37 were first translocated across the OM
by the TOM complex and then integrated into the outer mem-
brane by the TOB complex. Collectively, our results suggest
that chloroplast B-barrel proteins can be imported into the OM
in a similar pathway to that undertaken by the bona fide mito-
chondrial B-barrel proteins. Thus, these findings imply the fol-
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lowing: (i) the mitochondrial import machinery does not rec-
ognize signals that are unique to mitochondrial B-barrel
proteins, and (ii) dedicated targeting factors had to evolve in
plant cells to avoid mis-targeting of these proteins to
mitochondria.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Methods—Standard genetic tech-
niques were used for growth and manipulation of yeast strains.
The wild-type strains YPH499 and W303a were employed. The
tom20A, mas37A, and tim8A/tim13A strains were described
before (Refs. 17, 20, 21, respectively). The tom70A/tom71A
double-deletion strain is a kind gift of Dr. K. Okamoto (22). For
drop-dilution assays, yeast cells were grown in synthetic
medium to an A, of 1.0 and diluted in 5-fold increments, and
then 5 ul of each dilution were spotted onto solid media, and
growth was monitored for a few days.

Recombinant DNA Techniques—QOep37 and Oep24 were
amplified from pea cDNA using standard PCR techniques and
subsequently cloned into pGEM4 for cell-free transcription
and translation. In addition, Oep37- and Oep24-encoding
sequences were cloned into the yeast expression vectors
pYX242 or pYX142, respectively. VDACI1 was amplified from
A. thaliana cDNA and cloned into pGEM4 for in vitro tran-
scription and translation. ALDH and OE33 constructs for in
vitro import experiments were previously described (23, 24).

The constructs for the self-assembly GFP assays were ampli-
fied from A. thaliana cDNA using standard PCR techniques
and subsequently cloned into the pAVA plasmid (25) contain-
ing the fragments for saGFP11 (N-/C-terminal) or saGFP(1-
10). Templates for the saGFP(1-10) and saGFP11 fragments
were obtained from Dr. G. S. Waldo (Los Alamos, NM).

Mitochondria Isolation and Subcellular Fractionations of
Yeast Cells—Mitochondria were isolated from yeast cells
grown on galactose-containing medium by differential centrif-
ugation as described (26). For isolation of mitochondria from
temperature-sensitive mutants and their parental strains, cells
were grown at 24 °C, unless otherwise stated. For highly pure
mitochondria, a Percoll gradient purification was performed.
For that goal, isolated mitochondria were layered on top of a
self-forming gradient (25% Percoll in an SEM buffer (250 mm
sucrose, 1 mm EDTA and 10 mm MOPS, pH 7.2)) and centri-
fuged (80,000 X g, 45 min, 4 °C) (16). Mitochondrial fraction
from the lower third of the gradient was collected and resus-
pended in 30 ml of SEM buffer and reisolated by centrifugation
(15,000 X g, 15 min, 4 °C). Microsomes were isolated from
yeast cells by differential centrifugation. After obtaining the
first mitochondrial pellet, the supernatant was centrifuged
(15,000 X g, 15 min, 4 °C) again to avoid contaminations by
mitochondrial elements. The post-mitochondrial fraction
was subjected to a centrifugation (100,000 X g, 1 h, 4 °C), and
the pelleted microsomes were resuspended in SEM buffer.

Biochemical Procedures—Radiolabeled precursor proteins
were synthesized in rabbit reticulocyte lysate in the presence of
[**S]methionine (PerkinElmer Life Sciences) after in vitro tran-
scription by SP6 polymerase from pGEM4 vector (Promega).
Radiolabeled precursor proteins were incubated at 25 °C with
isolated yeast mitochondria in an import buffer (250 mm
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FIGURE 1. Chloroplast -barrel protein Oep37 is exclusively targeted in
vivo to chloroplast outer envelopes and possesses an N;,-C;,, topology.
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sucrose, 0.25 mg/ml BSA, 80 mm KCI, 5 mm MgCl,, 10 mm
MOPS-KOH, 2 mm NADH, 2 mMm ATP, pH 7.2). Organelles
isolated from mas37A and TIM10-1 strains or from their cor-
responding parental strains were incubated at 37 °C for 15 min
before initiating the import reaction.

Plant Organelle Isolation and Biochemical Assays Employing
These Organelles—Import of the translated **S-labeled precur-
sor proteins into isolated pea chloroplasts was performed as
described before (27). Pea mitochondria for single import
assays were isolated according to published procedure (28), and
single in vitro import experiments were done as described pre-
viously (29). After import (30 min, RT), the organelles were
reisolated and subsequently treated with 0.1 m Na,CO,, pH
11.5, with or without the addition of Triton X-100 (1%) and
incubated for 30 min on ice. Subsequently, they were centri-
fuged (100,000 X g, 20 min, 4 °C), and the pellet fractions were
analyzed by SDS-PAGE and autoradiography.

Isolation of pea chloroplasts and mitochondria for dual in
vitro import was performed according to Rodiger et al. (30).
Dual import reactions were done for 30 min at 25°C as
described (31). At the end of the import reactions, the organ-
elles were treated with a final concentration of 120 pg/ml ther-
molysin or 5 ug/ml proteinase K in dual import buffer supple-
mented with 50 mm CaCl, and incubated on ice for 30 or
15 min, respectively. The proteolytic digestion was stopped by
10 mm EDTA, pH 8.0, for thermolysin and 10 mm PMSF for
proteinase K. The organelles were repurified and analyzed by
SDS-PAGE and autoradiography. For sodium carbonate and
Triton X-100 treatment, the organelles were repurified directly
after import, subsequently treated with sodium carbonate
buffer (0.1 m Na,CO,, pH 11.5, 1 mM EDTA) in the presence or
absence of 1% Triton X-100, and incubated on ice for 30 min.
The samples were then centrifuged (100,000 X g, 30 min, 4 °C),
and the pellet fractions were analyzed by SDS-PAGE and auto-
radiography. The purity of organelles after dual import was
analyzed using one-half of each import reaction sample for
immunodecoration with antibodies against psToc75 and atV-
DACI (Agrisera).

Proteolytic digestion of pea chloroplast outer envelope vesi-
cles (isolated according to Ref. 32) was performed as described
before (33). The samples were incubated on ice with thermoly-
sin or PK for 30 or 15 min, respectively. Envelope vesicles were
recovered by centrifugation (100,000 X g, 30 min, 4 °C) and
subsequently analyzed via SDS-PAGE and immunodecoration.

Theindicated constructs were co-transfected into A. thaliana protoplasts that
were subsequently analyzed by confocal fluorescence microscopy. The GFP
fluorescence (GFP), the autofluorescence of chlorophyll, the overlay of all fluo-
rescence signals, and the differential interference contrast image (DIC) are
shown for a representative example. A, two saGFP fragments were targeted
to the cytoplasm (CYT-S11 and CYT(1-10), top panel), to the chloroplasts IMS
(Tic22-511 and Mgd1(S1-10), middle panel), or to the outer envelope of chlo-
roplasts (Oep7-S11 and CYT(S1-10), bottom panel). B, two saGFP fragments
were targeted to the mitochondrial IMS (S11-VDAC3 and Tim50(S1-10)). A
staining of mitochondria with MitoTracker is shown. C, Oep37 either N- or
C-terminally fused to saGFP11 (S11-Oep37 or Oep37-S11, respectively) was
co-expressed with the chloroplast IMS-located Mgd1(S1-10). The middle
panel shows an isolated chloroplast after osmolysis of protoplasts. D, S11-
Oep37 fusion proteins were co-expressed with either cytosolically localized
S1-10 (CYT(1-10)) or with S1-10located in the mitochondrial IMS (Tim50(S1-
10)). As another control, VDAC3 fused to saGFP11 (S11-VDAC3) was co-ex-
pressed with the chloroplast IMS-located Mgd1(S1-10).
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FIGURE 2. GFP signal is not observed when the two fragments are not in
the same compartment. The indicated constructs were co-transfected into
A. thaliana protoplasts that were subsequently analyzed by confocal fluores-
cence microscopy. The GFP fluorescence after GFP assembly (GFP), the auto-
fluorescence of chlorophyll, and the differential interference contrast image
(DIC) are shown for a representative example. A, large fragment was targeted
to the chloroplast IMS (MGD1(S1-10)), whereas the small one was targeted to
either the cytosol (CYT-S117) or the chloroplast stroma (pSSU-S17). B, large
fragment was targeted to the mitochondrial IMS (Tim50(S1-10)), whereas the
small one was targeted to either the cytosol (CYT-511) or the mitochondrial
matrix (F13-S11).

Protoplast Isolation, Transfection, and saGFP Analysis—A.
thaliana mesophyll protoplasts were isolated and transfected
as described (33). GFP and chloroplast fluorescence was mon-
itored by confocal laser scanning microscopy using a TCS SP5
microscope (Leica) withan HCX PL APO CS40 X 1.25NA 1.25
oil objective. Fluorescence was excited and detected as follows:
GFP 488/505-525 nm, chlorophyll fluorescence 514/650—-750
nm.

RESULTS

Chloroplast B-Barrel Protein Oep37 Is Assembled into the
Mitochondrial OM—To understand how specific targeting of
B-barrel proteins can be achieved in plant cells, we used the
model protein Oep37. To study the location of this protein in
vivo, we utilized the recently established sa-GFP system where
the first 10 B-strands of GFP are fused to one protein while the
complementing 11th B-strand is attached to another protein.
Only if the two proteins, to which the GFP fragments are fused,
are located in the same cellular compartment can a GFP signal
be observed (34). As expected, if both fragments were in the
cytosol or the IMS of chloroplasts was a GFP signal observed in
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FIGURE 3.0ep37 can beimported in vitro into chloroplasts and mitochon-
dria. Radiolabeled Oep37 was incubated for 30 min at RT with either isolated
pea chloroplasts (A) or isolated mitochondria (B). Membrane insertion was
assayed by the resistance to carbonate treatment (CO2 ") in the presence or
absence of Triton X-100 (Tx). An aliquot (5%) of the translation product (TP)
used for each import reaction was loaded as control. The bands correspond-
ing to Oep37 are indicated with an arrowhead. C, purity of the isolated mito-
chondria (M) or chloroplasts (C) was monitored by analyzing 10 ug of total
organellar protein by SDS-PAGE followed by immunodecoration, using
organelle-specific antibodies (a-VDAC for mitochondria and «-Toc75 for
chloroplasts). The bands corresponding to the marker proteins are indicated
with an arrowhead, whereas unspecific bands resulting from cross-reactivity
of the antibodies are marked with an asterisk.

the corresponding compartment (Fig. 1A). Similarly, a signal
was obtained when both parts of the GFP were localized in the
mitochondrial IMS (Fig. 1B). Next, strand 11 of GFP was fused
to either the N or C terminus of Oep37, and the fusion protein
was co-expressed with Mdg1(S1-10) that positions strands
1-10 in between the outer and inner membranes (33). Both
combinations resulted in a distinct GFP staining of the chloro-
plasts (Fig. 1C). Of note, no signal was observed when the frag-
ment containing strands 1-10 was located either in the cytosol
or in mitochondria (Fig. 1D). As expected, also the control com-
bination of Mdgl1(S1-10) in chloroplasts and S11-VDACS3 in
mitochondria did not result in a GFP signal (Fig. 1D). Further
control experiments demonstrated that false-positive signal
was not observed in other cases where both fragments were not
in the same compartment (Fig. 2). Thus, Oep37 is located in
vivo solely in chloroplast OM where its two termini are facing
the intermembrane space. Interestingly, Oep37 was detected in
isolated chloroplasts before (1, 2), but it was predicted to have
converse topology (1). Thus, to validate our method, we fused
the S11 fragment to the C terminus of the single-span mem-
brane protein Oep7 that was reported to havea C_, orientation
(35). As expected, co-expression of this protein with the cyto-
solic S1-10 fragment gave a GFP signal (Fig. 1A, bottom panel).
Thus, the absence of a signal upon co-expression of Oep37-S11
and cytosolic S1-10 is not a technical problem of the used
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FIGURE 4. Oep37 and Oep24 are targeted in vitro in a dual system to the
OM of mitochondria and chloroplasts. A, single (lanes 2-4) and dual (lanes
5-13) import of rabbit reticulocyte-translated pOE33 or pALDH into isolated
pea chloroplasts (chloro) (lanes 2-6, 10, and 11) and mitochondria (mito)
(lanes 7 and 8 and 12 and 13). Translation products (TP, 10%) as input control
are shown in lanes 7 and 9. Nonimported proteins were removed by thermo-
lysin (TH, lanes 3, 6,8, 11, and 13).In addition, 1% (v/v) Triton X-100 was added
to one sample (TX, lane 4). Precursor and mature forms of pOE33 and pALDH
are indicated by white and black arrowheads, respectively. The stromal inter-
mediate form of pOE33 is indicated with a gray arrowhead. B, purity of the
chloroplasts (lanes 1 and 2) and mitochondrial (lanes 3 and 4) fractions after
dual import and re-purification of the organelles was assayed by Western
blotting with the indicated organelle-specific antibodies. C, chloroplast outer
envelope membranes were treated with the indicated concentrations of
either thermolysin (lanes 1-4) or proteinase K (lanes 5-8). The membranes
were then assayed by Western blotting using the indicated organelle-specific
antibodies. Oep37 was partially sensitive to high amounts of proteinase K,
and in addition to full-length protein, a slightly smaller degradation product
was also observed (lane 5, white and black arrowheads, respectively). D-F, dual
import of radiolabeled Oep37 (D), Oep24 (E), and VDAC1 (F) into chloroplasts
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method but rather results from the N, ./C,, topology of the
protein.

To further study the biogenesis of Oep37, we used a cell-free
import system where radiolabeled Oep37 was mixed with
either chloroplasts or mitochondria isolated from pea cells.
Integration of Oep37 into the target membrane was monitored
by alkaline extraction. Surprisingly, the protein was imported
into both compartments in a similar efficiency (Fig. 3, A and B).
To make sure that the samples used in the in vitro experiments
are not cross-contaminated, we analyzed them by immuno-
decoration with antibodies against marker proteins. Of note,
signals corresponding to chloroplast Toc75 and mitochondrial
VDAC were observed only in the chloroplasts or mitochondrial
samples, respectively (Fig. 3C).

The aforementioned binding experiments were not per-
formed under competitive conditions, and it was often reported
that mitochondrial and chloroplast proteins can be imported in
vitro into the wrong organelle (36, 37). Therefore, we wanted to
exclude the possibility that the rather hydrophobic Oep37 mol-
ecules are inserted in vitro into mitochondria simply because
this is the only membrane present in the binding reaction. To
test the specificity of the binding, we asked whether Oep37
would insert into mitochondria also when competing chloro-
plasts are present. To this end, we employed a dual system
where both isolated chloroplasts and mitochondria are present
during the import reaction and are separated only at its end. To
check whether the specificity of import is kept under these con-
ditions, we incubated the organelle mixture with radiolabeled
precursors of either the chloroplast thylakoid protein pOE33 or
the mitochondrial protein pALDH. The results shown in Fig.
4A demonstrate that each precursor protein was imported into
its corresponding organelle. Next, we controlled by Western
blotting for the purity of the organelles after their separation
and found that the chloroplast protein Toc75 was detected only
in the chloroplasts fraction, whereas the mitochondrial protein
VDAC was found exclusively in the mitochondrial fraction (Fig.
4B). These results validate the dual import system as a specific
and reliable assay to monitor the import of precursor proteins.

We aimed to establish an assay to monitor the in vitro import
of the chloroplast B-barrel protein Oep37. To this end, we
investigated the protease resistance of the endogenous protein
in isolated organelles. Oep37 was resistant against the used
amounts of both PK and thermolysin. In contrast, as expected,
the exposed receptors Toc159 and Toc34 were cleaved under
these conditions (Fig. 4C). The protease resistance of Oep37
under these conditions provides further support for the notion
that both termini of Oep37 are in the intermembrane space of
chloroplasts. The earlier proposal that the N and C termini are
exposed to the cytosol was based only on proteolysis of outer
envelope membranes with very high concentrations of thermo-
lysin (1). As contrast, our current model is based on improved
methodology, namely in vivo data with intact cells and proteo-
lytic assay with reduced proteases concentrations.

and mitochondria (lanes 2-11). Translation products (TP, 10%) as input con-
trol are shown in lane 1. Nonimported proteins were removed by either ther-
molysin (TH, lanes 3 and 8) or proteinase K (PK, lanes 4 and 9) treatment. Full
integration into the membrane was assayed by carbonate extraction (EX) in
the presence or absence of Triton X-100 (TX, lanes 5, 6, 10, and 17).
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Using such proteolytic assays and carbonate extraction, we
then analyzed the import of Oep37 in the dual import system.
In agreement with our results in the single organelle system
(Fig. 3), the protein became protected from proteases upon
import into both organelles (Fig. 4D). Furthermore, Oep37 was
found in the pellet fraction of an alkaline extraction as expected
from membrane-embedded proteins. Triton X-100 at concen-
trations up to 2% is frequently used to wash protein from inclu-
sion bodies that are aggregates of non-native proteins (38).
Thus, we applied the previously established principle of Triton
X-100 treatment (39) to test whether the protein was indeed
inserted into the membrane or just co-sedimented as a non-
membrane-inserted aggregate. Oep37 was not detected in the
pellet when we performed the extraction in the presence of the
detergent Triton X-100, excluding the possibility of aggrega-
tion as a cause for the appearance in the pellet (Fig. 4D). As
Oep24 was previously reported to be targeted to mitochondria
upon its expression in yeast cells (19), we also imported this
protein in the dual system. Similarly to Oep37, Oep24 was inte-
grated into the membrane of both organelles (Fig. 4E). Of note,
under these conditions the mitochondrial B-barrel protein
VDAC was efficiently imported into mitochondria but only
sparsely into chloroplasts (Fig. 4F). The mitochondria and chlo-
roplast fractions were also analyzed after their re-isolation by
SDS-PAGE followed by Coomassie staining. This analysis
revealed that similar amounts of proteins were contained in
each fraction (data not shown), thus excluding the possibility
that unequal amounts of proteins affect the import efficiencies.
Taken together, our findings suggest that chloroplasts 3-barrel
proteins can be imported in vitro into isolated mitochondria.

Next, we were interested whether this mitochondrial target-
ing capacity can also be observed in an in vivo system. We there-
fore cloned Oep37 into a yeast expression vector and trans-
formed the resulting plasmid into S. cerevisiae cells. Subcellular
fractionation of the transformed cells revealed that Oep37 was
located exclusively in the mitochondrial fraction (Fig. 54). As a
control for the specificity of the Oep37 antibody, we verified the
absence of a signal in mitochondria isolated from a nontrans-
formed strain (Fig. 5A, left lane). Hence, although several dif-
ferent membranes are available for the newly synthesized
Oep37 molecules upon their translation in the yeast cytosol, the
protein is targeted solely to mitochondria.

To demonstrate that Oep37 was indeed integrated into the
outer membrane rather than simply attached on the surface of
the organelle, mitochondria were subjected to alkaline extrac-
tion. Oep37 was found in the pellet fraction similarly to other
membrane-embedded mitochondrial proteins like Tom70 or
Porin (Fig. 5B). In contrast, soluble proteins like Hep1l and the
IMS isoform of Mcrl were found in the supernatant fraction
(Fig. 5B). Because we observed that native Oep37 is resistant to
PK treatment in intact chloroplasts (Fig. 4C), the membrane
integration of Oep37 was further analyzed by a similar treat-
ment of intact mitochondria. Similarly to mitochondrial 3-bar-
rel proteins like Porin and Tob55, Oep37 was unaffected by
addition of external protease to intact mitochondria. Oep37
became accessible to proteinase K only when mitochondrial
membranes were solubilized with the detergent, Triton X-100
(Fig. 5, Band C). Similarly, rupturing of the outer membrane by
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FIGURE 5. Oep37 expressed in yeast cells is assembled into the mitochon-
drial OM in a native conformation. A, Oep37 is located in mitochondria.
Lysates of Oep37-expressing cells and fractions corresponding to mitochon-
dria, endoplasmic reticulum (ER), and cytosol were analyzed by SDS-PAGE
and immunodecoration with antibodies against Oep37, the mitochondrial
protein Tom70, a marker protein for the cytosol (hexokinase), and the endo-
plasmic reticulum protein Erv2. Mitochondria isolated from untransformed
WT cells were co-analyzed as a control. B, mitochondria isolated from cells
expressing Oep37 were analyzed directly by SDS-PAGE (input) or were sub-
jected first to carbonate extraction and then centrifuged to discriminate
between membrane proteins in the pellet and soluble proteins in the super-
natant (SN). Additional aliquots of mitochondria were left intact or were
treated with the indicated amounts of proteinase K. Proteins were analyzed
by SDS-PAGE and immunodecorated with antibodies against the indicated
proteins as follows: Tom70, an OM protein exposed to the cytosol; Porin, a
protein embedded in the OM; Hep1, a mitochondrial soluble matrix protein;
Mcr1, a protein with two isoforms, a 34-kDa species exposed on the OM and a
32-kDa soluble one in the IMS. C, mitochondria isolated from cells expressing
Oep37 were left intact (total) or were treated with the indicated amounts of
proteinase K (left panel) or trypsin (right panel). In one sample, the mitochon-
dria were swelled (+SW) before the treatment with PK. Proteins were ana-
lyzed by SDS-PAGE and immunodecorated with antibodies against the indi-
cated proteins. Tob55, a protein embedded in the OM; DId1, an inner
membrane protein exposed to the IMS. Proteolytic fragments are indicated
with an asterisk.

osmotic swelling caused exposure of loops in the IMS to pro-
teinase K and disappearance of the protein signal (Fig. 5C, left
panel). As the experiments described so far cannot exclude the
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FIGURE 6. Overexpression of Oep37 can partially complement the porTA phenotype. A, expression of Oep37 does not interfere with growth on a
nonfermentable carbon source. Cells harboring either a plasmid encoding Oep37 or an empty plasmid (@) as control were tested by drop dilution assay for their
ability to grow on glycerol-containing medium (YPG) at 30 and 37 °C. B, wild-type cells harboring an empty plasmid (@) and cells deleted for PORT (por1A) that
were transformed with either an empty plasmid (@) or a plasmid encoding Oep37 were tested by drop dilution assay for their ability to grow at 30 °C on rich

(YPG) or synthetic glycerol-containing medium (SG-Leu).

possibility that Oep37 is integrated into the inner membrane,
we treated intact organelles with higher concentrations of PK
or with trypsin as the latter protease cleaves other 3-barrel pro-
teins like Tom40. Indeed, upon addition of such elevated
amounts of PK or trypsin to intact organelles, we observed the
formation of proteolytic fragments (Fig. 5C). Such fragments
can be formed only if the protein is embedded into the OM and
exposes loops toward the cytosol. The intactness of mitochon-
dria under these conditions is reflected by the resistance of the
IMS proteins DLD1 and the IMS isoform of Mcr1 as well as the
matrix protein Hepl to the proteases treatment (Fig. 5C). We
conclude that Oep37 is assembled into the mitochondrial OM
in a native-like conformation.

Oep37 Can Complement the Absence of Mitochondrial Porin—
We further investigated whether the expression of Oep37 inter-
feres with crucial functions of mitochondria. To that end, we
compared the growth rate of yeast cells expressing the chloro-
plast protein to those bearing an empty plasmid. The growth of
Oep37-expressing cells on a nonfermentable carbon source,
where yeast cells require fully functional mitochondria, was
comparable with that of control cells (Fig. 6A). Next, we verified
that expressing Oep37 in yeast cells did not have any effect on
the morphology of the organelle (data not shown). Collectively,
it seems that the expression of Oep37 does not obstruct crucial
cellular and mitochondrial processes.

Oep37 was reported to form a rectifying high conductance
channel in artificial membranes (2). Thus, we asked whether
this protein can complement the absence of the general solute
transporter of the mitochondrial outer membrane, Porin (also
called VDAC in higher eukaryotes). Cells lacking Porin hardly
grow on a nonfermentable carbon source at elevated tempera-
tures (40). We observed that porIA cells expressing Oep37 par-
tially regained their capacity to grow under these conditions
(Fig. 6B). This finding suggests that Oep37 can form pores in
the mitochondrial outer membrane. Of note, another chloro-
plast OM protein, Oep24, was previously shown to partially
complement Porin deficiency in yeast cells (19). Thus, our cur-
rent findings indicate that although Oep24 and Oep37 probably
have different substrate specificity in chloroplast membranes,
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they share the ability to complement the function of Porin that
serves as the single and general solute transporter in the yeast
mitochondrial OM (40).

Oep37 Assembly into Mitochondria Requires the TOM and
TOB Complexes—Mitochondrial B-barrel proteins like Tom40,
Porin, and Tob55 or bacterial B-barrel proteins expressed in
yeast cells are initially recognized by the import receptors
Tom20 and Tom?70 (16, 17, 20, 41-43). Hence, we used an in
vitro import assay to address the importance of these receptors
for the mitochondrial assembly of Oep37 and Oep24. Mem-
brane integration of the precursor molecules was analyzed by
monitoring those molecules that are proteinase K-resistant.
Initially, we observed that the removal of the exposed domains
of import receptors by externally added trypsin affected the in
vitro import of both proteins into isolated mitochondria (Fig.
7A). To verify the importance of the import receptors, we
imported newly synthesized Oep37 or Oep24 molecules into
mitochondria isolated from strains lacking either Tom20 or
Tom?70 and its low abundant paralog Tom71. The import of
newly synthesized chloroplast B-barrels and the control mito-
chondrial B-barrel protein Porin into both types of mutated
mitochondria was strongly compromised (Fig. 7B). To further
study the importance of the receptors, we transformed plas-
mids encoding either Oep37 or Oep24 into cells lacking either
Tom20 or Tom70/Tom?71 and analyzed the steady-state levels
in these mutated cells. Crude mitochondria isolated from
tom20A cells had significantly reduced amounts of Oep37 but
wild-type-like levels of Oep24 (Fig. 7, C and D). In contrast, the
absence of Tom70/71 caused only a slight reduction or none at
allin the observed levels of Oep37 and Oep24, respectively (Fig.
7, C and D). The reduced Tom20 dependence of the in vivo
biogenesis of Oep24 might be related to its smaller size. We
previously observed that upon their expression in yeast cells the
biogenesis of small bacterial B-barrel proteins is Tom20-inde-
pendent whereas that of their larger counterparts required the
presence of this receptor (17). We assume that the higher
dependence on Tom?70/71 in the in vitro system is due to the
use of the reticulocyte lysate in these experiments and the func-
tion of Tom70 as an anchor for chaperones present in this
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FIGURE 7. Oep37 and Oep24 require the mitochondrial import receptors for their assembly into the OM. A, isolated mitochondria were left intact
or pretreated with trypsin followed by re-isolation of the organelles. Next, radiolabeled precursor of either Oep37 or Oep24 was incubated with the
trypsin-treated or intact mitochondria for the indicated time periods. At the end of the import reactions, samples were treated with PK, and proteins
were analyzed by SDS-PAGE and autoradiography. The insertion of the proteins was quantified by analyzing the PK-protected molecules. The amount
of precursor proteins imported into intact mitochondria for 20 min was set to 100%. An autoradiographic representative of three independent repeats
and quantification of three independent experiments is presented. B, radiolabeled precursors of Oep37, Oep24, and Porin (as a control) were imported
into mitochondria isolated from either tom20A or tom70/71A and their corresponding WT strains. Imported proteins were analyzed and quantified as
described in the legend to A. C and D, mitochondria isolated from nontransformed WT cells and those isolated from either tom20A or tom70/71A and
their corresponding WT strains transformed with either Oep37 (C) or Oep24 (D) encoding plasmid were analyzed by SDS-PAGE and immunodecoration
with antibodies against Oep37 or Oep24, respectively. In addition,immunodecoration with antibodies against the indicated mitochondrial proteins was
performed.
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FIGURE 8. Integration of Oep37 and Oep24 into the mitochondrial OM
requires the TOM import pore. Radiolabeled precursors of Oep37, Oep24,
and Porin (as a control) were imported into mitochondria in the absence or
presence of the indicated amounts of recombinant pSu9-DHFR. Imported
proteins were analyzed and quantified as described in the legend to Fig. 7A.
The amount of precursor proteins imported into mitochondria without
added pSu9-DHFR was set to 100%.

lysate. Similar dependence on Tom70 was observed for the
import of multispan proteins of the outer and inner mitochon-
drial membranes (44 —47).

Mitochondrial B-barrel proteins are translocated through
the import pore of the TOM complex before their insertion into
the mitochondrial OM (7-9). Therefore, we asked whether
Oep37 and Oep24 follow a similar pathway. To this end, we
added to the in vitro import reaction excess amounts of recom-
binant matrix-destined precursor (pSu9(1-69)-DHFR), which
can block the TOM pore and thus compete with import of other
TOM-dependent precursor proteins. This addition resulted in
a significant reduction in the membrane integration of Oep37,
Oep24, and of Porin as a control (Fig. 8). Hence, it appears that
the TOM import pore is used in the membrane-assembly path-
way of Oep37 and Oep24.

Upon their translocation across the pore of the TOM com-
plex, B-barrel proteins are chaperoned by the small Tim pro-
teins residing in the IMS (17, 20, 48, 49). Therefore, we next
investigated whether the chloroplast proteins require these
small Tim chaperones for their assembly in the mitochondrial
outer membrane. First, we imported Oep37 into mitochondria
where the OM was ruptured by osmotic swelling. This treat-
ment results in the release of the small Tims from the IMS that
in turn causes a reduction in the assembly efficiency of mito-
chondrial B-barrel proteins and inner membrane carrier pro-
teins like ADP-ATP carrier (AAC) (Fig. 94) (20, 49-51). Of
note, the membrane integration of Oep37, as monitored by
resistance to alkaline extraction, was not compromised in the
ruptured organelles, whereas that of AAC was significantly
reduced (Fig. 94). Next, we observed that the capacity of mito-
chondriaisolated from a strain lacking both Tim8 and Tim13 or
a strain harboring a temperature-sensitive allele of TIMI10 to
import in vitro newly synthesized Oep37 molecules was not
reduced as compared with that of organelles isolated from wild-
type cells (Fig. 9, B and C). Furthermore, Oep37-encoding
plasmid was transformed into these mutated cells. Crude mito-
chondria were isolated from these cells and subjected to SDS-
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PAGE and immunodecoration. Our results revealed that the
observed levels of Oep37 in the mutated cells are very similar to
those in the corresponding parental strains (Fig. 9D). The
results with Oep24 were slightly different as its import into
mitochondria lacking Tim8/13 complex and its levels in cells
lacking these proteins were mildly hampered (Fig. 9, B and D).
Collectively, these findings suggest that the small Tim proteins
play only a minor role, if at all, in the import pathway of Oep24
and Oep37.

As the TOB complex is absolutely essential for the mem-
brane insertion of mitochondrial B-barrel proteins, we investi-
gated whether Oep37 and Oep24 share this TOB dependence.
As anticipated, the in vitro integration of both proteins was
heavily compromised in mitochondria lacking Mas37, a periph-
eral subunit of the TOB complex (Fig. 104). We further inves-
tigated the Mas37 dependence by transforming cells deleted for
Mas37 with an Oep37- or Oep24-encoding plasmid. Crude
mitochondria were isolated from WT and the mutant cells, and
their proteins were analyzed by SDS-PAGE and immunodeco-
ration. In accordance with the in vitro results, this analysis
revealed that the steady-state levels of both proteins are
strongly reduced in mas37A cells (Fig. 10B). To substantiate the
dependence on the TOB complex, we expressed Oep37 under
the control of the TPI promoter in cells where the essential
component Tob55 is under the control of the inducible GAL
promoter (52). Growing these cells on glucose results in a grad-
ual reduction in the levels of the essential protein Tob55, which
in turn compromises growth of the cells (16, 52). Mitochondria
from these Tob55-depleted cells were isolated after growth for
various periods on glucose-containing medium, and the levels
of mitochondrial proteins were monitored. We also observed in
parallel to the gradual reduction of Tob55 a reduction in the
other mitochondrial B-barrel protein Tom40 and Porin (Fig.
10C). Importantly, the amounts of Oep37 were also compro-
mised upon the depletion of Tob55 (Fig. 10C). Taken together,
our findings demonstrate the involvement of the TOB complex
in the membrane assembly of Oep37 and Oep24.

DISCUSSION

B-Barrel proteins in modern endosymbiotic organelles
evolved most probably from structurally similar proteins in
their corresponding ancestors (53, 54). Furthermore, detailed
studies on the biogenesis of these proteins in bacteria and mito-
chondria demonstrated that the central protein component
and the basic mechanism in the biogenesis pathway are con-
served (9, 55). Accordingly, we and others could previously
show that signals in bacterial 3-barrel proteins are functional in
eukaryotic cells for targeting to and assembly in mitochondria
(16, 18). However, it is not clear whether this similarity between
two B-barrel containing systems, mitochondria and bacteria,
can be extrapolated to the biogenesis of 3-barrel proteins in the
third membrane that contains such structures, namely the OM
of chloroplasts. Thus, in this study we addressed the question
whether signals in chloroplast 3-barrel proteins can be recog-
nized and processed by the mitochondrial import machinery.

To that goal, the chloroplast B-barrel proteins Oep37 and
Oep24 were expressed in yeast cells. Our current results dem-
onstrate that the proteins were assembled into the yeast mito-
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FIGURE 9. Small Tim chaperones have only a minor role in the assembly of Oep37 and Oep24 into the mitochondrial OM. A, rupturing of the outer
membrane does not compromise the assembly of Oep37. Radiolabeled precursors of Oep37 and AAC (as a control) were incubated for the indicated
time periods with isolated intact mitochondria or with mitochondria that had been subjected to osmotic swelling. After import, mitochondria were
pelleted and subjected to alkaline extraction, and the pellet fractions were analyzed by SDS-PAGE followed by autoradiography. The amount of
precursor proteins imported into intact mitochondria for 20 min was set to 100%. An autoradiographic representative of three independent repeats and
quantification of three independent experiments are presented. B, insertion of Oep37 and Oep24 is hardly affected in mitochondria lacking the
Tim8/Tim13 complex. Radiolabeled precursors of Oep37, Oep24, and Porin were imported into mitochondria isolated from either tim8A/tim13A or its
corresponding parental strain. Imported proteins were analyzed and quantified as described in the legends to Fig. 7A. C, insertion of Oep37 is not
affected in mitochondria mutated in TIM10. Radiolabeled precursors of Oep37 and AAC were imported into mitochondria isolated from a strain
harboring a temperature-sensitive allele of TIM10 (TIM10-1 (58)) or from its corresponding parental strain. Imported proteins were analyzed and
quantified as described in the legends to Fig. 7A. D, mitochondria isolated from nontransformed WT cells and those isolated from either tim8/tim13A or
TIM10-1 and their corresponding parental strains transformed with Oep37- or Oep24-encoding plasmid were analyzed by SDS-PAGE and immunodeco-

ration with antibodies against Oep37 or Oep24, respectively. In addition, immunodecoration with antibodies against the indicated mitochondrial
proteins was performed.
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FIGURE 10. TOB complex is crucial for the mitochondrial integration of Oep37 and Oep24. A, radiolabeled precursors of Oep37, Oep24, and Porin were
imported into mitochondria isolated from either WT or mas37A strains. Imported proteins were analyzed and quantified as described in the legends to Fig. 7A.
B, mitochondria isolated from nontransformed WT cells and those isolated from mas37A and their corresponding wild-type cells transformed with either
Oep37- or Oep24-encoding plasmid were analyzed by SDS-PAGE and immunodecoration with antibodies against Oep37 or Oep24, respectively. In addition,
immunodecoration with antibodies against the indicated mitochondrial proteins was performed. C, Oep37 was transformed into cells expressing Tob55 under
the control of the GAL10 promoter. Cells were harvested at the indicated time points after a shift from galactose- to glucose-containing medium. Crude
mitochondria were isolated, and proteins were analyzed by SDS-PAGE and immunodecoration with antibodies against Oep37 and the indicated mitochondrial

proteins. Tob55, Tom40, and Porin are B-barrel proteins.

chondrial OM in a process that required the TOM complex and
the TOB machinery. Thus, their assembly pathway was similar
to the one taken by the bona fide mitochondrial B-barrel pro-
teins. Of note, although Oep37 and Oep24 do not share
sequence similarity with endogenous mitochondrial -barrels,
they appear to bear the signals required for recognition by the
aforementioned fungal mitochondrial import components.
Although the import receptors of plant mitochondria are
somewhat altered in comparison with their counterparts in
fungal cells, they recognize a similar set of substrate proteins
(56). We believe that the plant TOM receptors can also recog-
nize mitochondrial B-barrel proteins. However, because we did
not address the recognition of Oep37 by plant TOM receptors,
we cannot exclude the unlikely possibility that the in vitro
import into plant mitochondria was mediated by other mito-
chondrial surface proteins.

Our findings underscore the importance of structural ele-
ments rather than mitochondrial specific sequences for the bio-
genesis of B-barrel proteins in mitochondria. They also might
imply that the yet to be identified machinery that assembles
B-barrel proteins into the chloroplast OM uses similar signals
as the mitochondrial counterpart. Collectively, it seems that the
evolutionary relations of mitochondrial and chloroplast 3-bar-
rel proteins to their bacterial ancestral proteins ensured a cer-
tain degree of similarity also among (-barrel proteins from
both endosymbiotic organelles. Considering the evolutionary
link, it is also tempting to speculate that the principles of 3-bar-

AUGUST 10, 2012+VOLUME 287+NUMBER 33

rel biogenesis have been conserved from a cyanobacterium to
chloroplasts.

An interesting open question is how the precursors of
eukaryotic B-barrel proteins are targeted from the cytosol to
their target membrane. The signals that facilitate the specific
targeting of such precursors to either mitochondria or chloro-
plasts are not yet characterized. So far, a linear well defined
sequence that can function as an intracellular targeting signal
was not identified. The only exception is the chloroplast Toc75-
III where an N-terminal extension functions as a targeting
sequence (10). Thus, it can be assumed that the mitochondrial
and chloroplast protein import machineries recognize $-bar-
rel-related structural elements (9, 57). However, this assump-
tion raises the question whether such elements in chloroplast
B-barrel proteins are distinct from those in B-barrel proteins
destined to mitochondria. Our current results suggest that this
is probably not the case as both Oep37 and Oep24 were
imported in vitro into plant mitochondria and both ix vivo and
in vitro into yeast mitochondria.

Conversely, the mitochondrial VDAC protein was imported
in vivo and in vitro only to plant mitochondria. One possibility
to explain these observations is the difference in the availability
of both organelles in plant cells and especially in mesophyll
cells. Chloroplasts are predominant in these cells and expose a
much larger surface as compared with mitochondria. Hence,
the former organelles must ensure that only the correct pro-
teins are inserted. Thus, a bouncing off mechanism in chloro-
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plasts seems to exist. Because of the difference in their surfaces,
the likelihood that chloroplast proteins are targeted to mito-
chondria by free diffusion is rather low, thus mitochondria did
not evolve such a mechanism. An additional potential explana-
tion to the absence of import of VDAC into chloroplasts might
be its weak affinity to the import receptors of the chloroplasts.
As currently it is not clear which proteins recognize [-barrel
substrates on the surface of chloroplasts, a detailed study on
such recognition depends on future studies that will shed light
on this issue.

The aforementioned mechanisms are probably not sufficient
to ensure specific targeting. Another potential quality control
measure could be the degradation of mis-targeted chloroplast
B-barrel proteins by mitochondrial proteases. In any case, it
appears that plant cells should not allow those 3-barrel proteins
destined to chloroplasts any contact with mitochondria as this
latter organelle can serve as a default target to all B-barrel pro-
teins. This idea is in line with the common assumption that
chloroplasts were integrated into cells that already contained
mitochondria. Thus, whereas the mitochondrial B-barrels
could follow a general default pathway, the recently arrived
chloroplast ones had to develop a mechanism to avoid this des-
tination. Part of such an evading pathway of the chloroplast-
destined B-barrels could involve recognition by dedicated fac-
tors already in the cytosol. A challenge for future studies will be
to identify such putative factors and to understand how they
can recognize specifically chloroplast B-barrel proteins.
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Background: B-Barrel proteins are found in the outer membrane of Gram-negative bacteria, mitochondria, and

chloroplasts.

Results: Mitochondria are able to assemble the bacterial trimeric autotransporter YadA in a functional form.
Conclusion: The lipoproteins of the BAM machinery are not absolutely required for the biogenesis of autotransporter protein.
Significance: The evolutionary link of mitochondria to bacteria allows the former to process even prokaryotic-specific proteins.

Yersinia adhesin A (YadA) belongs to a class of bacterial
adhesins that form trimeric structures. Their mature form con-
tains a passenger domain and a C-terminal f3-domain that
anchors the protein in the outer membrane (OM). Little is
known about how precursors of such proteins cross the
periplasm and assemble into the OM. In the present study we
took advantage of the evolutionary conservation in the biogen-
esis of B-barrel proteins between bacteria and mitochondria.
We previously observed that upon expression in yeast cells, bac-
terial B-barrel proteins including the transmembrane domain of
YadA assemble into the mitochondrial OM. In the current study
we found that when expressed in yeast cells both the monomeric
and trimeric forms of full-length YadA were detected in mito-
chondria but only the trimeric species was fully integrated into
the OM. The oligomeric form was exposed on the surface of the
organelle in its native conformation and maintained its capacity
to adhere to host cells. The co-expression of YadA with a mito-
chondria-targeted form of the bacterial periplasmic chaperone
Skp, but not with SurA or SecB, resulted in enhanced levels of
both forms of YadA. Taken together, these results indicate that
the proper assembly of trimeric autotransporter can occur also
in a system lacking the lipoproteins of the BAM machinery and
is specifically enhanced by the chaperone Skp.

B-Barrel proteins are found in both prokaryotic and eukary-
otic kingdoms. In prokaryotes, 3-barrel proteins are found in
the outer membrane (OM)? of Gram-negative bacteria whereas
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in eukaryotes, they reside exclusively in the OM of mitochon-
dria and chloroplasts. Their presence in these organelles sup-
ports the endosymbiotic hypothesis, according to which mito-
chondria and chloroplasts evolved from prokaryotic ancestors
(1). Indeed, the biogenesis of these proteins in the various sys-
tems bears considerable similarities (2).

Like other bacterial proteins, 3-barrel proteins are synthe-
sized in the cytoplasm and thus pass through both the inner
membrane and the periplasm before reaching their final desti-
nation. To that goal they are synthesized with an N-terminal
signal sequence that facilitates their transport across the inner
membrane via the Sec system (3, 4). Upon entering the
periplasm, the leader sequence is processed by a signal pepti-
dase, and the nascent outer membrane proteins (OMP) associ-
ate with periplasmic chaperones, including SurA and Skp (4).
Their subsequent integration into the OM is facilitated by the
BAM complex. In Escherichia coli this complex is composed of
five proteins: BamA to BamE. The central component of the
complex is the essential protein BamA (also known as Omp85
or YaeT), a B-barrel protein itself (5, 6).

In eukaryotic cells, precursors of B-barrel proteins are syn-
thesized on cytosolic ribosomes and then recognized by import
receptors on the surface of mitochondria. Subsequently, they
are translocated from the cytosol into the intermembrane space
(IMS) via the translocase of the outer membrane (TOM) com-
plex (7-9). Their transit through the IMS is facilitated by small
chaperones (Tim9/Tim10 and Tim8/Tim13 complexes) and
the assembly into the OM depends on a dedicated translocase,
the TOB (also known as SAM) complex. The central member of
this latter complex is the essential protein Tob55/Sam50 that
bears sequence and functional homology to BamA (10-12).
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 similar-

brane space; OMP, outer membrane protein; TAA, trimeric autotransporter
adhesins; TOM, translocase of the outer mitochondrial membrane; YadA,
Yersinia adhesin A.
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ity with the lipoproteins of the bacterial BAM complex (13-17).
Thus, the biogenesis machineries in bacteria and mitochondria
share certain characteristics: (i) insertion into the OM from the
internal side of the membrane, (ii) involvement of soluble chap-
erones in delivering the precursor proteins to the target mem-
brane, and (iii) sequence and functional homology between the
central protein components of the inserting translocases. On
the other hand, the assembly processes vary with respect to the
accessory proteins and the fact that precursors of mitochon-
drial B-barrel proteins are synthesized in the cytosol without
signal sequence and they initially have to cross the OM.

To better understand the assembly process of B-barrel pro-
teins in both bacteria and mitochondria we expressed bacterial
B-barrel proteins like OmpA, PhoE, and Omp85 in the yeast
Saccharomyces cerevisiae. The proteins were imported into the
mitochondrial OM and formed native-like oligomers. A
detailed investigation of the import pathway revealed that the
bacterial proteins required the TOM and TOB complexes for
their assembly. Thus, they followed a route shared with mito-
chondrial B-barrel proteins (18). Similarly, the pathogenic bac-
terial PorB can target mitochondria in mammalian cells (19,
20). Moreover, we could demonstrate by reciprocal approach
that expression of mitochondrial porin in E. coli cells resulted in
aBamA-dependent assembly of the protein in the bacterial OM
(21). Taken together, it appears that despite some differences
the basic mechanism by which B-barrel proteins assemble in
the OM of bacteria and mitochondria is evolutionary con-
served. The aforementioned investigations revealed that
canonical B-barrel proteins from one system can be dealt with
and assembled by the other.

Despite these similarities in the biogenesis pathways and
machineries, an open question is whether the evolutionary rela-
tions of mitochondria to bacteria will allow the former to pro-
cess special forms of (B-barrel proteins that are completely
absent from eukaryotic cells. Such proteins are the autotrans-
porter (AT) proteins and their sub-group of trimeric autotrans-
porter adhesins (T AAs) that form a special subfamily of bacte-
rial B-barrel proteins. These proteins have a characteristic
arrangement of functional domains, including an N-terminal
signal peptide, an internal passenger domain (also called the
effector domain), and a relatively short C-terminal B-domain
(also designated as a translocator domain). The passenger moi-
ety mediates the various functions of the autotransporters,
which are often associated with virulence, and the translocation
domain forms a B-barrel that anchors the protein to the OM.
This anchor is made by a single 12-stranded 3-barrel structure
to which in the case of TAAs each monomer is contributing
four B-strands (22-25). The biogenesis of these proteins is
thought to be a multi-step process, in which membrane inser-
tion and B-barrel pore formation is followed by the export
(“autotransport”) of the passenger domain(s) through the newly
formed pore of the C-terminal translocator domain (26).

Considering the special features of TAAs and the require-
ment to transfer a rather large passenger domain across the
OM, we wondered whether mitochondria will be able to pro-
cess such precursor proteins. In a first stage of our studies we
initially expressed the 3-domain of one of the prototypic mem-
bers of this subfamily, Yersinia adhesin A (YadA) in yeast cells

29458 JOURNAL OF BIOLOGICAL CHEMISTRY

and analyzed its cellular localization and topology. We found that
the B-domain of YadA was imported into mitochondria and got
assembled into the OM of the organelle in its native trimeric struc-
ture (27). However, it is currently unclear how mitochondria can
deal with the transfer of the passenger domain across the OM.
Since very little is known about how newly synthesized TAAs cross
the periplasm, integrate into the bacterial OM and assemble into
oligomeric structures (24, 28), using mitochondria as a model sys-
tem can shed light on these issues.

To that end we expressed full-length YadA molecules in yeast
cells and analyzed their biogenesis and assembly. We could
characterize two species in mitochondria of such transformed
cells, a monomeric assembly intermediate and a native-like
functional trimeric structure. We further observed that the co-
expression of a mitochondrial-destined form of the bacterial
chaperone Skp, but not of other bacterial chaperones, dramat-
ically enhanced the assembly of the YadA molecules into func-
tional trimeric structures. Taken together, these results indi-
cate that the proper assembly of TAAs can occur even in the
mitochondria of eukaryotic cells in a process that is facilitated
by the periplasmic chaperone Skp.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Methods—Standard genetic tech-
niques were used for growth and manipulation of yeast strains.
In this study the wild-type strains YPH499 and W303«a were
utilized. The tom20A, mas37A and GAL10-TOBSS5 strains were
described before ((27, 29, 11), respectively). The tom70A/
tom7IA double-deletion strain, the ymelA strain, and the
tom40-25 strain are kind gifts of Dr. Okamoto (30), Dr. Langer
(31), and Drs. Becker and Pfanner (32), respectively. Unless oth-
erwise stated, cells were grown on rich or synthetic galactose-
containing medium (YPGal or SGal, respectively). For some
experiments, cycloheximide (100 ug ml™') was added to the
medium.

Recombinant DNA Techniques—The sequence encoding
full-length Y. enterocolitica YadA lacking the signal sequence
was cloned by PCR amplification from the plasmid pASK-
IBA2_yadA (33). The PCR products were inserted into the yeast
expression vector pYX113 or pYX142. For construction of
N-terminally HA-tagged YadA, the 3xHA-tag cassette was PCR
amplified from pFA6a-3HA-KanMX4 and inserted into the tar-
get vectors using EcoRI and Ncol restriction sites. YadA-MA
was cloned as previously described (27). The sequence encod-
ing SecB from E. coli was subcloned from the plasmid
P29SEN_SecB into the yeast expression vector pYX132 using
EcoRI and HindIII restriction sites. The sequences encoding
E. coli SurA and Skp lacking their signal sequences were cloned
by PCR amplification from corresponding plasmids and
inserted into the yeast expression vectors pYX122 and pYX113
carrying the N-terminal domain (aa 1-228) of the yeast mito-
chondrial protein Mgm1 lacking the first transmembrane seg-
ment (Mgml1-(1-228ATM1). The resulting fusion proteins
Mgm1-(1-228 ATM1)-SurA and Mgm1l-(1-228 ATM1)-Skp
are referred to as mtSurA and mtSkp, respectively.

Biochemical Procedures—Mitochondria were isolated from
yeast cells by differential centrifugation as described before
(34). Subcellular fractionation of yeast cells was performed as

SASBMB

VOLUME 289-NUMBER 43-OCTOBER 24, 2014

$10T LT IOQUIDAON UO UdUIqan [, JOBIISIOATU) B /310°0q[ mmm//:dNy woiy papeoumo


http://www.jbc.org/

Assembly of Trimeric Autotransporter Protein in Mitochondria

described previously (18). For swelling experiments mitochon-
dria were subjected to hypoosmotic shock for 30 min on ice in
swelling buffer (20 mm Hepes/KOH, pH 7.0).

For pull-down assays 600 ug purified mitochondria were sol-
ubilized at 4°C for 1 h in lysis buffer A containing 50 mm
NaH,PO,, 100 mm NaCl, 10% (v/v) glycerol, complete protease
inhibitor mix (cOmplete, EDTA-free; Roche), and 1% (w/v) dig-
itonin. Undissolved material was spun down (30,000 X g, 15
min, 4 °C), and 2% of the supernatant were kept as input. Slurry
HA-beads (30 pl, Pierce) or protein G-beads pre-coupled with
antibodies against Skp were equilibrated for 10 min on ice in
1000 wllysis buffer A harboring 1% (w/v) bovine serum albumin
(BSA) and washed with 1000 ul of lysis buffer A. Then, the
beads were incubated at 4 °C overnight with the mitochondrial
lysate, and 2% of the supernatant were kept as unbound mate-
rials. Next, the beads were washed five times with lysis buffer A
containing 0.02% (w/v) digitonin, and finally proteins were
eluted with Laemmli buffer at 95 °C.

Immunofluorescence Microscopy—For immunofluorescence
staining mitochondria in SEM buffer (250 mm sucrose, 1 mm
EDTA, 10 mm MOPS/KOH, pH 7.2) were centrifuged on poly-
ethyleneimine-coated coverslips. Subsequently the coverslips
were incubated with 1% (w/v) BSA in SEM buffer to block
unspecific binding sites. HA tags were stained by overnight
incubation of the samples with monoclonal mouse antibody
(diluted 1:100) followed by an incubation at room temperature
for 2 h in a dark chamber with Cy3-conjugated secondary anti-
mouse antibody (diluted 1:100, Dianova). Finally, coverslips
were mounted with Mowiol (Merck, Darmstadt, Germany).
Fluorescence images were obtained with a DMRE fluorescence
microscope (Leica).

Cell Culture and IL8-ELISA—HeLa cells (ATCC number:
CCL-2) were cultivated in RPMI 1640 medium (Biochrom)
supplemented with 2 mM L-glutamine (Sigma) and 10% fetal
calf serum (FCS; Invitrogen). For infection assay, 1.5 X 10°
HeLa cells per well were seeded in a 24-well microplate and
grown overnight. The next day, cells were washed once with
pre-warmed PBS and grown for another hour in RPMI 1640
medium supplemented with 10% FCS but without antibiotics.
Afterward, HeLla cells were incubated with freshly isolated
mitochondria samples with a multiplicity of infection (MOI) of
1200, and the cells were incubated for another 6 h. The cell
culture supernatant was collected, and an IL-8 ELISA was car-
ried out as described previously (35). IL-8 concentrations were
calculated using recombinant human IL-8 (Becton Dickinson)
as a standard.

RESULTS

Full-length YadA Is Targeted to Mitochondria—To investi-
gate whether yeast mitochondria can deal with the biogenesis
and assembly of the trimeric autotransporter adhesin YadA, we
transformed a construct encoding full-length protein with
N-terminal HA tag into yeast cells. Subcellular fractionation of
the transformed cells revealed that, similarly to the mitochon-
drial proteins Tom70 and Tom40, YadA is located in mito-
chondria (Fig. 14). This behavior resembles the exclusive mito-
chondrial targeting of a construct containing only the
B-domain of the protein (27). Of note, the expression of YadA
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neither affected the growth of the transformed yeast cells nor
altered the morphology of mitochondria in these cells (data not
shown). It is well documented that YadA forms a trimeric spe-
cies that is stable in SDS-PAGE (36-39). Hence, we isolated
mitochondria from the YadA expressing strain and analyzed
the migration behavior of YadA. As expected, we observed a
band representing the trimeric form of the protein, but a signif-
icant portion of YadA molecules migrated as a monomeric
form. The mature part of YadA contains 422 amino acid resi-
dues and together with the 3xHA-tag it has a molecular mass of
approx. 48 kDa. Of note, both the monomer and the trimer
species migrate at a higher apparent molecular mass than the
expected one, probably due to the triple HA-tag (Fig. 1B, lane
1). As the monomeric form of native YadA is hardly detected in
bacterial samples (37, 39), it seems that although YadA can be
assembled in yeast mitochondria, this assembly is not as effi-
cient as in bacteria.

Next, we were interested to study the differences between the
monomeric and the trimeric forms. To that goal, the isolated
mitochondria were subjected to carbonate extraction. Remark-
ably, the monomeric version of YadA was found partially in the
supernatant of this treatment together with soluble proteins
like the IMS isoform of Mcr1 and the matrix protein Hepl. In
contrast, the trimeric species was exclusively detected in the
pellet fraction together with other membrane-embedded mito-
chondrial proteins like Tom40 or Tom20 (Fig. 1B, lanes 2 and
3). Moreover, addition of increasing amounts of externally
added protease to the isolated mitochondria resulted in com-
plete disappearance of the signal corresponding to the trimeric
form of YadA whereas a portion of the monomeric form was
resistant to proteolytic degradation (Fig. 1C, lanes 1-5). The
observed protease resistance of the monomeric form cannot be
explained by aggregation of this species because it was com-
pletely degraded upon solubilization of the mitochondrial
membranes by detergent (Fig. 1C, lane 6). As expected, the
surface-exposed protein Tom20 was degraded already by low
amounts of the protease. In contrast, the IMS protein DIld1 was
protected, demonstrating the intactness of the isolated organ-
elles. Collectively, these observations suggest that a portion of
the monomeric form is associated with mitochondria in a
topology where the N-terminally HA tag is exposed on the
organelle’s surface. This population represents probably early
import intermediates. The other fraction resides already in the
mitochondrial IMS where it is protected from the external
proteases.

To directly test this hypothesis the proteolytic treatment was
performed with organelles where their OM was either left
intact or ruptured by hypotonic swelling. As observed before,
the usage of the higher concentrations of proteinase K caused
degradation of a sub-population of the monomeric form even in
intact mitochondria (Fig. 1, C, lane 5 and D, lane 2). This deg-
radation became almost complete upon rupturing the OM (Fig.
1D, compare lanes 2 and 4). As expected, the short form of
Mcrl and Tim13, both residing in the IMS, were resistant to the
protease treatment in intact organelles but got released from
the ruptured organelles and thus are not detected in the corre-
sponding samples (Fig. 1D, lanes 3 and 4).
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FIGURE 1. The trimeric autotransporter YadA is targeted to the mitochondrial outer membrane. A, whole cell lysate (WCL) of yeast cells expressing
YadA-HA and fractions corresponding to mitochondria, endoplasmic reticulum (ER), and cytosol were analyzed by SDS-PAGE and immunodetection with
antibodies against the HA tag, the mitochondrial OM proteins proteins Tom70 and Tom40, Bmh1 as a cytosolic marker protein as well as the ER protein Erv2.
B, mitochondria isolated from cells expressing YadA-HA were directly analyzed (total) or subjected to carbonate extraction and centrifuged to discriminate
between membrane proteins in the pellet fraction (lane 2) and soluble proteins in the supernatant (SN, lane 3). Proteins were analyzed by SDS-PAGE and
immunodetection with antibodies against the HA-tag; Tom40; Tom20, an OM protein exposed on the surface of the organelle; Mcr1, a protein with two
isoforms, a 34 kDa OM species and a soluble 32 kDa species in the IMS; Hep1, mitochondrial matrix protein. The positions of monomeric and trimeric YadA-HA
are indicated with M and T, respectively. C, isolated mitochondria were either left intact (total, lane 1) or incubated with the indicated amounts of externally
added proteinase K (PK, lanes 2-5). In one sample, the protease was added in the presence of Triton X-100 (lane 6). Further analysis was as described for part B.
DId1,an IMS protein. D, isolated mitochondria from yeast cells expressing YadA-HA were either leftintact (lanes 1-2) or subjected to osmotic swelling to rupture
the OM (lanes 3-4). Half of each of the two samples was incubated with PK. Proteins were analyzed by SDS-PAGE, and immunodetection with antibodies
against the HA tag and the indicated mitochondrial proteins. Tim13, an IMS protein.

Taken together, these observations indicate that the trimeric
form of YadA is embedded in the mitochondrial OM where the
passenger domain is exposed to the cytosol. In contrast, the
monomeric species contains most likely two populations: (i)
a portion, which probably represents early import interme-
diates, associated with the OM and still (at least partially)
facing the cytosol, and (ii) a soluble intermediate in the IMS
that is protected from external protease. Of note, such a
soluble monomeric intermediate was not characterized so
far in bacteria.

YadA Import into Mitochondria Is Independent of Import
Receptors but Requires the TOM Pore and the TOB Complex—It
was previously observed that efficient import of mitochondrial

29460 JOURNAL OF BIOLOGICAL CHEMISTRY

and bacterial B-barrel proteins into yeast mitochondria require
the import receptors Tom20 and Tom70 where the former is
the more important one (18, 40-42). Interestingly, this
requirement for import receptors was shared by other bacterial
B-barrel proteins expressed in yeast cells but not by the 3-do-
main of YadA (18, 27). This receptor-independency could
result from either the small size of this domain in comparison to
other B-barrel proteins or from the absence of trimeric auto-
transporter proteins in eukaryotes, which means that the mito-
chondrial import receptors were never exposed to such
substrates.

To discriminate between these two alternatives we asked
whether the import receptors of the TOM complex play a role
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FIGURE 2. The assembly of YadA into the mitochondrial OM depends on the TOM and TOB complexes. Mitochondria were isolated from A, tom20A, B,
tom70A/tom71A, C, tom40-25, D, tim8A/tim13A, E, tim10ts, and F, mas37A cells and their corresponding WT strain transformed with YadA-HA encoding
plasmid. Mitochondrial proteins were analyzed by SDS-PAGE, and immunodetection with antibodies against the HA tag and the indicated mitochondrial
proteins. Only the trimeric YadA species is shown. G, YadA-HA was transformed into a strain expressing Tob55 under the control of an inducible GAL10
promoter. Cells were harvested at the indicated time points after a shift from galactose- to glucose-containing medium. Crude mitochondria were isolated and
analyzed by SDS-PAGE and immunodetection with antibodies against the HA-tag and the indicated mitochondrial proteins. A shorter exposure depicting only
the monomeric form is shown to demonstrate the reduced levels of this form after the longest incubation period. Tob55, Tom40, and porin are B-barrel
proteins and substrates of the TOB complex; Tom70, an OM signal-anchored protein. The positions of monomeric and trimeric YadA-HA are indicated with M
and T, respectively.

in the import of full-length YadA. We expressed YadA in cells
deleted for either Tom20 or Tom70/Tom?71 and monitored its
level in these cells. Tom71 is a low-expressed paralog of Tom70
that can partially complement the absence of Tom70 (43, 44).
Hence, to avoid any remaining Tom70/Tom71 activity we used
the double deletion strain (30). As expected, the absence of
Tom70 and Tom?71 resulted in reduced levels of their substrate
Ugol (45). However, similarly to the construct containing only
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the B-domain of YadA (27), mitochondria isolated from strains
lacking either Tom20 or Tom70/71 import receptors had com-
parable levels of YadA to those in wild type organelles (Fig. 2, A
and B). Thus, it appears that in contrast to their importance for
the biogenesis of precursors of mitochondrial and other bacte-
rial B-barrel proteins, the TOM import receptors are not cru-
cial for the import of a trimeric autotransporter like YadA.
Unfortunately, bacterial B-barrel proteins could not be
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imported in vitro into yeast mitochondria (Refs. 18, 27).* Thus
the dependence on import receptors could not be further stud-
ied with the well-established cell-free import assays.

To investigate whether Tom40 is involved in the assembly
pathway of YadA we utilized a conditional Tom40 yeast mutant
strain which was reported to be hampered in import of TOM-
dependent precursor proteins (32). The detected levels of YadA
were strongly reduced in this strain suggesting that proper
function of the TOM pore is required for an optimal biogenesis
of YadA (Fig. 2C).

In mitochondria there are four small TIM chaperones that
assist the relay of 3-barrel precursor proteins to the TOB com-
plex: Tim9, Tim10, Tim8, and Tim13 that form two hetero-
hexameric complexes of Tim9/Tim10 and Tim8/Tim13 (46,
47). Next, we investigated whether YadA requires the small
chaperones in the IMS for its assembly in mitochondria. To that
end, YadA was transformed into a double-deletion strain lack-
ing both Tim8 and Tim13 or into a strain harboring a temper-
ature-sensitive (ts) allele of TIM10. Crude mitochondria were
isolated from these cells and subjected to SDS-PAGE and
immunodetection. It can be observed that the steady-state lev-
els of porin are indeed reduced in cells lacking the Tim8/Tim13
complex but those of YadA are unaltered in comparison to the
wild type cells (Fig. 2D). In contrast, the levels of the mitochon-
drial B-barrel proteins are unaffected in the strain containing
the conditional tim10 allele but those of YadA were moderately
reduced (Fig. 2E). Hence, it seems that the relevance of these
small chaperones is substrate-specific and Tim10 is involved in
the assembly of YadA in mitochondria.

The mitochondrial TOB complex is essential for the mem-
brane integration of all B-barrel proteins analyzed so far. Mas37
is the only non-essential subunit of this complex and thus a
strain deleted for this component allows investigation on the
involvement of the TOB complex. To that end, we transformed
mas37A cells with a plasmid encoding YadA. Mitochondria
were isolated from these cells and subjected to SDS-PAGE and
immunodetection. Obviously, this deletion caused a dramatic
reduction in the detected levels of YadA (Fig. 2F). As reported
previously, the absence of Mas37 caused also a reduction,
although moderate, in the steady-state levels of mitochondrial
B-barrel proteins like Tom40 and porin (Fig. 2F).

Next, we asked whether the down-regulation of the essential
central subunit of the TOB complex, Tob55 will affect the mito-
chondrial levels of YadA. To that end, we employed a strain
where the expression of Tob55 is under the control of the
inducible promoter GALI0 (11, 18, 48). Growing this strain on
galactose-containing medium results in overexpression of
Tob55, a B-barrel protein itself. Such high amounts of Tob55
compete out the assembly of YadA and other bacterial B-barrel
proteins expressed in yeast cells (Fig. 2G, t = 0 and Refs. 18, 27).
Shifting these cells to growth on glucose for extended time peri-
ods resulted in gradual depletion of Tob55 and subsequently of
other B-barrel proteins like porin and Tom40 (Fig. 2G). Appar-
ently, depletion of Tob55 moderately affected the levels of
monomeric YadA only after 32 h but resulted in a complete

“T. Ulrich and D. Rapaport, unpublished results.
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disappearance of the trimeric species already after 25 h of
growth on glucose (Fig. 2G). Thus, we conclude that the TOB
complex is absolutely essential for the integration of YadA into
the OM and its trimerization on the surface of the organelle but
is less important for the initial mitochondrial association of the
monomeric form and its subsequent import. As Tob55 is the
mitochondrial homologue of the bacterial BamA, these find-
ings are in agreement with a previous report on the important
role of BamA in the biogenesis of YadA (33).

Bacterial Chaperones Have Differential Effects on the Biogen-
esis of YadA—Soluble chaperones are involved in both bacteria
and mitochondria in the delivery of B-barrel precursor proteins
to the corresponding insertion machineries, BAM and TOB
complexes, respectively. The major periplasmic chaperones in
the translocation pathway of bacterial B-barrel proteins are
SurA and Skp while others like DegP might also play a role. In
addition, the cytoplasmic chaperone SecB is thought to be
involved in the stabilization of such proteins upon their synthe-
sis in the cytoplasm (2, 24, 49 —51).

Interestingly, both SurA and the TIM10 complex of mito-
chondria shared binding selectivity to peptides rich in aromatic
residues and with net positive charge. However, SurA failed to
completely replace TIM10 in yeast cells in vivo (52). The deter-
mination of the precise role of the different chaperones in bac-
teria is hampered since upon the deletion of any single chaper-
one the remaining ones might take over its task. Furthermore,
mutation of periplasmic chaperones can have pleiotropic
effects so one has to verify that the observed impact is a direct
one (24). In contrast, the expression of any single bacterial
chaperone in yeast cells can give a clear effect. Hence, the evo-
lutionary link of mitochondria to bacteria can facilitate the
usage of the former to shed light on this topic.

We tested whether the expression of bacterial SecB, SurA or
Skp in cells expressing YadA can improve the assembly of full-
length YadA molecules. SecB was expressed in its native form in
the cytosol of yeast cells, a location that resembles its normal
function in the bacterial cytoplasm. In contrast, we aimed to
target SurA and Skp to the mitochondrial IMS that corresponds
in many aspects to the bacterial periplasm. To that goal, both
proteins were expressed in yeast cells as a fusion protein down-
stream of the N-terminal 228 amino acid residues of the mito-
chondrial protein Mgm1 lacking the first transmembrane seg-
ment (1-228ATM1). This latter protein contains in its
N-terminal domain a bipartite signal sequence composed of a
canonical matrix targeting signal upstream of a stop-transfer
segment. Processing of the protein by the Pcpl peptidase
assures the release of the passenger domain into the mitochon-
drial IMS (53). As expected, upon subcellular fractionation of a
strain expressing these proteins, Skp was detected solely in the
mitochondrial fraction whereas SecB was found in the cytosol
(Fig. 3A). The precursor form of SurA was detected exclusively
in mitochondria but a significant portion of the processed form
was found also in the cytosol (Fig. 34). We suggest that this
cytosolic population of the mature form may result from pro-
cessing event before the import process was completed and
then retrograde transport into the cytosol. Nevertheless, com-
parison of the ratio of detected levels of SurA and Skp in the
mitochondrial fraction to those found in E. coli cells revealed
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antibodies. Asterisks indicate unprocessed forms. B, comparison of the steady-state levels of SurA and Skp in E. coli cells to those in yeast mitochondria. The
indicated amounts of E. coli lysate and mitochondria derived from yeast cells described in part A were analyzed by SDS-PAGE and immunodetection. C, isolated
mitochondria from yeast cells expressing Skp were either left intact (lanes 1-2) or subjected to osmotic swelling to rupture the OM (lane 3). The indicated
samples were incubated with PK. In one sample the protease was added in the presence of Triton X-100. Proteins were analyzed by SDS-PAGE and immuno-
detection with antibodies against the indicated proteins. Asterisk indicates the unprocessed forms. D, isolated mitochondria from yeast cells expressing SurA
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fragment, respectively.

that the relative mitochondrial levels of SurA are still higher
than those of Skp (Fig. 3B). Since both antibodies (against SurA
and Skp) have different affinities toward their antigens, the
intensities of the immunodetection bands do not allow deter-
mination of absolute amounts but rather only correlation of the
mitochondrial amounts to those in bacteria.

We then asked whether the bacterial chaperones were
indeed targeted to the mitochondrial IMS. To that goal we
added proteases to either intact organelles or mitochondria
where the OM was ruptured by osmotic swelling. As expected,
the OM receptor Tom20 that is exposed toward the cytosol was
degraded even in intact organelles whereas the IMS protein
Tim13 became protease-sensitive only after rupturing the OM.
Of note, the processed forms of both chaperones behaved like
Tim13 suggesting that they are located in the IMS (Fig. 3, Cand
D). In contrast, a portion of the unprocessed forms of both Skp
and SurA demonstrated protease sensitivity similar to the
matrix protein Hepl that was degraded only after lysis of the
organelles by detergent (Fig. 3, C and D). Hence it seems that
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some molecules of the chaperone fusion-proteins were not
halted in the inner membrane but rather were mis-targeted all
the way to the matrix and thus could not be cleaved by the IMS
peptidase Pcpl.

Next, we analyzed the amounts of YadA upon co-expression
with each one of the chaperones. Whereas the presence of SecB
or SurA did not affect the detected amounts of YadA, co-ex-
pression with Skp caused a dramatic increase in the mitochon-
drial levels of both monomeric and trimeric forms of YadA (Fig.
4A). The relative amounts of Skp and SurA in mitochondria in
comparison to theirlevels in bacteria (Fig. 3B), argue against the
possibility that the superior stabilization effect of Skp is due to
its relative higher amounts. Interestingly, the presence of Skp or
the other bacterial chaperones did not alter the levels of mito-
chondrial B-barrel proteins like porin, Tom40 or Tob55 (Fig.
4A). Similarly, the capacity of isolated organelles harboring bac-
terial chaperones to import in vitro mitochondrial B-barrel
proteins like porin and Tom40 was equal to that of control
organelles (Fig. 4B). These observations demonstrate that Skp
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specifically contributes to the biogenesis of the bacterial YadA
but not to that of mitochondrial 3-barrel proteins. They are also
in line with a previous study reporting that Skp can interact in
vitro with recombinant bacterial B-barrel proteins but not with
recombinant mammalian Porin, VDACI (54). We previously

observed that other bacterial B-barrel proteins like PhoE can be
expressed in yeast cells and targeted to mitochondria (18).
Thus, we next wondered if the co-expression of Skp can stabi-
lize also canonical B-barrel proteins. Indeed, co-expression of
Skp together with PhoE enhanced the detected levels of the
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latter by at least 2-fold (Fig. 4C), suggesting a more general
effect of Skp.

To test whether the three chaperones might have synergistic
effect, we created a strain where SecB, SurA, and Skp were
simultaneously co-expressed. As expected, mitochondria iso-
lated from this strain contained both SurA and Skp (Fig. 4D).
Co-expression of all three chaperones only slightly improved
the amounts of YadA beyond the contribution of Skp alone (Fig.
4D). However, the levels of Skp were also somewhat enhanced
in this strain. Hence we cannot exclude the possibility that the
slightly higher levels of YadA in this strain results from elevated
amounts of Skp. Taken together, these findings indicate that in
yeast cells Skp can enhance the biogenesis of YadA and PhoE
whereas SurA and SecB have only minor effect, if at all.

Next, we tested whether the co-expression of the chaperones
with YadA changed the oligomerization behavior of the pro-
tein. As was observed when YadA was expressed alone, the
N-terminal HA tag in the trimeric form was exposed on the
surface of the organelle and readily accessible to externally
added protease while the monomeric form was partially pro-
tected under these conditions (Fig. 4E). Similarly, also in the
presence of the chaperones the trimeric species behaved upon
carbonate extraction as a membrane protein whereas the
monomeric form was partially extracted by the alkaline solu-
tion (Fig. 4F). Thus, it seems that also under these conditions
the monomeric form is composed of two populations: one that
is associated with the membrane (maybe as an early import
intermediate) and the other fraction of soluble molecules in the
IMS.

We then asked how Skp can cause such an increase in the
observed YadA levels. Two non-mutual exclusive alternatives
are that either Skp improved the biogenesis and/or it reduced
degradation of newly imported YadA molecules. To test the
latter option, we added to the yeast culture cycloheximide that
blocks protein synthesis and monitored the levels of YadA and
control proteins after various incubation periods. Importantly,
we observed that when YadA was expressed alone its mono-
meric form had a relatively short half-life and most of it was
degraded already after 30 min (Fig. 5A4). The co-expression of
SurA did not change this behavior. In sharp contrast, the pres-
ence of Skp stabilizes the monomeric form and no difference in
its levels was observed even after two hours of incubation. Of
note, the assembled trimeric form remained stable under all the
tested conditions (Fig. 5A4).

Observing that the monomeric form of YadA undergoes deg-
radation, we rationalized that a good candidate for this proteo-

lytic activity is Ymel which is known to degrade proteins in the
mitochondrial IMS (55). Thus, we next investigated the life-
span of the monomeric form of YadA in a strain deleted for
YME]. The absence of Ymel reduced the degradation rate of
monomeric YadA by two to 3-fold (Fig. 5, compare panel B to
panel A), suggesting that Skp indeed protects YadA from deg-
radation. Of note, the steady-state levels and stability of both
bacterial chaperones are not affected by the deletion of YMEI
(data not shown).

To better understand the effect of Skp we asked whether the
chaperone interacts directly with YadA. To that goal, we
solubilized mitochondria isolated from cells co-expressing
YadA-HA and Skp and from control cells expressing only Skp
with the mild detergent digitonin and performed pull-down
assay with anti-HA beads. Although there is some residual
binding of Skp to the beads, we observed about 3-fold stron-
ger binding when YadA-HA was present (Fig. 5C). The weak
direct binding of Skp to the anti-HA beads is probably due to
some cross-reactivity of the anti-HA antibody with Skp (data
not shown). To confirm this physical interaction we subjected
organelles expressing both Skp and YadA-HA to immunopre-
cipitation with antibodies against Skp. Together with Skp itself
also substantial amounts of YadA were pulled-down. The spec-
ificity of this interaction is reflected by the observation that only
neglectable amounts of the mitochondrial OM proteins Tom20
and porin were found in the bound material (Fig. 5D). Collec-
tively, it appears that Skp supports the biogenesis of YadA by a
direct interaction that stabilizes the latter protein and reduces
its turnover.

Skp Improves the Biogenesis of the Membrane-Anchor
Domain of YadA—We then tested whether the stabilization
effect of Skp depends on the interaction of the chaperone with
the passenger domain. To that end, we co-expressed each of the
three bacterial chaperones with the membrane-anchor (MA)
domain of YadA (YadA-MA). Similarly to the results with the
full-length protein, Skp caused a major increase in the detected
levels of YadA-MA whereas the presence of the other two chap-
erones did not result in any observable enhancement (Fig. 6A).
When we next analyzed the life-span of YadA-MA in the pres-
ence of the various chaperones, we observed that Skp can sta-
bilize both the monomeric and the trimeric forms (Fig. 6B). Of
note, the membrane-embedded trimeric form remained stable
for the duration of the experiment. However, in contrast to the
full-length protein, some monomeric form of YadA-MA was
degraded even in the presence of Skp (Fig. 6B). The co-expres-
sion of Yad-MA with all three chaperones did not result in any

FIGURE 4. Coexpression of the bacterial chaperone Skp increases the detected levels of YadA. A, mitochondria were isolated from cells co-transformed
with a plasmid expressing YadA-HA together with an empty plasmid, or together with a plasmid encoding SecB, mtSurA or mtSkp. Mitochondrial proteins were
analyzed by SDS-PAGE and immunodetection with the indicated antibodies. B, mitochondria isolated from either a wild type or Skp-expressing strain were
incubated with radiolabeled precursors of porin and Tom40 for the indicated time periods. At the end of the import reactions samples were treated with PK to
remove non-imported molecules and analyzed by SDS-PAGE and autoradiography. Bands corresponding to imported material from three independent
experiments were quantified and the intensity of the bands representing imported material into wild-type mitochondria for the longest time period was set as
100%. C, mitochondria were isolated from WT cells or from cells co-transformed with a plasmid expressing PhoE together with an empty plasmid, or together
with a plasmid encoding mtSkp. Mitochondrial proteins were analyzed by SDS-PAGE and immunodetection with the indicated antibodies. D, mitochondria
were isolated from cells transformed with a plasmid expressing YadA-HA or from cells co-expressing YadA with either mtSkp alone or with three plasmids
encoding SecB, mtSurA and mtSkp (+chap.). Mitochondrial proteins were analyzed by SDS-PAGE and immunodetection with the indicated antibodies. E,
mitochondria from control cells (WT), cells expressing YadA-HA, or cells expressing YadA-HA together with the bacterial chaperones were either left intact (—)
or treated with PK (+). Mitochondrial proteins were analyzed by SDS-PAGE and immunodetection. F, mitochondria from cells expressing YadA-HA and the
three bacterial chaperones were either left intact (total) or were subjected to carbonate extraction. Proteins were analyzed by SDS-PAGE and
immunodetection.
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FIGURE 5. Skp supports the biogenesis of YadA by protection from degradation. A, yeast cells expressing YadA-HA, YadA-HA and mtSurA, or YadA-HA
together with mtSkp were grown in liquid medium. Cycloheximide was then added to the cultures (t = 0), and cells were further incubated for the specified
time periods. Cells were then harvested and whole cell lysates were analyzed by SDS-PAGE, and immunodetection with the indicated antibodies. Asterisks
indicate unprocessed forms. The intensities of the bands corresponding to the monomeric form of YadA were quantified, and the band representing t = 0 was
setas 100%. B, yeast cells lacking Yme1 and expressing YadA-HA alone or together with either mtSurA or mtSkp were grown in liquid medium. Cycloheximide
was then added to the cultures and further treatment and analysis was as described for part A. C, mitochondria were isolated from cells expressing YadA-HA
alone, YadA-HA together with the bacterial chaperones, or mtSkp alone. Organelles were solubilized with buffer containing 1% digitonin and cleared-
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solubilized with buffer containing 1% digitonin and cleared supernatant was incubated with protein G-Sepharose beads that were pre-incubated with

antibodies against Skp. Further treatment and analysis is as in part C.

synergistic effect and the levels of YadA-MA did not increase
beyond those observed upon co-expression with Skp alone (Fig.
6C). Finally, we checked whether the absence of the IMS pro-
tease Ymel will result in increase in the detected levels of Yad A-
MA. As for the full-length YadA, such a deletion indeed slowed-
down the turn-over rate of the monomeric form of YadA-MA
(Fig. 6, compare panel D to B). These findings suggest that
Ymel is involved in the degradation of YadA-MA. Collectively,
it seems that although the membrane-anchor domain of YadA
can interact with and become stabilized by Skp, the presence of
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the passenger domain of the autotransporter enhances such
interactions.

Trimeric YadA on the Surface of Mitochondria Is Func-
tional—The aforementioned experiments strongly suggest that
YadA is exposed on the surface of mitochondria in its native
structure. To provide further support for this assumption we
performed immunofluorescence microscopy with anti-HA
antibody and mitochondria isolated from cells expressing
N-terminally HA-tagged YadA. Of note, no fixation was used in
this experiment to assure the intactness of the isolated organ-
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were grown in liquid medium. Cycloheximide was then added to the cultures, and further treatment was as described in the legend to Fig. 5A.

elles. In agreement with the immunodetection results in Fig. 4,
we observed a rather weak staining when YadA was expressed
alone and much stronger signal upon co-expression of YadA
with the bacterial chaperones (Fig. 7A). As expected, we
observed a strong signal with the control OM exposed protein
Fis1-HA. The specificity of the signal and the intactness of the
isolated organelles are demonstrated by the absence of signal in
organelles from cells that either do not express YadA or contain
HA-tagged protein in the inner membrane of mitochondria,
Mdm38 (Fig. 7A). Thus, as anticipated for the native trimeric
structure, these results indicate that the N-terminal HA tag is
indeed exposed on the surface of the organelle.

Finally, we asked whether the mitochondrial-targeted YadA
molecules preserve also their physiological function namely,
adhering to host cells. To address this question we employed an
assay that was originally used to monitor the activation of the
proinflammatory host cell response upon exposure to bacteria
expressing YadA as such adherence results in the secretion of
IL-8 (35, 39). HeLa cells were exposed to isolated control mito-
chondria or to organelles harboring either YadA alone or YadA
expressed in the presence of the bacterial chaperones. Then,
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IL-8 levels in the cell culture supernatant were determined after
6 h. Our results clearly indicate that the production of IL-8 is
significantly increased if YadA is present on the surface of the
organelles and this production is further stimulated by the co-
expression of the bacterial chaperones (Fig. 7B). Of note, the
co-expression of the chaperones resulted in a lower increase in
the secretion of IL-8 as compared with the increase in the
fluorescence signal (Fig. 7A) or the immunodetection signal
(Fig. 4, C and D). We suggest that this difference resulted from
the fact that only a small portion of the added isolated mito-
chondria and not the whole mitochondrial surface are actually
in contact with the HeLa cells and induce secretion, whereas in
the latter two assays all the YadA molecules are contributing to
the signal. Collectively, our results demonstrate that mitochon-
dria can recognize and assemble newly synthesized molecules
of the TAA protein YadA and expose the protein in its native
functional form.

DISCUSSION

In this study we demonstrate that the evolutionary link
between mitochondria and Gram-negative bacteria allows the
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FIGURE 7. YadA is assembled at the mitochondrial OM in its native func-
tional conformation. A, mitochondria were isolated from control cells (WT),
cells expressing YadA-HA alone, or cells expressing YadA-HA together with
the three bacterial chaperones. Mitochondria isolated from cells expressing
HA-tagged version of either the OM protein Fis1 or the IM protein Mdm38
were used as control. Organelles were analyzed by immunofluorescence
microscopy using the anti-HA antibody, and images are shown. B, mitochon-
dria were isolated from the first three strains described in part A. Hela cells
were incubated with the isolated organelles, and IL-8 concentrations were
measured after 6 h of incubation. Values are mean = S.E. The statistical sig-
nificance of the changes was evaluated using a two-sided t test. *, p < 0.05; **,
p <0.01.

former to assemble trimeric prokaryotic 3-barrel proteins in a
functional form although such proteins are completely absent
from eukaryotic cells. This surprising capacity allows the usage
of the yeast mitochondrial system to shed some light on various
aspects of the biogenesis of TAAs.

These proteins cross the inner membrane via the SEC
machinery, traverse the periplasm and then integrate into the
outer membrane. In the present study we investigated the
potential contribution of chaperones to their passage and sta-
bility within the periplasm and the mechanism by which tri-
meric autotransporters oligomerize to their trimeric form. To
address these issues we utilized the yeast model system that
provides two advantages: a detailed dissection of the biogenesis
pathway and the ability to investigate the contribution of single
components to the overall process. Our results indicate that
upon its expression in yeast cells, the TAA protein YadA could
assemble on the surface of mitochondria to its native and func-
tional trimeric form. This trimeric form is embedded into the

29468 JOURNAL OF BIOLOGICAL CHEMISTRY

mitochondrial outer membrane and completely exposed on the
surface of the organelle. Our observations further indicate that
the TOB complex plays an important role in the assembly of
YadA in yeast cells. We could further characterize a monomeric
form that was partially soluble in the mitochondrial IMS. This
monomeric form was rather unstable and eventually degraded
by mitochondrial proteases. Co-expression of the periplasmic
chaperone Skp together with YadA or with the membrane
anchor domain of YadA resulted in overall increase in the
detected levels of both monomeric and trimeric forms of the
protein and dramatic stabilization of the monomeric species.
These effects were not observed upon co-expression with the
other chaperones SurA or SecB.

Our results might reflect the relative importance of chaper-
ones for the biogenesis of TAAs. Whereas all three chaperones
(SecB, SurA, and Skp) were suggested to contribute to various
stages of the biogenesis of monomeric OMPs (24, 28), very little
is known about the chaperone requirements of TAAs. In addi-
tion to Skp and SurA, also DegP was proposed to play a role in
OMP biogenesis. However since the chaperone function of
DegP in this process is less defined (28, 56), we did not include
DegP in our assays. Our findings indicate a special importance
of Skp for YadA biogenesis in the yeast model system and they
might provide the first indication for the involvement of
periplasmic chaperones in the biogenesis of TAAs. However,
the applicability of these findings to the bacterial system has
still to be confirmed. Skp was suggested to promote the overall
biogenesis of OMPs by interacting with unfolded precursor
forms and thus preventing their unproductive aggregation or
degradation (57). The capacity of Skp to stabilize the mono-
meric form of YadA suggests a similar effect on YadA. Interest-
ingly, our results suggest that Skp can interact with both the
membrane anchor and the passenger domains of YadA. Such a
special role of Skp is in agreement with a previous study where
Skp was suggested to play an important role in the initial stages
of the periplasm transit of the autotransporter EspP (58). It is
also in line with other studies on the variable relative contribu-
tion of periplasmic chaperones to the biogenesis of different
OMPs (28). For example, a study in N. meningitidis has revealed
an important role for Skp but not for SurA or DegP in OMP
biogenesis (59).

After crossing the periplasm the BAM machinery is required
for the targeting of autotransporters to the OM and for the
integration of the membrane-anchor domain into this mem-
brane (24, 28). Recently, a new transport system named trans-
location and assembly module (TAM) was suggested to play a
role in the membrane integration of some autotransporters
(60). However, it is currently unclear whether the TAM system
is also involved in the biogenesis of TAAs and the biogenesis of
YadA was shown to require the BAM complex (32). The con-
tribution of the BAM complex to the subsequent translocation
of the passenger domain of autotransporters across the mem-
brane and the role of the other Bam subunits in this process are
not clear yet (24, 26, 61, 62). The mitochondrial Tob55 is
homologous to the bacterial BamA but homolog yeast proteins
to the other Bam subunits, BamB-E were not identified (1, 2, 11,
63). Moreover, the set of accessory lipoproteins (BamB-E) dif-
fers from species to species, suggesting that not all of them have
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a crucial role (28). Considering the limited similarity of the
TOB complex to the BAM machinery, our aforementioned
findings suggest that a BamA-like structure is required for the
targeting and translocation processes of YadA. In contrast, the
other BAM components seem not to be absolutely necessary for
these biogenesis stages. It is interesting to note that the evolu-
tionary conservation between the systems that process 3-barrel
proteins in prokaryotes (BAM complex) and eukaryotes (TOB
complex) is sufficient to provide the eukaryotic import system
in yeast cells the capacity to fold into the correct native struc-
ture TAAs although such proteins are completely absent from
eukaryotes.

Each of the subunits of TAAs is separately synthesized in the
cytoplasm and most likely crosses the Sec translocon in an
unfolded monomeric form. This situation raises the question at
which stage the oligomerization of TAAs occurs. The possibil-
ities range from a full trimerization already in the periplasm to
oligomerization only after membrane insertion of each of the
three subunits. Our inability to detect a YadA trimeric form
that is both soluble and protected from externally-added pro-
tease strongly suggests that fully assembled trimeric structure
forms only at the outer membrane, probably upon interaction
with the TOB complex. These findings are in line with the
recent report that precursors of mitochondrial B-barrel pro-
teins start to acquire their B-barrel structure only upon their
interaction with the TOB complex (64).

Taken together, our findings suggest that despite the evolu-
tionary drift of mitochondria while becoming an organelle in
eukaryotic cells and afterward, they still kept the capacity to
process prokaryotic-specific proteins. Such a capacity can be
utilized to investigate the potential importance of periplasmic
chaperones to the biogenesis process of trimeric autotrans-
porter proteins.
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Abstract

Beta-barrel proteins are found in the outer membrane of Gram-negative bacteria, mitochondria
and chloroplasts. The evolutionary conservation in the biogenesis of these proteins allows
mitochondria to assemble bacterial B-barrel proteins in their functional form. In this chapter we
describe exemplarily how the capacity of yeast mitochondria to process the trimeric
autotransporter YadA can be used to study the role of bacterial periplasmic chaperones in this

process.
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1 Introduction

Integral B-barrel proteins are exclusively found in the outer membrane of Gram-negative
bacteria and in the outer membranes of eukaryotic organelles derived from prokaryotic
ancestors namely, mitochondria and chloroplasts. Although most of the proteins in the bacterial
outer membrane are members of this protein class, only five mitochondrial B-barrel proteins
were identified in yeast so far (I). Like the vast majority of mitochondrial genes they have
undergone gene transfer to the host genome (2,3). Hence, precursors of B-barrel proteins are
synthesized on cytosolic ribosomes and therefore have to contain all the information required
to ensure an efficient and specific targeting to the mitochondrial outer membrane (MOM).
Furthermore, translocases in the MOM had to evolve or adapt in order to facilitate the post-

translational import and assembly of precursor -barrel proteins.

1.1  Biogenesis of f-barrel proteins in bacteria

Bacterial B-barrel proteins are synthesized on cytoplasmic ribosomes with N-terminal signal
sequences. Upon they appearance at the exit channel of the ribosome they can be stabilized by
the highly conserved trigger factor (4,5). Subsequently, the chaperone SecB is proposed to bind
the nascent polypeptide chain and directs it to the Sec translocase (see Fig. 1) (6). Proteins
destined for the outer membrane are translocated across the inner membrane through the Sec
translocase in a process dependent on the hydrolysis of ATP by SecA (7). Reaching the
periplasmic side of the inner membrane, the signal peptide is cleaved off and the precursor
proteins are escorted by periplasmic chaperones to the BAM complex (8,9). The precise roles
of the chaperones SurA, Skp and DegP are still under debate and seem to differ depending on
the substrate and the organism (10-13). The subsequent insertion into the outer bacterial
membrane is facilitated by the BAM machinery. In Escherichia coli, this complex is composed
of the central B-barrel protein BamA (Omp85/YaeT) associated with four lipoproteins (BamB,
BamC, BamD and BamE) (14-16). Despite remarkable progress in characterizing the various
components in the biogenesis pathway of B-barrel proteins in bacteria, the exact mechanism by

which the proteins are assembled into the lipid bilayer still remains unresolved.

1.2 Biogenesis of p-barrel proteins in mitochondria

The requirement for N-terminal signal sequences in the sorting of B-barrel proteins got lost in
the evolutionary transformation from bacteria to mitochondria. Upon their synthesis on
cytosolic ribosomes mitochondrial B-barrel proteins are recognized at the organelle’s surface

by import receptors of the translocase of the outer membrane (TOM) complex and transferred
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across the MOM through Tom40, the general entry gate of the TOM complex, a -barrel protein
itself (see Fig. 1) (1,17,18). Within the intermembrane space (IMS) the precursor proteins are
then protected from misfolding and aggregation by the small heterohexameric Tim chaperone
complexes Tim8/13 and Tim9/10. Finally, assembly of the precursor proteins into the MOM
occurs with the help of a dedicated protein complex termed topogenesis of outer-membrane 3-
barrel proteins (TOB complex) or sorting and assembly machinery (SAM complex) (19-21).
This complex is composed of the central highly conserved B-barrel protein Tob55/Sam50 and
the peripheral subunits Tob38/Sam35/Tom38 and Mas37/Sam37. The latter two are located on
the cytosolic side of the membrane and do not show any sequence similarity with their bacterial
counterparts of the BAM complex (20,22-24). The essential subunit Tob38 was previously
shown to be involved in intramitochondrial substrate recognition through the so called -signal,
whereas Mas37 acts at a late stage of B-barrel protein assembly with a putative role in precursor

release from the TOB complex (25-27).

Gytzol Mitochondria | Gram-negative bacteria Extracellular

Fig. 1: Evolutionary conservation in the biogenesis pathways of B-barrel proteins between
mitochondria and Gram-negative bacteria. For details see text.



1.3  Evolutionary conservation in the biogenesis of f-barrel proteins

The incorporation of an ancestral o-proteobacterium into the eukaryotic cell led to a major
transfer of DNA to the host genome (2,28). Thereby the developing organelle had to adapt in
order to ensure post-translational import of proteins. However, functional expression of
bacterial B-barrel proteins in eukaryotic cells suggests that during this adaptation process the
ability of mitochondria to facilitate the assembly of prokaryotic B-barrel proteins was conserved
(29-31). In a reciprocal approach, the mitochondrial VDAC could also be assembled into the
bacterial outer membrane upon its expression in Escherichia coli (32). A closer look at the
biogenesis pathways of B-barrel proteins reveals that many characteristics are shared among
Gram-negative bacteria and mitochondria. In both cases the precursor proteins are initially
translocated across a membrane and prevented from misfolding and aggregation in the
intermembranal space by specialized soluble chaperones. Insertion into the outer membrane
occurs in each instance from the inner side of the membrane. The most striking similarity,
however, is the sequential and functional homology in the central components of the assembly
machineries, Tob55/Sam50 and BamA, both being members of the Omp85 superfamily.
Homologs of this family are present in all Gram-negative bacteria and in the outer membranes
of the eukaryotic organelles mitochondria and chloroplasts (14,21,33-35). A common feature
of all proteins belonging to this family is the presence of N-terminal polypeptide-transport-
associated (POTRA) domains followed by a 16-stranded C-terminal B-barrel domain. However,
the number of POTRA domains can range from one in the mitochondrial Tob55/Sam50 and
three in the chloroplast homolog Toc75-V up to seven in Omp85 from Myxococcus xanthus
(36,37). 1t seems that the POTRA domains facilitate the transfer of the B-barrel precursors from
the soluble chaperones to the membrane embedded part of the translocase although, at least for
mitochondria, a role in the release of the precursor from the TOB/SAM complex was also
suggested (38-41). Apart from the aforementioned similarities, the assembly processes differs
in terms of accessory proteins and the requirement of N-terminal signal sequences. Whereas in
mitochondria, the two accessory subunits are located at the cytosolic side of the MOM, all
accessory lipoprotein subunits of the BAM complex reside on the internal side of the membrane
similar to the N-terminal POTRA domains.

Due to this evolutionary conservation, yeast mitochondria provide a powerful system to study
the biogenesis of prokaryotic B-barrel proteins. By using this system we investigated, for
example, the involvement of periplasmic chaperones in the biogenesis pathway of the trimeric
autotransporter protein Yersinia adhesin A (YadA) (see Fig. 2). Mature YadA is composed of

an internal passenger domain (also called the effector domain), and a relatively short C-terminal
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B-domain that anchors the protein to the OM. This anchor is made by a single 12-stranded f-
barrel structure to which each monomer is contributing four B-strands. In this chapter we
describe the expression of YadA in yeast cells, how to target periplasmic chaperones to the
mitochondrial IMS and illustrate a method to examine the functionality of correctly assembled

YadA by monitoring its ability to induce the secretion of IL8 from HeLa cells (42).
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Fig. 2: (A) Schematic representation of the coexpression of YadA and the bacterial chaperones
SecB, SurA and Skp in yeast cells. (B) Comparison of the mitochondrial steady-state levels of
YadA-HA in yeast cells expressing either empty plasmid, YadA-HA alone or coexpressing
YadA-HA and the bacterial chaperones SurA, Skp and SecB. Crude mitochondria were
analysed by SDS-PAGE and immunodecoration with antibodies against the HA-tag, Skp, SurA
and Hepl (a mitochondrial matrix protein that serves as a loading control). Asterisks indicate
unprocessed forms of SurA and Skp. The positions of monomeric and trimeric YadA-HA are
indicated with M and T, respectively.

2 Materials

2.1 Yeast transformation

100 mM LiOAc (sterile). Store at room temperature (RT).

1 M LiOAc (sterile). Store at RT.

50% polyethylene glycol (PEQG), sterile: 50 g PEG-3350 in 100 ml water. Store at RT.
Salmon sperm DNA: 10 mg/ml, store in small aliquots at -20°C.

A o e

Vector to be transformed.



2.2

2.3
2.3.1
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2.3.2

Targeting of proteins to the mitochondrial IMS
Yeast expression vector containing the protein of interest fused to the first 228 amino

acids of S. cerevisiae Mgml lacking the first transmembrane domain (see Note 1).

Analysis of steady-state levels of bacterial proteins expressed in yeast cells

Isolation of crude mitochondria by lysis with glass beads

SEM buffer: 250 mM sucrose, 10 mM MOPS, 1 mM EDTA in water, pH 7.2 (adjusted
with KOH) (see Note 2)

200 mM Phenylmethylsulfonylfluoride (PMSF) in isopropanol

Reaction tubes (2 ml).

Glass beads, 0.25-0.5 mm

Bradford solution

2x Laemmli buffer: 16 mL 1 M Tris-HCI, pH 6.8, 4 g SDS, 20 mL glycerol, 20 mg
bromophenol blue, 5% 2-mercaptoethanol. Add water to 100 mL. Store at RT.
S-medium: 0.17% (w/v) yeast nitrogen base, 0.5% (w/v) ammonium sulfate, 0.3 uM
adenine and 0.5 pM uracil in water, pH 5.5 (adjusted with KOH). Add amino acids
separately as 100x stock solution (200 mg arginine, 400 mg tryptophane, 1 g leucine,
400 mg lysine, 200 mg histidine, 600 mg phenylalanine and 200 mg methionine in 100
ml water). Autoclave carbon source separately and add to 2% (w/v) final D-glucose
(SD), 2% (w/v) final D-galactose (SGal), or 2% (w/v) glycerol (SG). For selection
media leave out amino acids corresponding to the auxotrophic marker of the employed

plasmid.

SDS-PAGE

15% bottom gel: 2.39 mL water, 3.75 mL 1 M Tris/HCl (pH 8.8), 3.75 mL
acrylamide/bis-acrylamide (40%/0.8%), 0.1 mL 10% ammonium persulfate (APS), 8
uL tetramethyl-ethylenediamine (TEMED). Mix thoroughly before use.

10% separating gel: 4.55 mL distilled water, 4.69 mL 1 M Tris/HCI (pH 8.8), 3.13 mL
acrylamide/bis-acrylamide (40%/0.8%), 0.125 ml 10% APS, 10 uL TEMED. Mix
thoroughly before use.

4% stacking gel: 3.76 mL distilled water, 0.625 mL 1 M Tris/HCl (pH 6.8), 0.563 mL
acrylamide/bis-acrylamide (40%/0,8%), 0.05 mL 10% APS, 4 uL TEMED. Mix

thoroughly before use.
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5x running buffer: 30 g Tris-HCl, 145 g glycine, 5 g sodium dodecyl sulfate (SDS), add

distilled water to 1 L. Store at RT. Working concentration is 1x.

Western blotting

. Filter papers (thickness 0.35 mm)

Nitrocellulose membrane (pore size 0.2 pum)

10x blotting buffer: 60.57 g Tris-HCI, 281.51 g glycine, 5 g SDS, add distilled water to
2.5 L, store at 4°C. Working concentration is 1x: 100 mL 10x blotting buffer, 200 mL
methanol (20% final), add distilled water to 1 L.

Ponceau S solution: 0.4 g Ponceau S, 8.5 mL 72% trichloroacetic acid (TCA), add
distilled water to 200 mL. Store at RT.

5% Blocking buffer: 5 g skim milk powder in 100 mL TBS-buffer.

20x TBS: 121.16 g Tris-HCI, 900 g NaCl, add distilled water to 5 L, pH 7.5 (adjust with
HCI). Working concentration is 1x. Store at room temperature.

I1x TBS-T: add 500 pul Tween-20 to 1 L 1x TBS solution. Store at RT.

Enhanced chemiluminescence (ECL) solution: 25 mL cold 1 M Tris-HCI (pH 8.5), 1.25
mL 4.4% luminol, 0.55 mL 1.5% p-coumaric acid, add cold distilled water to 250 mL.
Store light-protected at 4°C.

Secondary antibody: horseradish peroxidase conjugated immunoglobulin G specific for

the corresponding primary antibody.

Cell culture

HelLa cells, ATCC number CCL-2 (see Note 3).
RPMI-1640 medium (e.g. Biochrom).
Penicillin/Streptomycin (Pen/Strep, e.g. Gibco).

Fetal calf serum (FCS; e.g. Gibco) (see Note 4).
Phosphate buffered saline (PBS; e.g. Gibco) (see Note 5).
Trypsin EDTA (0.05%; e.g. Gibco) (see Note 6).

Cell culture flask (e.g. Nunc).

24 well plate (e.g. Greiner).

Tabletop centrifuge (e.g. Heraeus Multifuge 3S-R).

10. Microcentrifuge tubes (1.5 mL).

11. Neubauer counting chamber.



12.
13.

2.3.5

3.1

10.
11.
12.
13.
14.
15.

Microscope (e.g. Zeiss Axiovert 25).

Cell culture incubator.

ELISA to determine amounts of I1L8

. RPMI-1640 medium (Biochrom), supplemented with 10% FCS and 1% Pen/Strep.

96 well plate (e.g. Nunc) (see Note 7).

Binding solution: 0.1 M Na;HPO4 (pH 9.0): Weigh 14.17 g of NaHPO4 and dissolve
in 900 mL ultra-pure H20. Adjust pH to 9.0 with NaOH and add ultra-pure H>O to 1000
mL. For long term storage, autoclave the solution and store at RT.

Blocking buffer: 1xPBS/10% FCS. For one 96 well plate, freshly prepare 18 mL PBS
supplemented with 2 mL FCS.

Blocking/Tween buffer: 1x PBS/10% FCS/0.05% Tween20. For one 96 well plate, mix
9 mL 1xPBS with 1 mL 10% FCS and add 5 puL Tween20.

Substrate buffer: 0.05 M Na;CO3, 0.05 M NaHCO3, 1 mM MgCl,. Weight 5.3 g of
NaCO:s3, 4.2 g of NaHCOs and 0.094 g of MgCl; in 900 mL ultra-pure H>O. Adjust pH
to 9.8 with NaOH and fill up to 1000 mL with ultra-pure H>O. Store the substrate
solution at 4°C.

Washing buffer: 1x PBS/0.05% Tween20. Store the washing buffer at 4°C.

Capture antibody: purified anti-human IL-8 (Becton Dickinson).

Detection antibody: biotin mouse anti-human IL-8 (Becton Dickinson).

Conjugate: Streptavidin alkaline phosphatase (Roche).

Substrate: 5 mg p-Nitrophenyl-phosphate (PNPP) tablets.

Recombinant human IL8 (Becton Dickinson) as standard.

Multichannel pipet.

Microplate washer (e.g. TECAN HydroFlex™).

Microplate reader (e.g. TECAN sunrise™).

Methods

Yeast transformation
Scrape yeast cells from agar plate and wash in 1 mL sterile water (1.5 mL reaction
tube).

Pellet the cells by centrifugation (5 sec, top speed, tabletop centrifuge).
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3.2
3.2.1
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Discard the water and resuspend the cells in 1 mL 100 mM LiOAc. Incubate the cells
at 30°C for 5 min. In the meantime incubate salmon sperm carrier DNA for 5 min at
95°C and place immediately on ice.

Pellet the cells by centrifugation (5 sec, top speed, tabletop centrifuge)

Discard the supernatant and add in the following order: 240 ul PEG 3350 (50%), 36 ul
1 M LiOAc, 10 pl salmon sperm carrier DNA (denatured), 60 ul sterile water and 5 pl
plasmid DNA (see Note 8).

Mix thoroughly and incubate for 20 min at 42°C.

Collect the cells by centrifugation (10 sec, top speed, tabletop centrifuge)

Discard supernatant and resuspend pellet in 100 pl sterile water.

Plate cells on selective SD-agar plates and incubate at 30°C. Depending on the yeast

strain, colonies appear after approximately two days.

Analysis of steady-state levels of bacterial proteins expressed in yeast cells

Isolation of crude mitochondria by lysis with glass beads

. Inoculate one yeast colony into 30 mL of liquid SGal-medium (see Note 9) and grow

overnight at 30°C while shaking (120 rpm).

Dilute the overnight culture in fresh medium to 200 mL (ODgoo= 0.2) and grow to ODeno
=0.8-1.5 (see Note 10).

Harvest cells by centrifugation (3000g, 5 min, RT).

Discard the supernatant and wash cells in 50 ml water.

Recollect cells by centrifugation (3000g, 5 min, RT) (see Note 11).

Resuspend the cells pellet in 2 mL SEM buffer + 2 mM PMSF (final conc.) and
distribute into four 2 ml reaction tubes containing each 600 mg glass beads.

Vortex five times for 30 sec each at max speed and cool cells for 30 sec on ice in
between.

To pellet down nuclei, unbroken cells and cell debris, spin the samples (1000g, 3 min,
4°C).

Pool the supernatants of the four reaction tubes for each strain and measure protein
concentration by Bradford method. In case of yeast cells grown on glucose, a rough
estimation is that 7% of total cellular proteins can be considered as mitochondria. If the

cells are grown on galactose, ca. 15% can be estimated to be mitochondrial proteins.

10. Collect crude mitochondria by centrifugation (13200g, 10 min, 4°C).



11. The pellet is the crude mitochondrial fraction. Supernatant contains proteins from the

3.2.2

A

cytosolic fraction. Resuspend the mitochondrial fraction in 2x Laemmli buffer to a

concentration of 2 pg/uL and boil samples for 5 min at 95°C.

SDS-PAGE

Carefully remove the comb and wash the wells with 1x running buffer.

Prior to loading, centrifuge the samples shortly at 1000g in a tabletop centrifuge.

Load 15-30 ul (30-60 pg) of the samples per each well.

Run at 20 mA for each gel until the dye front reaches the bottom gel.

Remove the gel from the electrophoresis chamber and discard the stacking and bottom

gel.

3.2.3 Western blotting

For electrophoretic protein transfer from the SDS-gel to the nitrocellulose membrane, we

employ the semi-dry western blotting.

1.

Prior to the assembly of the blotting sandwich, incubate six filter papers (depending on
the thickness of the filter papers), the nitrocellulose membrane and the SDS-gel in 1x
blotting buffer.
Assemble the blotting sandwich in the following order:

a. Three wet filter papers

b. Nitrocellulose membrane

c. SDS-gel

d. Three wet filter papers
After assembly, carefully role a glass pipett over the sandwich to get rid of residual air
bubbles.
Connect the blotting apparatus to the power supply and run for 1 h at 1 mA/cm? at RT.
Disassemble the blotting sandwich and transfer the nitrocellulose membrane to an
incubation chamber (avoid touching the membrane without gloves). To control for
successful blotting, incubate the membrane with Ponceau S solution for 2 min.
Wash the membrane with distilled water until protein bands appear. If decoration with
different antibodies is required, cut the membrane into respective slices with a scalpel.
Block the membrane in 5% blocking buffer for 1 h at RT under agitation.

Discard the blocking buffer and wash the membrane once with 1x TBS.

10



3.3

10.

11.

12.
13.

Incubate the membrane with the primary antibody for 1 h at RT while shaking (see Note
12).

Remove the primary antibody and wash three times 5 min with 1x TBS, once with TBS-
T and again with 1x TBS.

Incubate the membrane for 1 h at RT with a secondary antibody that was raised against
your first antibody and is conjugated to horseradish peroxidase.

Remove the secondary antibody and wash at least three times for 5 min with 1x TBS.
After brief incubation with ECL solution (add 1:1000 fresh H»O, before use),

chemioluminescence can be detected.

Cell culture

Quickly thaw at 37°C in a water bath human HeLa cervical epithelial cells out of liquid
nitrogen. Seed cells subsequently in 25 mL RPMI-1640 medium containing 10% FCS
and 1% Pen/Strep provided in a sterile cell culture flask with 175 cm? growth area.
Incubate cells in a cell culture incubator at 37°C with 5% CO; und 95% air humidity.
Check growth behavior of the cells under the microscope every day. If cell growth on
the bottom of the flask is nearly confluent, cells can be splitted, counted and seeded for
further assays.

Extract old medium from the flask and add 8 mL of prewarmed trypsin to remove
HelLa cells from the bottom of the flask. Incubate for 5 min at 37°C.

Afterwards add 20 mL of RPMI-1640 medium to dilute trypsin and transfer cells into
a 50 mL Falcon tube.

Centrifuge cells for 5 min at 400g and discard supernatant. Resuspend cell pellet
carefully in 5 mL prewarmed RPMI-1640 medium and avoid air bubbles.

Prepare a 1:10 dilution (10 pL of HeLa cells in 90 pL trypane blue) and count cells
under the microscope with the help of a Neubauer counting chamber.

Provide 1 mL of prewarmed RPMI-1640 medium supplemented with 10% FCS and 1%
Pen/Strep in each slot of a 24-well plate and add 1.5 x 10° HeLa cells per well (see Note
13).

Grow HeLa cells overnight at 37°C in a cell culture incubator.

Next day, one hour before adding either bacteria or isolated mitochondria (see 3.2.1),
wash cells twice with 1 mL prewarmed PBS and append 1 mL RPMI-1640 medium with
10% FCS, but without antibiotics.
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3.4

10.

11.

12.

10.

11.

Afterwards add bacteria at a multiplicity of infection (MOI) of 100 (1.5 x 107) or
mitochondria (100 pg) to desired wells and centrifuged at 400g for 5 min (see Note 14).
After one hour of incubation in the cell culture incubator, add 100 pg gentamicin (10
puL from a 10 mg/mL stock solution in cell culture PBS) to avoid further growth of
bacteria in each well.

Incubate cells for further 5 hours at 37°C in the cell culture incubator and subsequently
collect supernatant in 1.5 mL microcentrifuge tubes. Store tubes at -20°C until further

analysis.

IL8-ELISA Assay

. Coat a 96-well plate with capture antibody diluted in binding solution. Then, mix 30 uLL

of capture antibody (ab) with 5 mL binding solution and pipet 50 uL per well with a
multichannel pipette (see Note 15).

Store the 96-well plate at 4°C overnight.

Wash the plate four times with a microplate washer. Afterwards add 200 uL blocking
buffer to each well. Incubate at room temperature (RT) for 2 hours.

Thaw on ice cell culture supernatants to be analyzed (from 3.3.12). Additionally
prepare IL8 standard by a serial two-fold dilution of known protein concentrations
from 800 to 12.5 pg/mL. Prepare one microcentrifuge tube containing medium without
protein.

Wash the ELISA plate again four times. Pipet 100 uL of prepared standard in duplicates
in the first two columns starting with 0 pg/mL (blank), followed by increasing IL8
concentrations from 12.5 to 800 pg/mL.

Distribute 100 puL of each cell culture supernatant sample in the 96-well plate and
incubate for 2 hours at RT or overnight at 4°C. Perform technical duplicates.

Dilute 20 uL detection antibody in 10 mL blocking/tween buffer.

Wash ELISA plate four times and add 100 pL of the prepared detection antibody
solution in each well. Incubate for 1 hour at RT.

Prepare conjugate solution: add 10 uLL conjugate in 10 mL blocking/tween buffer.
After washing the plate four times, add 100 uL conjugate solution per well and
incubate for 1 hour at RT.

Add a PNPP pill to 5 mL chilled substrate buffer and be aware that the pill is dissolved
completely. After another washing step of the 96 well plate, add 50 pL of the substrate
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solution to each well and incubate again for 10-60 min at 37°C in the dark. Check
reaction intensity of the alkaline phosphatase every ten minutes (see Note 15).
12.If a yellowish staining is visible, put the plate in a microplate reader and measure

reaction intensity of the alkaline phosphatase at 405 nm.

Notes

1. Such construct contains a bipartite targeting and sorting signal that targets the protein
first to the mitochondrial inner membrane where the protein is then being processed by
a specific peptidase and a soluble moiety is released to the IMS (43). We used the
yeast expression plasmid pY X113 but any other plasmid can be employed.

2. We always refer to purified water when “water” is mentioned.

3. HelLa cells can be stored as single use aliquots at -80°C. Thaw an aliquot quickly at
37°C and transfer the cells subsequently to a cell culture flask filled with prewarmed
1640 medium supplemented with 10% FCS and appropriate antibiotics.

4. 1If applicable, FCS can be heat-inactivated for 30 minutes at 56°C in a water bath.

5. PBS contains CaCl; and MgCl,.

6. All cell culture media and chemicals have to be stored at 4°C after opening. Before
usage and contact with cells, prewarm all reagents to 37°C. Sterile working is essential
when dealing with cell culture.

7. Use a maxisorb ELISA plate with a flat top.

8. Itis important to keep this exact order as direct contact of yeast cells with 1 M LiOAc
can severely harm them.

9. The yield of mitochondria increases when yeast cells are grown in media with non-
fermentable carbon sources such as glycerol, ethanol or lactate. Growth on galactose
combines a decent yield with a moderate doubling time. The use of glucose as a
carbon source should be avoided since in fungi glucose represses the expression of
numerous mitochondrial genes. For selection, media should be prepared lacking the
corresponding auxothropic marker(s).

10. Try to harvest the cells in the mid-logarithmic growth phase. Cells from the stationary
phase are harder to lyse with glass beads and differ from cells in the logarithmic phase
in the composition and amount of mitochondrial proteins.

11. Yeast cell pellets can be kept at -20°C for several days.

12. In some cases over-night incubation with the primary antibody at 4°C is beneficial.
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13. Carefully agitate the 24-well plate hourglass-shaped to spread the cells over the whole
well.

14. As a positive control for the assay, you can add 10 pg purified TNFa in one well
which results in a strong IL8 secretion into the supernatant. Biological duplicates are
recommended.

15. Check if every well is covered completely and remove all air bubbles.
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Abstract

The vast majority of outer membrane (OM) proteins in Gram-negative bacteria belongs to the
class of membrane-embedded B-barrel proteins. Besides Gram-negative bacteria, the presence of
B-barrel proteins is restricted to the OM of the eukaryotic organelles mitochondria and
chloroplasts that were derived from prokaryotic ancestors. The assembly of these proteins into
the corresponding OM is in each case facilitated by a dedicated protein complex that contains a
highly conserved central B-barrel protein termed BamA/YaeT/Omp85 in Gram-negative bacteria
and Tob55/Sam50 in mitochondria. However, little is known about the exact mechanism by
which these complexes mediate the integration of B-barrel precursors into the lipid bilayer.
Interestingly, previous studies showed that during evolution, these complexes retained the ability
to functionally assemble -barrel proteins from different origins. In this review we summarize the
current knowledge on the biogenesis pathway of B-barrel proteins in Gram-negative bacteria,
mitochondria and chloroplasts and focus on the commonalities and divergences that evolved

between the different B-barrel assembly machineries.



Introduction

Integral B-barrel proteins play important roles in the functions of outer membranes (OM) of
Gram-negative bacteria, mitochondria and chloroplasts. They span the membrane with 8-26
amphiphatic anti-parallel B-strands that are arranged in a cylindrical shape. Despite this similar
basic structure, their functional diversity ranges from passive and active metabolite transporters,
through enzymes and receptors to structural proteins and translocation machineries (Wimley,
2003). Supporting the endosymbiotic theory, B-barrel proteins can be found exclusively in the

OM of Gram-negative bacteria, mitochondria and chloroplasts.

In all systems, the assembly of these proteins is facilitated by dedicated protein complexes
that contain a highly conserved central B-barrel protein termed BamA/YaeT/Omp85 in Gram-
negative bacteria and Tob55/Sam50 in mitochondria (Schleiff and Becker, 2011; Voulhoux et al.,
2003; Walther et al., 2009b). Much less is known about the assembly of these proteins in
chloroplasts. Understanding the basic principles underlying the biogenesis of -barrel proteins is
in the focus of many recent studies. It is remarkable, that in the process of evolution from
bacterial ancestors to semi-autonomous cell organelles, mitochondria retained a member of the
Omp85 superfamily to facilitate the assembly of a diverse subset of B-barrel proteins into their
OM. Although in the long process of organellogenesis, mitochondria and chloroplast had to adapt
to the requirements of a post-translational import of precursor proteins, they conserved the ability
to assemble B-barrel proteins of different origin (Kozjak-Pavlovic et al., 2011; Ulrich et al., 2012;
Walther et al., 2009a). Interestingly, even proteins of a specific class of B-barrel proteins that
cannot be found in eukaryotes, namely trimeric autotransporters, could be recognized and
assembled into the mitochondrial OM (Miiller et al., 2011). This is even more astonishing,
considering the obvious differences in the accessory proteins between the bacterial and the

mitochondrial biogenesis systems.

In this review we summarize the current knowledge on the biogenesis pathways of B-
barrel proteins in Gram-negative bacteria, mitochondria and chloroplast. A special focus is set on

the similarities and divergences that evolved between the distinct B-barrel assembly machineries.



Biogenesis of B-barrel proteins in Gram-negative bacteria

Most integral proteins of the OM of Gram-negative bacteria belong to the class of B-barrel
proteins and are synthesized on cytoplasmic ribosomes with an N-terminal signal peptide, which
ensures translocation across the inner membrane (Driessen and Nouwen, 2008; Papanikou et al.,
2007). In contrast to inner membrane o-helical proteins, precursors of [-barrel proteins are
guided to the Sec-machinery in a post-translational manner. The cytoplasmic trigger factor
recognizes the nascent polypeptide chain as it emerges at the exit channel of the ribosome
(Ferbitz et al., 2004; Hagan et al., 2011; Valent et al., 1995). Subsequently, the cytoplasmic
chaperone SecB binds the precursor protein and escorts it to the Sec translocon of the inner
membrane (Bechtluft et al., 2010; Randall and Hardy, 2002; Ullers et al., 2004). Whereas
hydrophobic transmembrane segments in a-helical proteins destined to the inner membrane
trigger the lateral opening of SecYEG translocon, B-barrel precursors are translocated across the
inner membrane in a process depending on the hydrolosis of ATP (Van den Berg et al., 2004; Xie

et al., 2007; Zimmer et al., 2008).

On the periplasmic side of the inner membrane, the signal sequence is cleaved off by the
signal peptidase (Paetzel, 2013). To keep the precursor protein in an unfolded-state and to avoid
misfolding and aggregation, periplasmic chaperones bind to the precursor proteins. It is assumed
that two parallel pathways of periplasmic chaperones can act in the biogenesis of B-barrel
proteins. One of them includes SurA that contains two peptidyl-prolyl domains and was
previously shown using Escherichia coli cells to directly interact with the dedicated insertion
machinery of the OM (Bennion et al., 2010; Lazar and Kolter, 1996; Rouviere and Gross, 1996).
The second branch is build up by the periplasmic chaperone Skp that can either act alone or
together with the chaperone/protease DegP. In E. coli, SurA seems to chaperone the vast majority
of OM proteins with a minor role of DegP and Skp. It appears that the significance of the latter
chaperone is increased in the absence of SurA (Sklar et al., 2007b; Vertommen et al., 2009). In
contrast, deletion studies in Neisseria meningitidis proposed a major role for Skp in the
biogenesis of the OM proteins PorA and PorB, whereas deletion of SurA did not show a
comparable phenotype (Volokhina et al., 2011). These apparent contradictory results suggest that

the precise roles of the periplasmic chaperones seem to depend on the substrate and organism.

Once having reached the inner surface of the OM, the B-barrel proteins are assembled into

the lipid bilayer with the help of a dedicated protein assembly machinery termed [-barrel
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assembly machinery (BAM)-complex (see figure 1). In the last years, remarkable progress has
been made in identifying and characterizing the roles of the components of the BAM-complex in
the biogenesis pathway of B-barrel proteins. In E. coli, the complex is composed of the central [3-
barrel protein BamA, homologs of which can be found in all organisms from Gram-negative
bacteria to humans, and the four lipoproteins BamB, BamC, BamD and BamE (named in E. coli
as YfgL, NlpB, YfiO and SmpA, respectively) (Hagan et al., 2011; Voulhoux et al., 2003; Wu et
al., 2005). Of those proteins solely BamA and BamD were found to be essential for viability
(Malinverni et al., 2006; Wu et al., 2005). BamD was previously shown to bind to POTRA
domain 5 of BamA and to scaffold the interaction of BamC, BamE and BamA. Furthermore its
N-terminal domain was suggested to interact with incoming precursor proteins (Gatsos et al.,
2008; Hagan et al., 2011; Sklar et al., 2007a; Vuong et al., 2008). Although the lipoproteins
BamB, BamC and BamE are not essential for cell viability and are less conserved among
different bacterial species, deletion of each one of them results in a decrease of the steady-state

levels of B-barrel proteins in the OM (Hagan et al., 2011).

Despite this recent progress, the exact mechanism by which precursor proteins are finally
assembled into the lipid bilayer is still ill defined. Recently, the structure of the central
component of the BAM-complex, BamA from Neisseria gonorrhoeae and Haemophilus ducreyi,
has been solved. (Noinaj et al., 2013). Analysis of the structural features revealed a reduction in
the hydrophobicity on one side of the barrel, which leads to a local destabilization of the OM.
Furthermore it was shown that the B-barrel might undergo lateral opening that can allow the
release of the precursor proteins from the cavity of BamA into the lipid bilayer. Accordingly,
prevention of this proposed lateral opening by formation of disulfide bridges between B-strands 1

and 16 resulted in a loss of BamA function (Noinaj et al., 2014).

Membrane assembly of B-barrel proteins in mitochondria

In comparison to Gram-negative bacteria, mitochondria harbor a rather low number of B-barrel
proteins in their OM. So far, only five members of this class have been identified in yeast. These
are the two essential proteins Tom40 and Tob55, two isoforms of Porin/VDAC and Mdm10
(Paschen et al., 2005; Walther and Rapaport, 2009). According to the endosymbiotic theory,

mitochondria were derived by the engulfment of an a-proteobacterium into an ancestral
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eukaryotic cell (Gray et al., 1999). In the process of organelle evolution many of the genes
encoding mitochondrial proteins have undergone a DNA transfer to the host genome. More than
99% of the proteins of present-day mitochondria are encoded in the nucleus. As a consequence,
the vast majority of mitochondrial proteins is synthesized on cytosolic ribosomes and thus
precursor proteins have to contain all the information required to ensure a specific and efficient
sorting to their final destination within mitochondria. Due to the fact that precursors of
mitochondrial B-barrel proteins do no longer have to cross the bacterial inner membrane, the
requirement for N-terminal signal sequences got lost in the transformation from bacteria to a
semi-autonomous eukaryotic organelle. Newly synthesized mitochondrial -barrel proteins do not

contain any cleavable targeting signal.

Upon their synthesis on cytosolic ribosomes precursors of mitochondrial B-barrel proteins
are initially recognized on the mitochondrial surface by import receptors of the translocase of the
outer membrane (TOM) complex (see figure 1) (Chacinska et al., 2009; Endo and Yamano, 2009;
Paschen et al., 2005; Pfanner et al., 2004). Next, they are relayed to Tom40, the central unit of the
TOM complex, which is a B-barrel protein itself and builds the general entry gate for most of the
mitochondrial precursor proteins. It is thought that the stepwise increasing affinity of precursor
proteins to components of the TOM complex is the driving force for the protein translocation
across the mitochondrial OM (Komiya et al., 1998; Rapaport et al., 1998; Schatz, 1997). Upon
the appearance of the B-barrel precursor proteins at the intermembrane space (IMS), they are
protected from misfolding and aggregation by the hexameric small chaperone complexes
Tim8/13 and Tim9/10 (Habib et al., 2005; Hoppins and Nargang, 2004; Wiedemann et al., 2004).
The final step of protein assembly into the lipid bilayer of the OM is facilitated by a protein
complex termed topogenesis of outer-membrane B-barrel proteins (TOB-complex) also called
sorting and assembly machinery (SAM-complex) (Gentle et al., 2004; Paschen et al., 2003;
Wiedemann et al., 2003). This protein complex consists of the B-barrel protein Tob55/Sam50,
which is homologous to BamA, and the two subunits Tob38/Sam35/Tom38 and Mas37/Sam37
which are peripherally associated to the cytosolic side of the OM. Of these three components that
make up the core structure of the TOB complex, only Tob55 and Tob38 were shown to be

essential for cell viability.

Whereas the essential subunit Tob38 was previously shown to be involved in the intra-
mitochondrial recognition of B-barrel precursor proteins through a C-terminal recognition
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sequence termed [-signal, the second subunit Mas37 was suggested to act at a later stage of -
barrel assembly with a putative role in the release of the precursor into the lipid bilayer (Ishikawa
et al.,, 2004; Kutik et al., 2008; Milenkovic et al., 2004; Waizenegger et al., 2004). Since in
mitochondria the assembly of precursor proteins into the lipid bilayer occurs from the IMS side,
it remains elusive how Tob38 can act in the recognition of precursor proteins. One possible
explanation is that a cavity in the proteinaceous components of the complex allows Tob38 a

direct contact with substrate proteins (Kutik et al., 2008).

Cytosol Chaperone MITOCHONDRIA| GRAM-NEGATIVE BACTERIA  gyracellular

Cytoplasm

Figure 1 Comparison of the B-barrel biogenesis pathways in Gram-negative bacteria and mitochondria.
Precursors of bacterial B-barrel proteins (right) are synthesized in the cytoplasm with an N-terminal signal sequences
(SP) which guides them to the Sec translocon where they are translocated across the inner membrane. In the
periplasm the precursor proteins are protected from misfolding and aggregation by the chaperones SurA, Skp and the
chaperone/protease DegP. Finally the precursor proteins are inserted into the lipid bilayer by the BAM complex,
which is build up by the central component BamA and the four lipoproteins BamB-E. Mitochondrial B-barrel
proteins (left) are initially recognized at the mitochondrial surface by receptors of the TOM complex. Upon
translocation across the mitochondrial OM through the Tom40 pore, they are escorted by the hexameric chaperone
complexes Tim8/13 and Tim9/10. The assembly of precursor proteins into the mitochondrial OM is facilitated by the
TOB complex, which is composed of the B-barrel Tob55 and the peripherally associated proteins Mas37 and Tob38.



Membrane integration of B-barrel proteins in chloroplasts

Chloroplasts or plastids in general, are the second organelles harboring membrane-embedded (-
barrel proteins in the OM. According to the endosymbiotic theory, the plastids originated by the
incorporation of an endosymbiotic prokaryote into an eukaryotic ancestor cell. Whereas
mitochondria are thought to descend from a-proteobacteria, it is believed that the engulfment of a
cyanobacterium was the initial step for the organellogenesis of plastids (McFadden, 2001). Of the
approximately 2500-3500 proteins in chloroplasts only about 80-100 genes are still encoded on
the plastome (chloroplast own genome), mainly encoding ribosomal RNAs and proteins, tRNAs,
the large subunit of the Rubisco, and proteins required for photosynthesis (Joyard et al., 2009).
The residual 95% of the chloroplasts proteins are encoded by the nuclear genome and thus have

to be imported into the chloroplasts in a post-translational manner.

Although progress has been made in understanding the biogenesis of chloroplast proteins
containing a cleavable targeting sequence, currently very little is known about how chloroplast (-
barrel proteins are assembled into their corresponding membrane. Like in mitochondria, most
chloroplast precursors of f-barrel proteins are devoid of N-terminal targeting signals. The only
known exception is the central component of the translocase of the chloroplast outer membrane
(TOC-complex), Toc75-111. It is a highly abundant protein in the OM that is synthesized in the
cytoplasm with an N-terminal bipartite transit peptide (Cline et al., 1981; Tranel and Keegstra,
1996). Interestingly, the first half guides the precursor protein to the chloroplast stroma, whereas
the second half of the signal contains a stop-transfer segment which is thought to prevent the full
translocation across the inner membrane. After cleavage of the N-terminal part of the signal by
the stromal processing peptidase (SPP), the precursor protein was shown to undergo further
processing by a type I signal peptidase before it is finally assembled into the chloroplast OM
(Inoue et al., 2005; Patel et al., 2008). The precursor translocation across the OM and the
insertion into the lipid bilayer from the inner face of the membrane resemble the biogenesis
pathway of B-barrel proteins in mitochondria. Another isoform of Toc75, Toc75-V or AtOep80,
is closely related to the mitochondrial Tob55 and is also a member of the Omp85 superfamily.
Toc75-V 1is essential for viability in Arabidopsis thaliana and was previously suggested to
facilitate the insertion of f-barrel proteins into the outer envelope of chloroplasts (Patel et al.,
2008; Soll and Schleiff, 2004). However, so far there is no experimental support for this claim.
According to phylogenic analysis of Toc75 from numerous organisms, Toc75-III and Toc75-V
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belong to two distinct branches of the Omp85 superfamily (Bredemeier et al., 2007; Moslavac et
al., 2005). Whilst Toc75-V might have retained its ancestral function in the assembly of B-barrel
proteins, Toc75-111 evolved to form the general entry gate for chloroplasts-destined proteins that

are synthesized in the cytosol and have to be imported into chloroplasts.

Common grounds and divergences in the biogenesis of -barrel proteins

Three common characteristics are shared in the B-barrel biogenesis pathways of bacteria and
mitochondria: (i) insertion via the internal side of the membrane, (i1) participation of soluble
chaperones in the periplasm or IMS, and (iii) homology among the central subunit of the
assembly complex. Homologs of BamA, the central component of the BAM-complex can be
found in all Gram-negative bacteria and in the OM of the eukaryotic organelles mitochondria and
chloroplasts. The most striking similarity among all members of the Omp85 superfamily is their
unique structural organization. It was predicted that the structure contains N-terminal
polypeptide-transport-associated (POTRA) domains that are followed by a 16-stranded C-
terminal P-barrel pore. Indeed, a recent structure determination of BamA from Neisseria

gonorrhoeae and Haemophilus ducreyi confirmed this structure (Noinaj et al., 2013).

Despite such apparent similarity, comparison of several members of the Omp85
superfamily reveals that the number of POTRA domains varies from one in the mitochondrial
Tob355 to three in the chloroplast homolog Toc75-V, whereas up to seven POTRA domains were
predicted for the Omp85 of Myxococcus xanthus (Arnold et al., 2010; Sanchez-Pulido et al.,
2003). Regardless of the number of POTRA domains, a comparative study of 567 POTRA
domains identified the most C-terminal POTRA domain as the best conserved one, followed by
the most N-terminal one (Arnold et al., 2010). Accordingly, it can be speculated that in the
process of organelle evolution the mitochondrial Omp85 homolog, Tob55 evolved in a way that it
retained the most C-terminal POTRA domain as a minimal motif for B-barrel assembly in
mitochondria. This assumption goes in line with the discovery that POTRA domains 1-4 are
dispensable for viability in Neisseria meningitidis and their deletion results in only mild assembly
defects of OM proteins (Bos et al., 2007). However, in sharp contrast to the situation in Neisseria

meningitidis, POTRA domains 3-5 were shown to be essential in E. coli (Kim et al., 2007).



Interestingly, the accessory lipoproteins BamC, BamD and BamE were reported to bind to
POTRA domain 5, whereas the binding of BamB, which is not present in Neisseria meningitides,
to the BAM complex was affected in a strain deleted for POTRA domains 2-5 (Kim et al., 2007).
According to these differences in the necessity of POTRA domains in the different organisms, it
is also conceivable that Omp85 homologs with multiple POTRA domains evolved from a simple
ancestral Omp85 harboring only one POTRA domain. It is still controversially discussed how the
different numbers of POTRA might be explained. It is conspicuous that the number of POTRA
domains seems to correlates with the predicted number of B-barrel proteins in Gram-negative
bacteria, mitochondria and chloroplasts (Habib et al., 2007; Schleiff et al., 2003). On the other
hand, the deletion of POTRA domains 1-4 in Neisseria meningitides had less effect on the
assembly of the 8-stranded B-barrel protein NspA than on that of a 22-stranded B-barrel protein.
This difference might reflect the requirement for multiple POTRA domains in order to facilitate

an efficient assembly of larger and more complex substrates (Bos et al., 2007).

Besides the varying number of POTRA domains that can be found among the distinct
Omp85 homologs, a crucial difference persists regarding the orientation of the POTRA domains.
Here, an exceptional position among the members of the Omp85 superfamily is held by the
cyanobacterial and plant homologs Toc75/0Oep80. Whilst the varying number of POTRA
domains in all other Omp85/BamA homologs protrude into the periplasm in bacteria or IMS in
mitochondria, a recent study demonstrated that during evolution Toc75/0ep80 changed its
orientation with the N-terminal POTRA domains exposed towards the cytosol (Sommer et al.,
2011). This would however, exclude the putative involvement of the POTRA domains as a
receptor or scaffold in the biogenesis of B-barrel proteins from the inner side of the membrane, as
it was previously shown for bacteria and mitochondria. Therefore it remains elusive, whether the
cytoplasmic orientation of the POTRA domains in Toc75/0Oep80 allows for the recognition and
assembly of incoming B-barrel precursor proteins without even entering chloroplasts through the

TOC complex.

Even though structural data of the POTRA domains in different Omp85 homologs are
available, very little is known about the exact mechanism by which the individual POTRA
domains assist in the assembly of B-barrel precursor proteins. One possible mechanism that is
often discussed is f-augmentation, which describes the interaction of B-strands of two different
proteins by extending the B-sheet motif (Bennion et al., 2010; Harrison, 1996; Kim et al., 2007;
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Knowles et al., 2008; Koenig et al., 2010). It is suggested, that exposed B-sheets in POTRA
domains pair with B-sheets in precursors of B-barrel proteins, thus facilitating a sequential
substrate sliding to the core of the corresponding Omp85 homolog. This idea would allow for the
recognition and handling of a broad variety of OM proteins. Such a mechanism could be rather
selective for alternating hydrophobic and polar patches in B-barrel proteins without a demand for

specific linear sequence information (Gatzeva-Topalova et al., 2008; Knowles et al., 2008).

Heterologous assembly of B-barrel proteins

In accordance with the aforementioned similarities, functional expression of bacterial B-barrel
proteins in eukaryotic cells suggests that mitochondria are able to recognize and assemble
prokaryotic B-barrel proteins. Interestingly, in Saccharomyces cerevisiae several bacterial -
barrel proteins could be assembled into the mitochondrial OM. Detailed analysis showed that
PhoE from Escherichia coli is assembled into the mitochondrial OM in its trimeric form by a
process similar to the one taken by bona fide mitochondrial B-barrel proteins (Walther et al.,
2009a). Another interesting example is provided by the trimeric autotransporter protein YadA
from Yersinia enterocolitica. The B-barrel domain of this protein is composed from three
monomers, whereas each one contributes four B-stands to the 12-stranded pB-barrel. Expression of
the transmembrane domain of YadA showed that four B-strands of monomeric YadA contain
sufficient information to be recognized and assembled into the mitochondrial OM (Miiller et al.,

2011).

In a very recent study we extended our investigations to the full-length version of YadA.
We found that when expressed in yeast cells both the monomeric and trimeric forms of the
protein were detected in mitochondria but only the trimeric species was fully integrated into the
mitochondrial OM (Ulrich et al., 2014). The oligomeric form was exposed on the surface of the
organelle in its native conformation and preserved its ability to adhere to host cells. The assembly
of YadA in mitochondria was dependent on the import machinery of the mitochondrial OM
(TOM and TOB complexes). Interestingly, the co-expression of YadA with a mitochondria-
targeted form of the bacterial periplasmic chaperone Skp, but not with SurA or SecB, resulted in
elevated levels of both forms of YadA (Ulrich et al., 2014). Collectively, these results indicate

that the proper assembly of trimeric autotransporter can occur also in a system lacking the
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lipoproteins of the BAM machinery and is specifically enhanced by the chaperone Skp.
Furthermore, these findings demonstrate that the evolutionary conservation of B-barrel assembly
allows mitochondria to deal even with a class of B-barrel proteins that is not present in any

eukaryotic cell.

In a reciprocal approach, the mitochondrial voltage-dependent anion-selective channel
VDACI from Neurospora crassa was shown to be assembled into the bacterial OM upon its
expression in E. coli cells (Walther et al., 2010). Interestingly, the ability to exchange substrates
among the different B-barrel assembly machineries is not restricted to bacteria and mitochondria.
A recent study demonstrated that the chloroplast B-barrel proteins Oep37 and Oep24 are
assembled into the mitochondrial OM, when expressed in yeast cells (Ulrich et al., 2012). In
contrast to the broad variety of bacterial and chloroplast B-barrel proteins that could be assembled
into the mitochondrial OM in yeast cells, mammalian mitochondria did not show such a general
assembly capacity for bacterial B-barrel proteins. It seems that bacterial porins like PorB from
pathogenic strains were assembled into mammalian mitochondria whereas p-barrel proteins from
non-pathogetic strain failed in doing so. Surprisingly, co-expression of neisserial Omp85 with
non-pathogenic PorB allowed assembly of such PorB molecules into the OM of mitochondria.
Nevertheless, Omp85 was not able to substitute for the loss of its mitochondrial homolog Tob55

(Kozjak-Pavlovic et al., 2011).

Apart from the aforementioned evolutionary conservation in the function and structure
among the members of the Omp85 superfamily, the B-barrel assembly machineries in bacteria
and mitochondria severely differ regarding their distinct accessory proteins. Chloroplasts proteins
that assist Toc75/0ep80 in the assembly process have not yet been identified. A closer look at the
protein complexes that facilitate the insertion of B-barrel proteins into the OM of bacteria and
mitochondria reveals that the accessory proteins in the mitochondrial TOB complex do not share
any homology with their bacterial counterparts. The most striking difference regarding the
accessory proteins of the BAM and the TOB complexes is their contrarious localization. The
bacterial lipoproteins BamB-E are localized on the inner side of the OM and hence are able to
directly interact with incoming precursor proteins before their engagement by the cavity of
BamA. In contrast, Tob38 and Mas37, the two mitochondrial subunits of the TOB complex, are

peripherally associated at the cytosolic side of the OM.
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Concluding remarks

Despite remarkable progress in characterizing the factors involved in the assembly of B-barrel
proteins into the OM of Gram-negative bacteria and mitochondria, still very little is known about
the machinery that assembles such proteins into the OM of chloroplasts. It is however, clear that
a common ground of all membranes harboring B-barrel proteins is the presence of dedicated
assembly machineries containing a central component from the Omp85 superfamily. The exact
mechanism that allows the Omp85 homologs to assemble precursor proteins into the lipid bilayer
still remains elusive. However, the recently reported structure of BamA and the proposed
mechanism of a lateral release might serve as an initial point for further studies and is possibly
also applicable to the Omp85 homologs in mitochondria and chloroplasts. Apart from the
evolutionary conservation in their central unit, the machineries for assembly of B-barrel proteins
display considerable differences regarding the number and the orientation of the accessory
proteins. In future studies it will be interesting to analyze the exact function of such accessory
proteins in order to understand how completely different subunits evolved to facilitate a basically
similar process. In this regard, characterizing the factors involved in the biogenesis of B-barrel
proteins in chloroplasts might also shed light on the question of how plant cells that harbor both

mitochondria and chloroplasts avoid mistargeting of B-barrel proteins to the wrong organelle.
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