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Summary 

Membrane-embedded β-barrel proteins are found in the outer membranes (OM) of Gram-

negative bacteria, mitochondria and chloroplasts. They form a barrel shaped hydrophilic pore 

in the membrane, which can be composed of 8-26 H-bonded, mostly anti-parallel β-strands. 

These proteins constitute an essential part of the OM proteome by functioning as transporters, 

enzymes, or subunits of protein translocons and membrane insertion machineries. 

Mitochondrial and chloroplast β-barrel proteins are transcribed in the nucleus and translated 

on cytosolic ribosomes, from where they are targeted to the correct subcellular organelle and 

ultimately integrated with the help of dedicated import machineries into the respective outer 

membrane. 

The biogenesis pathways for β-barrel proteins have been quite conserved over the course of 

evolution due to the endosymbiotic origins of mitochondria and chloroplasts from ancient 

Gram-negative bacterial endosymbionts (α-proteobacterium and a photosynthetic 

cyanobacterium, respectively). Such conserved mechanisms prompted studies to investigate 

the evolutionary lineage of these pathways. Bacterial and chloroplast β-barrel proteins have 

been shown to be targeted and integrated into mitochondria upon their expression in yeast cells.  

In this study, I aimed to study the extent of evolutionary conservation of β-barrel biogenesis 

pathways. To this end, I started my work by testing the destiny of the bacterial secretins InvG 

and SsaC upon their expression in yeast cells. My findings demonstrate that they are capable 

of mitochondrial localization in these cells and their biogenesis is variably dependent on the 

TOM import receptors and the TOB complex. 

Next, I investigated whether de novo designed synthetic eight-stranded transmembrane β-barrel 

(TMB) proteins (Tmb2.3 and Tmb2.17) could be expressed in yeast cells and integrated into 

their mitochondria. I further assessed the role of components of yeast mitochondrial import and 

assembly machinery in their proper biogenesis. 

My results demonstrate that both de novo designed synthetic TMBs, Tmb2.3 and Tmb2.17, can 

be successfully expressed as HA-tagged proteins in yeast cells without being detrimental to 

their growth. Subcellular fractionation experiments show that both TMBs can be targeted to 

the mitochondria, with partial ER localization as well. They are embedded into the 

mitochondrial OM with a topology that exposes part of them to the cytosol. 
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I further observed that the absence of either one of the import receptors (Tom20 or Tom70), 

did not impair their biogenesis. Moreover, deficiency in certain critical components of the TOB 

complex, namely Mas37 and Tob55, differentially affected the assembly of these synthetic 

TMBs. In the absence of Mas37, the mitochondrial steady state levels of the TMBs decreases, 

similar to bona fide mitochondrial β-barrel proteins. Depletion of Tob55 leads to decreased 

mitochondrial levels of Tmb2.3-HA, while the levels of Tmb2.17-HA are further stabilized. 

Interestingly, Tmb2.3-HA can assemble into higher oligomers in a TOB complex dependent 

manner. In contrast, the biogenesis of Tmb2.17-HA seems to be independent of the TOB 

complex.  

Collectively, my findings indicate that different β-barrel proteins can be dependent to a variable 

extent on the proper function of the TOB complex. Such distinctions might be mapped to the 

dissimilarities in their sequence, hydrophobicity patterns of the β-strands, and/or different 

sequence of the classical β-signal at the last β-strand. My results further suggest the strong 

evolutionary conservation of pathways and machineries that recognize β-barrel structural 

elements and facilitate the biogenesis of β-barrel proteins across the spectrum of life. 
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Zussamenfassung 

β-Fass-Proteine, die in die Membran eingebettet werden, kommen in den äußeren Membranen 

(OM) von Gram-negativen Bakterien, Mitochondrien und Chloroplasten vor. Sie bilden eine 

röhrenförmige hydrophile Pore in der Membran, die aus 8-26 β-Strängen zusammengesetzt 

sein kann, die meist antiparallel angeordnet werden und über Wasserstoffbrücken miteinander 

verbunden werden. Diese Proteine sind ein wesentlicher Bestandteil des OM-Proteoms, da sie 

als Transporter, Enzyme oder Untereinheiten von Proteintranslokatoren und 

Membraninsertionsmaschinerie fungieren. Mitochondriale und chloroplastische β-Fass-

Proteine werden im Zellkern transkribiert und auf zytosolischen Ribosomen translatiert, von 

wo aus sie zu den richtigen subzellulären Organellen transportiert und schließlich mit Hilfe 

spezieller Importmaschinerie in die jeweilige äußere Membran integriert werden. 

Die Biogenesewege für β-Fass-Proteine blieben im Laufe der Evolution ziemlich konserviert, 

da Mitochondrien und Chloroplasten aus ursprünglichen Gram-negativen bakteriellen 

Endosymbionten (α-Proteobakterium bzw. photosynthetisches Cyanobakterium) 

endosymbiotisch entstanden sind. Diese konservierten Mechanismen haben Studien veranlasst, 

die evolutionäre Verknüpfung dieser Signalwege zu untersuchen. Es hat sich gezeigt, dass 

bakterielle und chloroplastische β-Fass-Proteine nach ihrer Expression in Hefezellen gezielt in 

Mitochondrien integriert werden.  

In dieser Studie wollte ich das Ausmaß der evolutionären Erhaltung der β-Fass-Biogenesewege 

untersuchen. Zu diesem Zweck begann ich meine Arbeit, indem ich das Schicksal der 

bakteriellen Sekretine InvG und SsaC nach ihrer Expression in Hefezellen testete. Meine 

Ergebnisse zeigen, dass sie in diesen Zellen zur mitochondrialen Lokalisierung fähig sind und 

ihre Biogenese in unterschiedlicher Weise von den TOM-Importrezeptoren und dem TOB-

Komplex abhängig ist. 

Als nächstes untersuchte ich, ob de novo entworfene synthetische achtsträngige 

Transmembran-β-Fass-Proteine (TMB) (Tmb2.3 und Tmb2.17) in Hefezellen exprimiert und 

in ihre Mitochondrien integriert werden können. Darüber hinaus habe ich die Rolle von 

Komponenten der mitochondrialen Import- und Assemblierungsmaschinerie in Hefezellen bei 

deren korrekter Biogenese untersucht. 

Meine Ergebnisse zeigen, dass beide de novo entworfenen synthetischen TMBs, Tmb2.3 und 

Tmb2.17, erfolgreich als HA-markierte Proteine in Hefezellen exprimiert werden können, ohne 
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ihr Wachstum zu beeinträchtigen. Subzelluläre Fraktionierungsexperimente zeigen, dass beide 

TMBs zu den Mitochondrien lokalisiert werden können, wobei sie teilweise auch zum ER 

lokalisiert werden. Sie sind in das mitochondriale OM mit einer Topologie eingebettet, die 

einen Teil von ihnen dem Zytosol aussetzt. 

Ich habe außerdem beobachtet, dass das Fehlen eines der Importrezeptoren (Tom20 oder 

Tom70) ihre Biogenese nicht beeinträchtigt. Darüber hinaus wirkte sich das Fehlen bestimmter 

kritischer Komponenten des TOB-Komplexes, nämlich Mas37 und Tob55, unterschiedlich auf 

den Aufbau dieser synthetischen TMBs aus. In Abwesenheit von Mas37 nimmt der 

mitochondriale Steady-State-Spiegel der TMBs ab, ähnlich wie bei echten mitochondrialen β-

Fass-Proteinen. Die Deletion von Tob55 führt zu einer Abnahme des mitochondrialen Tmb2.3-

HA-Spiegels, während der Tmb2.17-HA-Spiegel weiter stabilisiert wird. Interessanterweise 

kann sich Tmb2.3-HA in Abhängigkeit vom TOB-Komplex zu höheren Oligomeren 

zusammensetzen. Im Gegensatz dazu ist die Biogenese von Tmb2.17-HA unabhängig vom 

TOB-Komplex.  

Insgesamt deuten meine Ergebnisse darauf hin, dass verschiedene β-Fass-Proteine in 

unterschiedlichem Maße von der ordnungsgemäßen Funktion des TOB-Komplexes abhängig 

sein können. Solche Unterschiede könnten auf die Unähnlichkeiten in ihrer Sequenz, die 

Hydrophobizitätsmuster der β-Stränge und/oder die unterschiedliche Sequenz des klassischen 

β-Signals am letzten β-Strang zurückzuführen sein. Meine Ergebnisse deuten außerdem darauf 

hin, dass die Wege und Mechanismen, die β-Fass-Strukturelemente erkennen und die 

Biogenese von β-Fass-Proteinen im gesamten Spektrum des Lebens diktieren, evolutionär stark 

erhalten sind. 
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Introduction 

Most of the outer membrane (OM) proteins in Gram-negative bacteria are membrane-

embedded β-barrel proteins that are composed of 8-26 anti-parallel β-strands forming a barrel 

shaped hydrophilic pore in the membrane. These proteins perform a variety of functions 

ranging from active transporters of solutes, enzymes, structural proteins to protein translocons 

and membrane insertion machinery (Wimley 2003). In eukaryotes, the presence of β-barrel 

proteins is restricted to the OM of mitochondria and chloroplasts that were derived from 

prokaryotic ancestors (Gray 1999). The assembly of these proteins into their corresponding 

OM is in each case facilitated by a dedicated protein complex that contains a highly conserved 

central β-barrel protein termed BamA/YaeT/Omp85 in Gram-negative bacteria, Tob55/Sam50 

in mitochondria, and OEP80 in plastids (Ulrich and Rapaport 2015; Gross et al. 2021). These 

central components are related to each other and belong to the Omp85 superfamily (Gentle, 

Burri, and Lithgow 2005). 

 

1.1 Diversity of outer membrane β-barrel proteins  

1.1.1 Bacterial β-barrel proteins  

Gram-negative bacteria are enveloped by two membranes, the inner and the outer. The space 

between these membranes, the periplasm, contains the peptidoglycan. While the inner 

membrane is a regular phospholipid bilayer, the OM is an asymmetrical bilayer consisting of 

phospholipids and lipopolysaccharides (LPS) in the inner and outer leaflets, respectively 

(Walther, Rapaport, and Tommassen 2009). Bacterial β-barrel proteins constitute different 

functional groups within the OM proteome including porins, lysins, efflux pumps and 

membrane insertion machinery. Prominent members of Porin class of proteins include 

phosphoporin (PhoE), maltoporin (LamB) and Matrixporin (OmpF) (Pauptit et al. 1991). 

Lysins such as α-haemolysin from Staphylococcus aureus function as pore forming toxins. 

Proteins like OmpA found in E. coli, that play key structural and functional roles for the 

bacteria (Krishnan and Prasadarao 2012), are also a member of this group of proteins. This 

class also includes the type II secretion system secretin GspD in Vibrio cholerae and the 

Salmonella typhimurium SPI-1 type III secretion injectisome secretin InvG (Natarajan, Singh, 

and Rapaport 2019).  
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1.1.2 Mitochondrial β-barrel proteins 

Mitochondria are double membrane organelles consisting of an outer and inner membrane, 

which sandwiches the intermembrane space and encapsulates the matrix (Nunnari and 

Suomalainen 2012). Mitochondrial β-barrel proteins reside in their OM and include 

mitochondrial voltage-dependent anion channel (VDAC/Porin); components of the translocase 

of outer membrane (TOM) and topogenesis of outer membrane β-barrel protein (TOB) 

machinery namely Tom40 and Tob55, respectively; as well as mitochondrial distribution and 

morphology (Mdm)10 (Paschen, Neupert, and Rapaport 2005). VDACs are abundant 

mitochondrial β-barrel proteins. Their pore is composed of 19 anti-parallel β-strands whereas 

strands 1 and 19 are in parallel orientation to each other. VDAC, which was previously known 

as mitochondrial porin, functions as a channel for transport of metabolites, nucleotides, ions, 

and even small peptides (Benz 1989). VDACs are found in mitochondria across the spectrum 

of life, from unicellular yeasts to plants and all higher eukaryotes. Bakers’ yeast 

(Saccharomyces cerevisiae) has two genes encoding VDACs, POR1 and POR2, while higher 

eukaryotes like humans have at least three isoforms, VDAC1, VDAC2 and VDAC3 and plants 

have up to five such genes (Young et al. 2007; Raghavan et al. 2012). Tob55/Sam50 in 

mitochondria belongs to the Omp85 superfamily comprising of 16-stranded β-barrel with a 

single polypeptide-transport-associated (POTRA) domain extending into the intermembrane 

space (Diederichs et al. 2020). Tob55 is important for the membrane integration of β-barrel 

proteins. Tom40 forms the 19-stranded barrel core of the TOM complex and is required for the 

import of the vast majority of precursor proteins into mitochondria. Mdm10 is part of the 

ERMES complex (Michel and Kornmann 2012) and facilitates the assembly of Tom40 in the 

OM (Takeda et al. 2021). 

 

1.1.3 Chloroplast β-barrel proteins 

Chloroplast OM contains several β-barrel proteins including outer envelope proteins (OEP) 

such as OEP7, OEP16, OEP21, OEP24, OEP37 and OEP40 which function as high-

conductance solute channels (Schleiff et al. 2003; Goetze et al. 2006; Hemmler et al. 2006). 

The outer envelope protein of 21 kDa (OEP21) constitutes an ATP-regulated anion selective 

channel (Bölter et al. 1999), while the outer envelope proteins of 24, 37, and 40 kDa (OEP24, 

OEP37, and OEP40, respectively) function as cation-selective solute channels with distinct 

substrate specificities (Pohlmeyer et al. 1998; Schleiff et al. 2003; Harsman et al. 2016). In 

addition, the β barrel protein Toc75-III forms the protein conducting channel of the translocase 

of the OM of chloroplasts (TOC complex) (Schleiff and Becker 2011) while Toc75-V, also 
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known as OEP80, belongs to the Omp85 superfamily and is probably involved in the 

chloroplast OM β-barrel protein biogenesis (Gross et al. 2021). Other Omp85 homologs 

include the non-essential proteins P36 (Nicolaisen et al. 2015) and P39 (Hsueh et al. 2017).  

 

1.1.4 Synthetic β-barrel proteins 

A recent study from the Baker lab showed that de novo designed synthetic β-barrel proteins 

could fold and assemble into barrel structures in artificial lipid membranes (Vorobieva et al. 

2021). These rather small proteins, named Tmb2.3 and Tmb2.17, are around 13.5 kDa and 

composed of eight anti-parallel β-strands. These proteins were designed using a combination 

of geometric models, Rosetta protein structure simulations, and extensive in vitro and in vivo 

testing of expression and folding capabilities. The key to the successful design of these proteins 

was the careful balance of hydrophobicity and β-sheet propensity of the sequences and the 

presence of important structural features like glycine kinks, β-bulges, and register-defining 

side-chain interactions. 

 

1.2 Biogenesis pathways of bacterial β-barrel proteins 

Precursors of bacterial β-barrel proteins are synthesized in the cytoplasm with N-terminal 

signal sequences that are recognised by the cytosolic SecB chaperone. SecB binding to the 

precursor prevents their aggregation and maintains them in a translocation-competent state. 

The signal sequence and bound chaperone target the precursor to the bacterial inner membrane 

where the precursor traverses through the SecYEG translocon and reaches the periplasm 

(Papanikou, Karamanou, and Economou 2007). The signal sequences are then cleaved off and 

the precursors are stabilized by the periplasmic chaperone Skp and assisted in folding by the 

periplasmic chaperone SurA (Walther, Rapaport, and Tommassen 2009). Ultimately, the β-

barrel precursors are assembled into the outer membrane, potentially through lateral release, 

with the help of the β-barrel assembly machinery (BAM) complex composed of the β-barrel 

protein, BamA and four lipoproteins BamB-E (Noinaj et al. 2014) (Figure 1.1). Many bacterial 

β-barrel proteins contain a signature sequence at the C-terminus. This signature sequence 

consists of a highly conserved Phe (or Trp) residue at the ultimate C-terminal position, Tyr or 

a hydrophobic residue at position 3, and also hydrophobic residues at positions 5, 7, and 9 from 

the C-terminus. The Phe residue is essential for optimum assembly into the OM (Struyvé, 

Moons, and Tommassen 1991).  
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Figure 1.1 – Biogenesis pathway of bacterial β-barrel proteins. 

Precursors of bacterial β-barrel proteins are synthesized in the cytoplasm with signal sequences, which 

are recognized by Sec chaperones, who in turn guide them to the SecYEG translocon, which eventually 

translocates them across the inner membrane (IM). Signal sequences are cleaved in the periplasm and 

the periplasmic chaperones SurA and Skp mediate the transfer to the BAM machinery (Omp85) that 

ultimately integrate the β-barrel protein into the outer membrane (OM). 

 

1.3 Biogenesis of mitochondrial β-barrel proteins 

During the evolution of mitochondria from an ancient endosymbiont, most of the organellar 

genes, including those encoding predecessors of β-barrel proteins, were transferred to the 

nucleus, with the mitochondrial genome retaining the codes for only few key proteins, mostly 

components of the respiratory chain complexes (Gray, Burger, and Lang 1999). Mitochondrial 

β-barrel proteins are thus transcribed in the nucleus and translated on cytosolic ribosomes. 

Then, they need to be targeted to the correct sub-cellular organelle, namely the mitochondria, 

and ultimately integrated into the mitochondrial OM (MOM) with the help of dedicated import 

machineries.  

 

1.3.1 Early cytosolic events of newly synthesized mitochondrial β-barrel precursors 

The first challenge in the biogenesis of mitochondrial β-barrel proteins is to keep the newly 

synthesized molecules in an import competent conformation (Freitag, Neupert, and Benz 1982; 

Rapaport and Neupert 1999). The rather hydrophobic β-strands that build the transmembrane 
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segments are prone to aggregation in the cytosol. Thus, the newly synthesized β-barrel 

precursors must be bound by cytosolic chaperones to shield these hydrophobic patches, 

preventing the emerging nascent chain from engaging in unfavourable intra- and inter-

molecular interactions (Kim et al. 2013). This association with chaperones maintains them in 

an import-competent conformation. Recent studies, using yeast as a model system, demonstrate 

that newly synthesized β-barrel precursors like VDAC dynamically interact with Hsp70 

chaperones (Ssa1/2) and their Hsp40 co-chaperones Ydj1 and Sis1 (Figure 1.2) (Jores et al. 

2018). Inhibiting the activity of the cytosolic Hsp70 chaperone, preventing its docking to the 

mitochondrial receptor Tom70, or co-depleting both co-chaperones Ydj1 and Sis1 resulted in 

a significant reduction in the in vivo and in vitro import of VDAC into yeast mitochondria. 

Experiments utilizing Hsp70 inhibitors and pull-down assays demonstrated that the interactions 

between VDAC and Hsp70 chaperones and their physiological role are also conserved in 

mammalian cells. Moreover, a β-hairpin motif of VDAC, hypothesized to be the mitochondrial 

targeting signal (see below), was sufficient for the interaction with these (co-)chaperones. It 

should be emphasized that these (co-)chaperones support the import of not only β-barrel 

proteins but are also involved in the biogenesis of many additional proteins. Hence, so far, a 

targeting factor, which is dedicated solely to β-barrel proteins was not identified. The 

abovementioned chaperones and the mitochondrial targeting information contribute to the relay 

of the nascent precursors to the receptors of the translocase of the outer membrane (TOM) of 

mitochondria. Other β-barrel proteins like Tom40 and Tob55/Sam50 appear to follow the same 

route as VDAC (Jores et al. 2018). 

Currently, it is not clear whether the aforementioned cytosolic factors support biogenesis solely 

by preventing premature unfavourable aggregation or whether they also facilitate specific 

targeting. The contribution of the chaperone anchor Tom70, located at the mitochondrial 

surface, to the overall import process suggests that association with chaperones also increases 

the specificity of organellar targeting.  
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Figure 1.2 – Biogenesis pathway of mitochondrial β-barrel proteins. 

Mitochondrial β-barrel proteins are transcribed in the nucleus, translated on cytosolic ribosomes, 

transported to the mitochondrial surface in an import competent fashion by chaperones, where the 

precursors are initially recognized by receptors of the TOM complex. The import and assembly of the 

β-barrel precursors is facilitated by the TOM and TOB complexes together with the small translocase 

of inner membrane (sTIM) chaperones [Figure from (Moitra and Rapaport 2021)].  
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1.3.2 Targeting of β-barrel precursors to the mitochondrial surface 

Most mitochondrial precursor proteins contain a cleavable N-terminal presequence that targets 

them to mitochondria. However, mitochondrial β-barrel proteins lack a cleavable targeting 

signal. Hence, it remained unclear how the targeting information for mitochondrial β-barrel 

proteins was encoded. Various studies showed that bacterial and chloroplast β-barrel proteins 

could be targeted and assembled into yeast mitochondria (Walther et al. 2009; Ulrich et al. 

2012; Ulrich et al. 2014). Conversely, VDAC could also be integrated into bacterial OM and 

form pores there (Walther et al. 2010), suggesting that the targeting information for β-barrel 

proteins is conserved from bacteria to mitochondria and thus functional in both systems. Since 

none of the studies could identify a definitive linear amino acid sequence as the targeting signal, 

it was hypothesized that the targeting signal may be a structural feature of the β-barrel proteins.  

Truncation studies showed that the last C-terminal β-strand of mitochondrial β-barrel proteins 

contains a stretch of amino acids that facilitate their interaction with the TOB complex. These 

residues were called the β-signal (Kutik et al. 2008). However, deletion or mutation of the β-

signal did not interfere with the initial targeting of newly synthesized β-barrel proteins to 

mitochondria. Studies involving a bacterial trimeric autotransporter Yersinia adhesin A 

(YadA), where each subunit contributes four β-strands to a 12-mer β-barrel structure, 

demonstrated that such proteins can be targeted to mitochondria upon their expression in yeast 

cells (Müller et al. 2011). This finding implies that even a partial β-barrel structure (like four 

β-strands) is sufficient for specific mitochondrial targeting. Hence, it was further tested whether 

a β-hairpin structural motif, which is composed of two β-strands and a loop and represents the 

most basic repeating structural motif of β-barrel proteins, could be the elusive mitochondrial 

targeting signal. To support this possibility, it was shown that a peptide corresponding to the 

last β-hairpin of human VDAC1 could competitively inhibit the in vitro import of 

mitochondrial β-barrels (Jores et al. 2016). 

Moreover, hybrid proteins of this β-hairpin fused to soluble passenger domains like GFP or 

DHFR were targeted to mitochondria upon their expression in yeast cells. Such β-hairpin motif 

has an amphipathic characteristic as eventually, upon its incorporation into a membrane-

embedded β-barrel, one phase of the motif will face the lipid core and hence is hydrophobic, 

whereas the opposite one will be exposed to the pore lumen and thus is rather hydrophilic. 

Importantly, it was discovered that optimal mitochondrial targeting depends on relative 

elevated hydrophobicity of those amino acid residues that face the lipid core of the membrane 

(Jores et al. 2016).  
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In most eukaryotic cells, mitochondria are the only organelles containing β-barrel proteins. The 

problem of specific targeting gets an interesting twist in plant cells where plastids can be an 

alternative destination for such proteins. Klinger et al. addressed this issue and found that the 

hydrophobicity is not sufficient for the discrimination of targeting to chloroplasts or 

mitochondria. By domain swapping between mitochondrial (atVDAC1) and chloroplast 

(psOEP24) targeted β-barrel proteins, they could demonstrate that the presence of a hydrophilic 

amino acid at the C-terminus of the penultimate β-strand is also required for mitochondrial 

targeting. A variant of the chloroplast β-barrel protein psOEP24, which mimics such profile, 

was efficiently targeted to mitochondria (Klinger et al. 2019).  

Collectively, it seems that the combined contribution of several β-hairpin motifs with a highly 

hydrophobic face assures proper mitochondrial targeting of β-barrel proteins. 

 

1.3.3 Membrane integration of mitochondrial β-barrels by the TOM and TOB/SAM 

complexes 

Once the chaperone-associated β-barrel precursors are targeted to mitochondria via the β-

hairpin signal, they interact with the TOM complex at the mitochondrial surface to initiate 

organellar import (Figure 1.2). The TOM complex is comprised of the core complex and its 

peripheral import receptors. The core complex has a central translocon channel, formed by the 

integral β-barrel protein Tom40, along with several transmembrane accessory proteins namely 

Tom5, Tom6, Tom7, and Tom22 (Bausewein et al. 2017; Araiso et al. 2019; Tucker and Park 

2019). Tom20 and Tom70 are the receptors involved in the initial recognition of multiple 

mitochondrial proteins (Neupert and Herrmann 2007) (Figure 1.2). Several studies hinted at 

the role of Tom20 in the recognition of β-barrel precursors (Rapaport and Neupert 1999; 

Schleiff, Silvius, and Shore 1999; Krimmer et al. 2001; Yamano et al. 2008). Using NMR, 

photo-crosslinking and fluorescence complementation assays, it was recently shown that the 

β-hairpin element of VDAC interacts with the mitochondrial import receptor Tom20 via the 

presequence binding region of the latter (Jores et al. 2016). Moreover, direct cross-linking of 

the β-hairpin motif to Tom70 and the observation that blocking this receptor interferes with the 

import of VDAC suggested that Tom70 also plays a role in the initial recognition of VDAC 

(Jores et al. 2016). The involvement of Tom70 can be either via direct recognition of the 

substrate protein or by serving as a docking site for the chaperone-substrate complex.  

Following recognition by the import receptors, the β-barrel precursors are translocated across 

the MOM via the Tom40 channel by interacting with a series of binding sites, probably with 

increasing affinities (Hill et al. 1998). Upon its emergence at the intermembrane space (IMS), 
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the translocated β-barrel precursor interacts with the small chaperones of the translocase of the 

inner membrane (small TIMs). The IMS chaperone system includes the small Tim proteins, 

Tim8, Tim9, Tim10, and Tim13 (Koehler et al. 1998). These small chaperones form alternating 

circular hexamers comprised of three subunits of Tim9 and Tim10, or three subunits of each 

Tim8 and Tim13 (Webb et al. 2006; Beverly et al. 2008). Site-specific cross-linking indicated 

that the small TIMs interact with the IMS-exposed part of the N-terminal extension of Tom40 

(Shiota et al. 2015). 

The small TIMs play an important role in the transfer of the β-barrel precursors from the TOM 

complex to the sorting and assembly machinery (SAM) complex, which is also known as the 

topogenesis of outer-membrane β-barrel proteins (TOB) complex (Hoppins and Nargang 2004; 

Wiedemann et al. 2004; Habib  et al. 2006) (Figure 1.2). Structural and mechanistic studies 

revealed that TIM chaperones hold the VDAC protein precursors in a nascent chain-like 

extended conformation via multiple clamp-like binding sites (Weinhäupl et al. 2018). Such 

multiple weak and constantly reshuffling interactions ultimately allow for the efficient release 

of the precursor to the actual insertase, the TOB/SAM complex (Figure 1.2) (Paschen et al. 

2003; Wiedemann et al. 2003; Gentle  et al. 2003). The Tim9/10 binding cleft for the β-barrel 

precursors has conserved hydrophobic residues for these interactions, and mutations in these 

residues are detrimental to the β-barrel biogenesis and overall cell growth.  

To facilitate a smooth transfer, the TOM and the TOB/SAM complex can form a super-

complex bridged by the cytosolic domain of Tom22 and the peripheral TOB/SAM component, 

Mas37/Sam37 (Qiu et al. 2013). The core subunit of the TOB/SAM complex is the 16-stranded 

β-barrel protein Tob55/Sam50, that belongs to the Omp85 superfamily of proteins. 

Tob55/Sam50 has an N-terminal POTRA domain, which can bind the incoming substrate but 

is not essential for the β-barrel assembly process. In addition, the TOB/SAM complex harbors 

two cytosol-exposed peripheral subunits that are involved in formation of a TOM-TOB super-

complex (Mas37/Sam37) and stabilization of the TOB/SAM bound form of the precursor 

(Tob38/Sam35). 

Our understanding of the final steps in the biogenesis of the mitochondrial β-barrel precursors, 

particularly VDAC, evolved dramatically in the last five years. Structural studies indicate the 

formation of a lateral gate between β-strands 1 and 16 of Sam50. Accordingly, and supported 

by intensive cross-linking assays, the lateral gate insertion model was put forward. This model 

suggests that the C-terminal β-signal of the precursor initiates opening of the gate by exchange 

with the endogenous Sam50 β-signal. In addition, loop 6 of Sam50 was found to be crucial for 

the VDAC precursor transfer to the lateral gate (Höhr et al. 2018). An increasing number of β 
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hairpin–like loops of the precursor insert and fold sequentially and accumulate at the lateral 

gate (Figure 1.3A). Finally, hydrogen bonds are formed between the first and last β-strand to 

close the newly folded VDAC β-barrel. Upon folding at Sam50, the full-length newly formed 

β-barrel protein is laterally released into the outer membrane and the Sam50 lateral gate closes 

(Figure 1.3A). The opening of the putative lateral gate obtained further support from a recent 

report on the atomic structure of the SAM complex (Diederichs et al. 2020). Membrane 

thinning in the vicinity of the lateral gate can further facilitate insertion of the β-barrel protein 

into the lipid bilayer.  

The membrane integration model recently obtained a new twist from structural studies. Based 

on detailed atomic structure of the SAM complex, the barrel swapping model was suggested. 

This scenario envisions the SAM complex as formed by a SAM monomer (Sam50a along with 

Sam35 and Sam37) and a Sam50b second barrel (Figure 1.3B) (Takeda et al. 2021). The 

precursor protein β-signal binds Sam50a as in the lateral gate insertion model. Then, the folded 

VDAC β-barrel slowly displaces Sam50b and takes its place. Sam37 that originally also 

interacts with Sam50b, gets gradually involved in interactions with the newly formed VDAC 

barrel (Figure 1.3B). Finally, this barrel dissociates from the SAM complex and is integrated 

into the MOM.  

Of note, most of our current knowledge regarding the biogenesis of mitochondrial β-barrel 

proteins is based on biochemical and structural studies on fungal elements. While the atomic 

structure of the mammalian TOM complex appears to be rather similar to its fungal counterpart 

(Wang et al. 2020), not much is known about the SAM complex in higher eukaryotes. It is 

rather clear that the mammalian SAM50 is the central component of the complex. However, 

the precise functions of Metaxins1/2/3, which are homologous to yeast Sam35 and Sam37, is 

not clear yet. 
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Figure 1.3 - A working model for the final steps of the membrane integration of VDAC, a 

mitochondrial β-barrel protein.   

(A) Lateral insertion (adapted from Fig. 8, Höhr et al., 2018) (i) VDAC precursors approach the OM 

from the IMS. (ii) The C-terminal β-signal of VDAC precursor interferes with the Sam50 structure by 

binding to the β1 strand of Sam50 and disrupting the β1- β16 interactions within Sam50. This enforces 

opening of a lateral gate. (iii) The initial opening is followed by sequential insertion of additional 

precursor β-hairpins through the lateral gate of Sam50. (iv) The lateral gate of Sam50 re-closes to (v) 

release the fully formed β-barrel of VDAC into the MOM. (B) Barrel switching model (based on Takeda 

et al., 2021) (i) SAM complex consisting of Sam50, Sam35 and Sam37 switches to (ii) a SAM monomer 

(Sam50a+Sam35+Sam37) along with a second Sam50b barrel. (iii) The assembling VDAC precursor 

displaces Sam50b. (iv) Once fully assembled in the MOM, mature VDAC dissociates from the complex 

to be replaced by Sam50b [Figure from (Moitra and Rapaport 2021)]. 

 



23 

 

1.4 Biogenesis of chloroplast β-barrel proteins 

 

Although, a plethora of details are available for the mitochondrial outer membrane β-barrel 

protein biogenesis, very little is known about the early cytosolic stages of biogenesis of 

chloroplast OM β-barrel proteins. Most chloroplast OM β-barrel proteins are hypothesised to 

be imported into chloroplasts with the help of translocase of the outer membrane of chloroplast 

(TOC) and translocase of the inner membrane of chloroplast (TIC) complexes and inserted into 

the OM potentially by OEP80, which is similar to BamA or Sam50 in bacteria and 

mitochondria, respectively (Figure 1.4) (Soll and Schleiff 2004; Jores and Rapaport 2017).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 – Biogenesis pathway of chloroplast β-barrel proteins. 

The chloroplast β-barrel proteins are imported into chloroplasts with the help of translocase of the outer 

membrane of chloroplast (TOC) and translocase of the inner membrane of chloroplast (TIC) (in case of 

Toc75-III) complexes and inserted into the outer membrane potentially by OEP80. 

 

The chloroplast β-barrel protein Toc75-III contains a cleavable, bipartite targeting signal – N 

terminal transit peptide that is targeted to the stroma through the Toc75-III central pore, and a 

downstream polyglycine stretch that stops the translocation of Toc75-III across the inner 

membrane. The former signal is cleaved by stromal processing peptidase and the latter segment 

by the plastidic type I signal peptidase 1. Another central chloroplast OM β-barrel protein, 
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OEP80 itself, has been shown to contain a cleavable N-terminal signal that exposes its POTRA 

domains to the IMS of plastids, where it likely interacts with its substrates (Gross et al. 2020). 

One of the open questions in the field concerns the underlying mechanisms preventing mis-

targeting of β-barrel precursors between mitochondria and chloroplasts in plant cells. The 

hydrophobicity itself is not the determinant that discriminates between mitochondrial and 

chloroplast targeting, but rather the profile of the hydrophobicity of the penultimate strand. 

While a hydrophilic patch exists at the N-terminus of the penultimate strand of plastidic β-

barrel proteins, mitochondrial proteins contain such a patch at the C-terminus of this strand 

(Klinger et al. 2019). However, the defined signal for chloroplast targeting remains to be 

established.  
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Chapter 2 

Research Objectives 

Detailed studies have uncovered the cellular machinery involved in specifically targeting 

mitochondrial β-barrel proteins to the organelle surface in an import competent conformation. 

Ultimately, these β-barrel proteins are integrated into the organelle OM with the help of 

dedicated import machineries. 

The biogenesis pathways for β-barrel proteins are quite conserved over the course of evolution 

due to the endosymbiotic origins of mitochondria and chloroplasts from ancient prokaryotes.  

The broad aim of my thesis was to study the extent of such evolutionary conservation of β-

barrel biogenesis pathways. In particular, my work aims to assess yeast as a model organism 

to study the evolutionarily conserved pathways and mechanisms of β-barrel protein biogenesis, 

for both natural and de novo designed substrates.  

The specific objectives of my work are –  

(A) Investigating whether heterologous β-barrel proteins such as de novo designed 

synthetic β-barrel proteins and bacterial secretins, could be expressed in yeast cells and 

integrated into their mitochondria.  

 

(B) Exploring the role of components of the yeast mitochondrial import and assembly 

machinery, like subunits of the TOM and TOB complexes, in the proper biogenesis of 

such heterologous β-barrel proteins.  
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Chapter 3 

Materials and Methods 

 

The details of Materials and Methods related to Chapter 4 can be found in the Appendix A.2 

containing the published manuscript entitled ‘Yeast can express and assemble bacterial 

secretins in the mitochondrial outer membrane’ (DOI: 10.15698/mic2020.01.703).  

This chapter consists of details of Materials and Methods related to Chapter 5 and contains 

sections adapted from the following manuscript ready for submission: 

 

Yeast mitochondria can process de novo designed β-barrel proteins 

 

Anasuya Moitra1, Vitasta Tiku1 and Doron Rapaport1 

1Interfaculty Institute of Biochemistry, University of Tuebingen, Tuebingen, Germany.   

 

Author Contributions 

I designed and performed the vast majority of the experiments, analysed the data, prepared the 

figures and wrote the manuscript. VT planned and performed the cloning experiments for the 

β-signal mutants. DR designed experiments, analysed the data, supervised the overall project, 

acquired funding and wrote the manuscript. 
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3.1 Yeast strains and growth conditions 

Standard genetic techniques were used for the growth and manipulation of yeast strains. The 

Saccharomyces cerevisiae strains used in this study are listed in Table 3.1. Yeast cells were 

usually grown at 30°C on synthetic selective (S) medium (0.67% [w/v] yeast nitrogen base 

without amino acids) containing galactose (Gal, 2%) + glucose (D, 0.1%) as carbon source. A 

mixture of the required amino acids, omitted for Leu to select for transformants with the 

pYX142 plasmid, was added as well. Cells deleted for MAS37 (mas37Δ) were grown at 24°C 

to avoid accumulation of suppressors (Habib et al. 2005). Transformation of yeast cells was 

performed by the lithium acetate method (Gietz and Woods 2006). 

For experiments with cells depleted for TOB55, a strain where TOB55 expression is under the 

control of the GAL10 promoter was used (Paschen et al. 2003). Cells of this strain were initially 

grown at 30°C on synthetic depleted (S) medium containing lactate (Lac, 2%) + galactose (Gal, 

0.1%) as carbon source and amino acid mixture as above. After a few days of growth on this 

medium, cells were shifted to S media containing 0.1% glucose instead of 0.1% galactose. 

Cells were harvested at the indicated time points after the shift from galactose- to glucose-

containing medium.  

3.2 Recombinant DNA techniques 

The DNA sequences encoding Tmb2.3 and Tmb2.17 (Vorobieva et al. 2021) were synthesised 

by Eurofins Genomics (Germany) after optimisation for the codon usage of S. cerevisiae. These 

DNA segments were amplified by PCR with primers containing 5’ EcoRI and 3’ HindIII 

restriction sites, 5’ yeast Kozak sequence, and a DNA sequence encoding C-terminal HA tag. 

Subsequently, the PCR products were subcloned into the yeast expression vector pYX142 

where the expressed gene is under the control of the TPI promoter. To create single amino acid 

mutations in the β-signal motif of the TMBs, forward and reverse primers were used for site-

directed mutagenesis by the standard whole plasmid mutagenesis method. The mutations 

Q115A and A115Q were introduced using as template pYX142-Tmb2.3-HA or pYX142-

Tmb2.17-HA, respectively. Table 3.2 and Table 3.3 contain the lists of primers and plasmids 

used in this study, respectively. 

3.3 Isolation of mitochondria 

Mitochondrial fractions were obtained according to an established protocol (Daum, Böhni, and 

Schatz 1982). Yeast cells were grown in liquid media to logarithmic phase, harvested, and 
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resuspended in resuspension buffer (100 mM Tris, 10 mM DTT). Cells were harvested again 

and resuspended in spheroblasting buffer (1.2 M Sorbitol, 20 mM KPI, pH 7.2) without 

zymolyase, followed by harvesting. These pellets were gently dissolved in spheroblasting 

buffer with zymolyase (4.5 mg/g of cells) and incubated at 30°C for 1 h while shaking at 120 

rpm. The obtained spheroblasts were dissolved in homogenisation buffer (0.6 M Sorbitol, 10 

mM Tris, pH 7.4, 1 mM EDTA, 0.2% fatty acid free BSA) with 1 mM phenylmethylsulfonyl 

fluoride (PMSF) and homogenised with a douncer to obtain the whole cell lysate. Cell debris 

were removed by a clarifying spin (600xg, 5 min, 4°C), followed by isolation of crude 

mitochondria (18000xg, 10 min, 4°C). The supernatant obtained in this step represents the 

cytosolic fraction of this separation. Mitochondria were washed once in SEM buffer (250 mM 

Sucrose, 1 mM EDTA, 10 mM MOPS, pH 7.2) containing 2 mM PMSF and pelleted again 

(18000xg, 10 min, 4°C).  

3.4 Subcellular fractionation 

Mitochondrial fraction and whole cell lysate were obtained as described above. To acquire the 

cytosolic fraction, the post mitochondrial fraction was clarified by spinning (18000xg, 15 min, 

4°C) and the supernatant subjected to high speed centrifugation (200,000xg, 1h, 4°C). The 

resulting supernatant constituted the cytosolic fraction. The sticky, transparent pellet was 

resuspended in 3 mL SEM buffer containing 2 mM PMSF, homogenised with a douncer and 

centrifuged at 18000xg for 20 min at 4°C. The supernatant of this step constituted of the 

ER/microsomes fraction.  

To obtain highly pure mitochondria, the mitochondrial fraction obtained as described above, 

was layered on a Percoll gradient and centrifuged (80000xg, 45 min, 4°C). Mitochondria in the 

brownish layer at the bottom interface were collected with a Pasteur pipette and washed once 

in SEM buffer containing 1 mM PMSF and pelleted again (18000xg, 10 min, 4°C).  The whole 

cell lysate, ER, and cytosolic fractions were precipitated by using chloroform/methanol 

precipitation method and all samples including mitochondria were dissolved in 2X sample 

buffer (125 mM Tris pH 6.8, 4% SDS, 20% glycerol, 10% 2-mercapto-ethanol, 2 mg/mL 

bromophenol blue) to a concentration of 2 mg/mL. Samples were heated at 95°C for 10 min 

and further analysed by SDS-PAGE and immunoblotting. 

3.5 Protease protection assay 

Mitochondria (100 µg) were resuspended in 200 µL of SEM buffer and incubated on ice for 30 

min in the presence or absence of 1% Triton-X-100. This was followed by addition of either 
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10 or 50 µg/mL of Proteinase K (PK) or Trypsin and further incubation on ice for 30 min. PK 

was then inhibited by supplementing the reaction with 2 mM PMSF, while trypsin was 

inhibited by addition of 1 mg/mL of soybean trypsin inhibitor (STI), followed by incubation 

on ice for 10 min. In the control samples (C), mitochondria were incubated on ice for 30 min 

with 50 µg/ml of Trypsin (in the absence of 1% Triton-X-100), that had been pre-incubated 

(10 min) with STI, so as to block the proteolytic activity of trypsin and serve as an indicator of 

the inhibitor’s efficacy. Samples without Triton were then centrifuged (18000xg, 15 min, 4°C), 

whereas the Triton solubilised samples were subjected to trichloroacetic acid (TCA) 

precipitation. The precipitated samples and the pellets from samples without Triton were 

resuspended in 40 µL 2X sample buffer, heated at 95°C for 10 min and subjected to SDS-

PAGE and immunoblotting. 

3.6 Alkaline (carbonate) extraction 

Isolated mitochondria (100 µg) were resuspended in 100 µL of 100 mM Na2CO3, pH 11.5 and 

incubated on ice for 30 min. To separate the membranous pellet fraction and the soluble 

supernatant fraction, samples were centrifuged (76000xg, 30 min, 4°C). Soluble supernatant 

fractions were subjected to TCA precipitation and the precipitated samples as well as the 

original pellets were resuspended in 40 µL 2X sample buffer, heated at 95°C for 10 mins and 

subjected to SDS-PAGE and immunoblotting. 

3.7 Western blotting and immunodecoration 

For analysis of steady state levels of various proteins, mitochondrial fractions were dissolved 

in 2X sample buffer to a concentration of 2 mg/mL. Whole cell lysate and cytosolic fractions 

were precipitated using chloroform/methanol and dissolved in 2X sample buffer to a 

concentration of 2 mg/mL. All samples were heated at 95°C for 10 mins and further analysed 

by SDS-PAGE and immunoblotting. 

Samples were analysed on 12.5% SDS-PAGE and transferred onto nitrocellulose membranes 

via semi-dry Western blotting. Membranes were blocked with 5% skimmed milk (in 1xTBS 

buffer), incubated with primary antibodies, washed, and then incubated with horseradish 

peroxidase-conjugated goat anti-rabbit or goat anti-rat secondary antibodies. The antibodies 

used in this study are listed in Table 3.4.  
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3.8 Blue-native (BN) PAGE 

Isolated mitochondria (100 µg) were washed with SEM buffer and spun (20000xg, 10 min, 

4°C). The pellets were solubilised with a detergent-containing buffer (1% digitonin in 20 mM 

Tris, 0.1 mM EDTA, 50 mM NaCl, 10% glycerol, pH 7.4) for 30 min on ice, followed by a 

clarifying spin (13000xg, 10 min, 4°C). The supernatant was mixed with 10X sample buffer 

(5% [w/v] Coomassie brilliant blue G-250, 100 mM Bis-Tris, 500 mM 6-aminocaproic acid, 

pH 7.0) and analysed on a gel containing 6-14% gradient of acrylamide. Proteins were blotted 

onto polyvinylidene fluoride (PVDF) membrane and detected by immunodecoration. Native 

Mark Unstained Protein Standard (Thermo Scientific) was used as molecular weight markers.  

3.9 Analysis of growth of yeast cells  

For drop dilution assay, cells were grown overnight in liquid cultures and then diluted and 

grown further on SD-Leu liquid media to an OD600nm of 1.0. Then, a serial dilution of the 

cultures in fivefold increments was performed, followed by spotting 5 µL of each diluted 

culture on solid selective media plates and further growth at 24°C, 30°C, or 37°C for 2-5 days. 

To analyse the growth of liquid cultures, cells were inoculated for overnight cultures in 3-5 mL 

of SD-Leu liquid media and 1 OD600nm unit of cells were harvested on the following day. The 

cells were resuspended in 1 mL sterile water. Then, to obtain a starting culture of 0.1 OD600nm 

of cells per well, 20 µL of cell suspension and 180 µL of the desired medium [SD-Leu or 

S(Gal+0.1%D)-Leu] were pipetted into each well of round-bottomed 96 wells plates. The plate 

was sealed with a semi-permeable membrane and placed in the SPECTROstar Nano microplate 

reader. Cells were allowed to grow at 30°C for 72 h, with the OD600nm measured every 10 mins 

after 30 secs double orbital shaking at 300 rpm. Data obtained were analysed by the MARS 

software and plotted by Excel. 
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3.10 Relevant tables 

Table 3.1. Yeast strains used in this study. 

Name 
Mating 

type 
Genetic background Reference 

W303α MATα 
ade2-1 can1-100 his3-11 leu2 3_112 

trp1Δ2 ura3-52 
Lab stock 

W303a MATa 
ade2-1 can1-100 his3-11 leu2 3_112 

trp1Δ2 ura3-52 
Lab stock 

tom20Δ MATα W303α, tom20Δ::KanR Lab stock 

tom70Δ/tom71Δ MATα 
W303α, tom70Δ::KanMX4; 

tom71Δ::NatNT2 
(Jores et al. 2018) 

YPH499 MATa 

ura3-52 lys2-801_amber ade2-

101_ochre trp1-Δ63 his3-Δ200 leu2-

Δ1 

Lab stock 

mas37Δ MATa YPH499, mas37Δ::HIS3 (Habib et al. 2005) 

GAL10-TOB55 MATa YPH499, GAL10/His8-Tob55 
(Paschen et al. 

2003) 
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Table 3.2. Primers used in this study. 

Primer name Sequence (5’-3’) Note 

tmb2-3 For  

AAGCCGAGAATTCA

AAAAAATGCAAGAT

GGACCAGGTAC 

Forward primer for amplification of 

TMB2.3 gene with 5’ EcoRI restriction 

site and 5’ yeast kozak sequence 

tmb2-3 Rev 

TCGGCTTAAGCTTTT

ACGCATAGTCAGGA

ACATCGTATGGGTAT

GGATCCCCAGGTTGT

ATTCTGTACGAT 

Reverse primer for amplification of 

TMB2.3 gene with 3’ HindIII 

restriction site, stop codon, C-terminal 

HA-tag and linker 

tmb2-17 For 

AAGCCGAGAATTCA

AAAAAATGGAACAA

AAGCCAGGTAC 

Forward primer for amplification of 

TMB2.17 gene with 5’ EcoRI 

restriction site and 5’ yeast kozak 

sequence 

tmb2-17 Rev 

TCGGCTTAAGCTTTT

ACGCATAGTCAGGA

ACATCGTATGGGTAT

GGATCCCCATCCTTG

ACTTTATAGGCA 

Reverse primer for amplification of 

TMB2.17 gene with 3’ HindIII 

restriction site, stop codon, C-terminal 

HA-tag and linker 

TMB2.3SDAfor 
CTTACAGTTCCTTGC

AGCCGGTTTATCG 

Forward primer for site-directed 

mutagenesis (Q115A) in pYX142-

Tmb2.3-HA  

TMB2.3SDArev 
CGATAAACCGGCTG

CAAGGAACTGTAAG 

Reverse primer for site-directed 

mutagenesis (Q115A) in pYX142-

Tmb2.3-HA 

TMB2.17SDAfor 
ATTGCAGAAGGTTC

AGATAGGGATTGCC 

Forward primer for site-directed 

mutagenesis (A115Q) in pYX142-

Tmb2.17-HA  

TMB2.17SDArev 
GGCAATCCCTATCTG

AACCTTCTGCAAT 

Reverse primer for site-directed 

mutagenesis (A115Q) in pYX142-

Tmb2.17-HA 
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Table 3.3. Plasmids used in this study. 

Plasmid Promoter Coding sequence Markers Source 

pYX142 ϕ TPI Empty vector (ϕ) 
LEU2, 

AmpR 
Lab stock 

pYX142-

Tmb2.3-HA 
TPI 

Tmb2.3 full length with C-

terminal HA tag 

LEU2, 

AmpR 
This study 

pYX142-

Tmb2.17-HA 
TPI 

Tmb2.17 full length with C-

terminal HA tag 

LEU2, 

AmpR 
This study 

pYX142-

Tmb2.3Q115A-

HA 

TPI 

Tmb2.3 full length with the 

mutation Q115A and C-terminal 

HA tag 

LEU2, 

AmpR 
This study 

pYX142-

Tmb2.17A115Q-

HA 

TPI 

Tmb2.17 full length with the 

mutation A115Q and C-terminal 

HA tag 

LEU2, 

AmpR 
This study 

 

Table 3.4. Antibodies used in this study. 

Antibodies Dilution Source 

Polyclonal rat anti-HA 1:1000 11867423001 (Roche) 

Polyclonal rabbit anti-Porin 1:2000 Lab stocks 

Polyclonal rabbit anti-Erv2 1:1000 Lab of Roland Lill 

Polyclonal rabbit anti-Hexokinase 1:2000 Bio-Trend (#100-4159) 

Polyclonal rabbit anti-Pic2 1:10,000 Lab stocks 

Polyclonal rabbit anti-Hsp60 1:10,000 Lab stocks 

Polyclonal rabbit anti-Tom20 1:4000 Lab stocks 

Polyclonal rabbit anti-Tom40 1:4000 Lab stocks 

Polyclonal rabbit anti-Tom70 1:2000 Lab stocks 

Polyclonal rabbit anti-Tob55 1:2000 Lab stocks 

Polyclonal rabbit anti-Aconitase1 1:1000 Lab stocks 

Polyclonal rabbit anti-Hsp104 1:25000 Lab stocks 

Horseradish peroxidase coupled goat anti-

rabbit 
1:10,000 1721019 (Bio-rad) 

Horseradish peroxidase coupled goat anti-rat 1:5000 ab6845 (Abcam) 
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4.1 Introduction 

The OM of Gram-negative bacteria contains membrane embedded β-barrel proteins. One such 

class of proteins is called secretins. They are part of the secretory systems developed by bacteria 

to aid in the transport and secretion of substrates and toxins into the environment and/or host 

cells (Green and Mecsas 2016; Kubori and Nagai 2016). Type II and III secretion systems and 

type IV pili (T2SS, T3SS, and T4P, respectively) secrete toxins into the exoplasm (T2SS), 

directly into the cytosol of the host cells (T3SS), or build adhesion factors (T4P) (Alvarez-

Martinez and Christie 2009; Galan and Wolf-Watz 2006; Korotkov, Sandkvist, and Hol 2012; 

Johnson et al. 2006). These three systems consist of a massive complex spanning both the inner 

and outer membrane of bacteria. Secretins form, as part of this complex, large multimeric pores 

in the OM of Gram-negative bacteria. 

Recent studies have elucidated the structure of certain secretins as rich in β-strands. The C-

terminus of secretins is conserved across different secretion systems and has a high tendency 

to form membrane-embedded β-sheets (Genin and Boucher 1994). Some secretins have a 

domain at their C-terminus called the S domain, which is required for the interaction with their 

corresponding specific assembly factor, lipoproteins called pilotins (Daefler and Russel 1998; 

Koo, Burrows, and Lynne Howell 2012). The most variable part of secretins is their periplasmic 

N-terminal domain that is proposed to have a system- and species-specific role rather than a 

universal function. The assembled secretin forms a gated pore in the OM, which is open only 

for the translocation of proteins through the channel. Figure 4.1B shows the cryo-EM structure 

of the Salmonella SPI-1 type III secretion injectisome secretin InvG along with its monomeric 

form (Figure 4.1A). This complex is composed of 15 monomers of InvG that form a symmetric 

ring structure with an unexpected double walled β-barrel architecture (Hu et al. 2018). SsaC is 

another secretin which is part of the T3SS in Salmonella, and is encoded by the SPI-2 (Ochman 

et al. 1996). Figure 4.2 shows the Alphafold predicted structure of the SsaC monomer (Jumper 

et al. 2021; Varadi et al. 2022). 

Secretins are synthesized in the cytoplasm and are probably stabilized by cytoplasmic factors, 

followed by their transport through the inner membrane via the Sec translocon. This is followed 

by the transport of secretins across the periplasm to the OM via Lol-dependent (via pilotins), 

BAM-dependent, unassisted, or an accessory protein-assisted pathway. Despite our 

understanding of the structure and function of secretins, very little is known about the 

mechanism by which secretins assemble into the OM. Since, the biogenesis pathways of β-
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barrel proteins are highly conserved in bacteria and mitochondria, we used yeast cells as a 

model system to study the assembly process of secretins. To that end, we analyzed the 

biogenesis of InvG and SsaC (both T3SS) in wild type cells or in cells mutated for known 

mitochondrial import and assembly factors. 

 

 

Figure 4.1 - Structure of InvG. (A) InvG secretin domain β-barrel monomer from Salmonella SPI-1 

injectisome NC-base (PDB accession number 6PEE). (B) Structure of the Salmonella SPI-1 type III 

secretion injectisome secretin InvG in the open gate state (PDB accession number 6DV3). 
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Figure 4.2 – Predicted structure of SsaC. Alphafold structure prediction of SsaC from Salmonella 

typhimurium (strain SL1344) (UniProt accession number A0A0H3NG81). 

 

4.2 Results 

4.2.1 Assembly of the T3SS secretin InvG in yeast mitochondria   

To study the biogenesis pathways of secretins, InvG and SsaC were expressed in yeast as C-

terminally HA-tagged proteins under the GAL promoter. The transformed cells were grown on 

S(Gal+0.1%Glu)-Leu media to select for expressing transformants, while keeping the 

expression at moderate levels and to counteract toxic effects of overexpression. InvG-HA was 

shown to localise to both mitochondria and ER and could assemble into native-like higher 

oligomers in mitochondria. Alkaline extraction and protease protection assays revealed that the 

protein was embedded in the mitochondrial OM and exposed to the cytosol. The effect of the 

TOM complex on the assembly of InvG was investigated by expressing the protein in either 

tom70/71Δ or tom20Δ yeast deletion strains. Our results revealed that there was no significant 

change in the steady state levels of InvG in mitochondria isolated from tom70/71Δ cells in 

comparison to the amounts in control organelles (Figure 4.3A). In contrast, significantly 

elevated amounts of InvG were observed in mitochondria isolated from tom20Δ cells (Figure 

4.3A). This suggests that the biogenesis of InvG-HA is independent of Tom70, while the 

presence of Tom20 has a potential inhibitory effect on its assembly in the mitochondrial OM. 
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We next asked whether the TOB complex is involved in InvG assembly. However, expression 

of InvG in cells lacking Mas37 did not result in any significant changes in the steady state 

levels of InvG (Figure 4.3A). These results are in line with previous observations that the BAM 

complex (the bacterial equivalent of the TOB complex) does not play a role in the assembly of 

this secretin. 

Next, we wanted to better understand the involvement of Tom20 in the assembly of InvG. 

Thus, we expressed InvG in cells overexpressing TOM20 (or lacking it, for comparison) and 

monitored its steady state levels in crude mitochondria isolated from these cells. Interestingly, 

the mitochondrial amounts of InvG were reduced when TOM20 was overexpressed, while the 

deletion of TOM20 resulted in elevated mitochondrial levels in comparison to the 

corresponding wild type cells (Figure 4.3A and B). When we then checked in a similar way the 

effect of Tom70 on the biogenesis of InvG, we observed no significant changes in the amount 

of InvG in the crude mitochondria from cells with altered expression of Tom70 (Figure 4.3C).  

These results point to a specific effect of Tom20 on the biogenesis of InvG. To test whether 

the import components affect the total cellular levels of InvG, I analysed the steady-state 

amounts of the protein in whole cell lysates. Whereas we could not detect significant alterations 

upon deletions of either TOM70/71 or MAS37, cells lacking Tom20 had overall reduced levels 

of InvG (Figure 4.3D). In line with the latter observation, overexpression of Tom20 resulted in 

slightly higher cellular amounts of InvG (Figure 4.3D). Hence, it seems that although the 

presence of Tom20 improves the overall stability of InvG, it does not have a positive effect on 

the assembly of InvG into the mitochondrial OM.  
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Figure 4.3 - Improved assembly of InvG in mitochondria lacking Tom20. 

(A) Left panels: Mitochondria were isolated from the indicated strains transformed with either an 

empty vector (Ø) or a plasmid encoding InvG-HA. Samples were analysed by SDS-PAGE and 

immunodecorated with the indicated antibodies. Right panel: The steady state levels of InvG-HA in at 

least three experiments as in the left panel were quantified. The signal of Fis1 was taken as a loading 
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control. Levels of InvG-HA in the corresponding wild type cells were set to 100%. The bar diagram 

shows the mean values ± s.d. of at least three independent experiments (*, P < 0.05; **, P < 0.01; two-

tailed Student's t‐test). (B) Crude mitochondria were obtained from WT, tom20Δ or a strain 

overexpressing TOM20 (Tom20↑) harbouring a plasmid encoding InvG-HA. Further treatment and 

analysis were as described in the legend to part A. (C) Crude mitochondria were obtained from WT, 

tom70/71Δ or a strain overexpressing TOM70 (Tom70↑) harbouring a plasmid encoding InvG-HA. 

Further treatment and analysis were as described in the legend to part A. (D) Whole cell lysate was 

obtained from the indicated cells and was analysed by SDS-PAGE followed by immunodecoration with 

antibodies against the indicated proteins. The steady state levels of InvG-HA in at least three 

experiments for each strain were quantified. The signal of Bmh1 was taken as a loading control. Levels 

of InvG-HA in the corresponding wild type cells were set to 100%. The bar diagram shows the mean 

values ± s.d. of at least three independent experiments. (*, P < 0.05; two-tailed Student's t‐test). [This 

figure is equivalent to Figure 6 from (Natarajan et al. 2019)] 

 

4.2.2 Assembly of the T3SS secretin SsaC in yeast mitochondria   

Next, we investigated the biogenesis of SsaC, a secretin whose targeting and assembly 

pathways were not studied so far. SsaC-HA was shown to localise to mainly mitochondria with 

minor ER localisation and could not assemble into any detectable native-like higher oligomers. 

Alkaline extraction and protease protection assays revealed that SsaC was partially embedded 

in the mitochondrial OM, exposed to the cytosol, while the remaining fraction was present in 

the soluble fraction. To assess the involvement of the TOM complex receptors and the TOB 

complex in the biogenesis of SsaC, the protein was expressed in tom70/71Δ, tom20Δ, or 

mas37Δ yeast cells and the steady state levels in isolated mitochondria were monitored. 

Interestingly, the absence of Tom70/71 resulted in a two-fold increase in the levels of SsaC 

whereas deletion of TOM20 or MAS37 led to a reduction in the mitochondrial levels of this 

secretin (Figure 4.4A). The reduction upon deletion of MAS37 points to a requirement of the 

TOB complex in the biogenesis of SsaC in yeast cells, which could be extrapolated to a 

probable dependence on the BAM complex in bacteria.  

The elevated levels of SsaC upon deletion of TOM70/71 led us to check whether this increase 

was due to an unfavourable involvement of Tom70. To that aim, we expressed SsaC in cells 

either lacking or overexpressing Tom70. Indeed, we could observe that there was a significant 

decrease in the amounts of SsaC in crude mitochondria isolated from cells overexpressing 

TOM70 in comparison to control organelles. Along the same line, we detected a significant 
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increase in the SsaC levels in mitochondria lacking Tom70 (Figure 4.4A and B). To verify that 

the changes in the levels of SsaC upon manipulating the Tom70/71 amounts is not the outcome 

of variations in the overall cellular amounts, I monitored the levels of SsaC in whole cell 

extracts. We observed that deletion of TOM70/71 indeed resulted in moderately, but 

significantly, higher amounts of cellular SsaC (Figure 4.4C), suggesting that the absence of 

these import receptors increases the life-span of this secretin. In contrast, altered amounts of 

Tom20 or Mas37 did not affect the overall cellular levels of SsaC (Figure 4.4C).  Taken 

together, these findings lead us to conclude that Tom70 inhibits, directly or indirectly, the 

mitochondrial assembly of SsaC. 

 

4.3 Discussion 

Secretins are homo-oligomers present in bacterial secretion systems that form pores in the 

bacterial OM. The integration of secretins into their target membrane is most probably a 

species-specific process. The exact mechanism of membrane insertion of the assembled 

oligomers and/or factors that assist the unassembled monomers to oligomerize and then insert 

correctly into the bacterial OM is still unknown.  

In this study, we established yeast mitochondria as a model system to study the biogenesis of 

bacterial secretins. Even though in vitro systems based on artificial membranes have explored 

partially the requirements for secretin multimerization and insertion into membranes (Guilvout 

et al. 2006; Guilvout et al. 2011), mitochondria, due to their evolutionary relation to bacteria, 

may provide an improved model system. We could show that both InvG and SsaC could be 

expressed in yeast cells and were enriched in the mitochondrial fraction rather than in 

membranes of other organelle. For InvG, we could demonstrate the formation of oligomers in 

the mitochondrial OM and these oligomers behave like the InvG oligomers in bacteria, 

indicating a native-like structure and supporting the validity of the mitochondrial system. The 

presence of pore-forming native-like oligomers for InvG might explain their negative effect on 

the growth of yeast cells expressing them. Accordingly, SsaC, that appears to remain 

monomeric in yeast cells, is not toxic to these cells. The exact mechanism for the 

oligomerization initiation of SsaC is unknown and it might be that a crucial assembly factor is 

missing in the yeast system.  
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Figure 4.4 - Lack of Tom70 improves the biogenesis of SsaC in mitochondria.  

(A) Isolated mitochondria were obtained from the indicated strains transformed with either an empty 

vector (Ø) or a plasmid encoding SsaC-HA. Further treatment and analysis were as described in the 

legend to Figure 4.3A. (B) Crude mitochondria were obtained from WT, tom70/71Δ, or a strain 
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overexpressing TOM70 (Tom70↑) harbouring a plasmid encoding SsaC-HA. Further treatment and 

analysis were as described in the legend to Figure 4.3A. (C) Whole cell lysate was obtained from the 

indicated cells and was analysed by SDS-PAGE followed by immunodecoration with antibodies against 

the specified proteins. The steady state levels of SsaC-HA in at least three experiments for each strain 

were quantified and further analysis was as described in the legend to Figure 4.3D. (**, P < 0.01; two-

tailed Student's t‐test). [This figure is equivalent to Figure 7 from (Natarajan et al. 2019)]  

 

The biogenesis of secretin proteins in the mitochondrial OM can follow two distinct pathways: 

(1) After their synthesis in the cytosol, the secretin monomers are translocated across the 

mitochondrial OM into the IMS by the TOM complex and are inserted from the inside of the 

OM by either self-assembly or with the help of the TOB complex. (2) Upon synthesis in the 

cytosol, the secretin monomers assemble on the outside of the mitochondrial surface before 

integrating into the mitochondrial OM from the cytosolic side. The sensitivity to an externally 

added protease and our observations that no protease-resistant intermediates were formed in 

the mitochondrial IMS indicate that after the synthesis and oligomerization of both secretins, 

they insert into the mitochondrial OM from outside of the mitochondrial surface while their 

bulk is facing the cytosol. These differences are explained by the fact that in bacterial cells, the 

secretins are synthesized in the cytoplasm and cross the inner membrane before their assembly 

from the periplasm into the OM, whereas in yeast cells they are synthesized on cytosolic 

ribosomes and can directly assemble from this compartment onto the mitochondrial OM. 

A differential dependence on import factors was observed for the T3SS secretins, InvG and 

SsaC. InvG does not require Tom20 for its assembly whereas, SsaC requires Tom20 and 

Mas37, a subunit of the TOB complex. SsaC also assembles more efficiently in the 

mitochondrial OM in the absence of Tom70. SsaC is the only bacterial secretin we observe that 

is influenced by the TOB complex. Since the TOB complex is homologous to the bacterial 

BAM complex, we propose that the BAM complex is probably involved in the membrane 

assembly of SsaC. In the case of InvG, the subcellular fractionation indicates enrichment of the 

secretin also in the microsomal fraction where it can form native like oligomers. Thus, it seems 

that InvG can oligomerise and insert spontaneously into membranes.  

Collectively, our findings indicate that the secretins require different factors for assembly into 

the mitochondrial OM. This variable dependency might be extrapolated to the bacterial system 

and suggest that different secretins might follow different pathways and interact with various 

assembly factors. Future studies can shed more light on these mechanisms. 
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5.1 Introduction 

β-barrel proteins are found in the OM of Gram-negative bacteria along with the OM of 

mitochondria and chloroplasts (Hill et al. 1998; Gray, Burger, and Lang 1999; Schleiff et al. 

2003; Young et al. 2007). This relationship matches the evolutionary origins of mitochondria 

and chloroplasts from ancient Gram-negative bacterial endosymbionts. Over the course of this 

evolution, most of the organellar genes, were transferred to the nucleus, with the mitochondrial 

and chloroplast genome retaining the codes for only a few key components like that of the 

respiratory chain complexes and the Rubisco subunit, respectively (Gray, Burger, and Lang 

1999; Soll and Schleiff 2004). Thus, the mitochondrial and chloroplast β-barrel proteins are 

transcribed in the nucleus and translated on cytosolic ribosomes. Then, they need to be targeted 

to the correct subcellular organelle and ultimately integrated with the help of dedicated import 

machineries into the respective outer membranes. 

The biogenesis pathways for β-barrel proteins have been quite conserved during evolution 

(Diederichs et al. 2020). Such conserved mechanisms prompted studies to investigate the 

evolutionary lineage of these pathways. Bacterial and chloroplast β-barrel proteins have been 

shown to be targeted and integrated into mitochondria upon expression in yeast cells (Walther 

et al. 2009; Ulrich et al. 2012; Ulrich et al. 2014; Jores et al. 2016; Natarajan et al. 2019). This 

opened the realm of possibilities for the potential of yeast cells to assemble and integrate novel 

β-barrel proteins. A recent study from the Baker lab showed that de novo designed synthetic 

eight stranded β-barrel proteins (Tmb2.3 and Tmb2.17) could fold and assemble into synthetic 

lipid membranes (Vorobieva et al. 2021). To better understand the basic principles of the 

biogenesis of β-barrel proteins, we investigated whether such synthetic β-barrel proteins could 

also be expressed in yeast cells and integrated into their mitochondria. We further explored the 

role of yeast mitochondrial import and assembly machinery components in the proper 

biogenesis of such β-barrel proteins.  

 

5.2 Results 

5.2.1 TMBs can localise to and integrate into the mitochondrial outer membrane 

To better understand the biogenesis process of β-barrel proteins, we aimed to study the 

targeting and assembly of de novo designed members of this family. To this end, we utilized 

recently reported two artificial β-barrel proteins that were named TMB2.3 and TMB2.17 
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(Vorobieva et al. 2021). To facilitate their expression in yeast (S. cerevisiae), we created 

artificial genes with codon usage optimized to that of S. cerevisiae. Both DNA segments 

included at their 3’ end a sequence encoding a HA-tag to allow detection with the 

corresponding antibody. The resulting coding sequences were cloned into the yeast expression 

vector pYX142 under the control of the TPI (triosephosphate isomerase, a housekeeping 

enzyme) promoter. 

Next, wild type (WT) yeast cells were transformed with either the empty vector or the vector 

coding for either Tmb2.3-HA or Tmb2.17-HA. Importantly, analysis of proteins from whole 

cell lysates of cells transformed with the coding plasmids showed a specific HA-containing 

band migrating at an apparent mass of 14 kDa (data not shown). To test whether the expression 

of these β-barrel proteins affects the growth of the corresponding cells, growth curves of liquid 

cultures were obtained and drop dilution assays were performed. Both approaches showed that 

the expression of these TMBs does not have any influence on the growth of yeast cells (Figure 

5.1). 

Confirming the proper expression and the lack of a toxic effect, we next aimed to ascertain the 

subcellular location to which these proteins are targeted. To address this question, we 

performed subcellular fractionation of the above cells. Interestingly, while Tmb2.3-HA was 

predominantly localised to mitochondria, Tmb2.17-HA was found in both the ER and 

mitochondrial fractions (Figure 5.2). As a confirmation of the successful separation of the 

different fractions, the mitochondrial OM protein Porin, the ER protein Erv2, and the cytosolic 

protein Hexokinase were detected in their respective fractions. These findings demonstrate that 

at least one of the TMBs behaved similar to bacterial and chloroplasts β-barrel proteins that 

were also targeted to mitochondria upon their expression in yeast cells (Walther et al. 2009; 

Ulrich et al. 2012).  

The hydrophobicity of the different β-hairpins has been shown to dictate the efficiency of 

mitochondrial localisation of β-barrel proteins (Jores et al. 2016). Hence, we analysed the 

hydrophobicity patterns of the eight β-strands of both TMBs (Figure 5.3). The higher 

hydrophobicity of the two strands of Tmb2.3 facing the lipid phase (face B of strands 4 and 8) 

could potentially explain its greater mitochondrial localisation efficiency (Figure 5.3B). 

Whereas the overall higher hydrophobicity of the individual β-hairpins of Tmb2.17 (Figure 

5.3C) could be hypothesized to account for its partial ER localisation (Chio, Cho, and Shan 

2017).  
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Figure 5.1 – Expression of both TMBs does not affect the growth of yeast cells. (A) WT yeast cells 

were transformed with an empty plasmid (ϕ) or with a plasmid encoding for either Tmb2.3-HA (2.3-
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HA) or Tmb2.17-HA (2.17-HA). The growth of the cells was analysed by drop-dilution assay on the 

indicated media for the mentioned days at 24°C, 30°C and 37°C. (B) WT yeast cells transformed as in 

A were allowed to grow in SD-Leu (upper panel) or S(Gal+0.1%D)-Leu (lower panel) liquid media at 

30°C for 72 h in a 96 well plate and growth was monitored by SPECTROstar Nano microplate reader. 

Data obtained were analysed by the MARS software and plotted by Excel. The plot shows the mean 

values of OD600nm of three technical replicates for each strain till 56 h. 

 

                                 

                                        

Figure 5.2 – Tmb2.3 and Tmb2.17 are targeted mainly to mitochondria upon expression in yeast 

cells. WT yeast cells expressing either Tmb2.3-HA (left panel) or Tmb2.17-HA (right panel) were 

subjected to subcellular fractionation, followed by analysis of the whole cell lysate (WCL), cytosol 

(Cyt), endoplasmic reticulum (ER)/microsomes and mitochondria (Mito) fractions by SDS-PAGE and 

immunodecoration with the indicated antibodies. Erv2 and Porin/VDAC are ER and mitochondrial 

marker proteins, respectively, while Hexokinase is used as a cytosolic marker. 

 

Next, we investigated the membranal integration capability of these TMBs by subjecting 

mitochondria isolated from WT cells, expressing either Tmb2.3-HA or Tmb2.17-HA, to 

alkaline extraction. Bona fide membrane proteins like the OM proteins Tom20 and Tom40 and 

mitochondrial inner membrane (IM) protein Pic2 were found in the pellet (P) fraction, whereas 

soluble matrix protein Hsp60 was detected in the supernatant (S). Both Tmb2.3-HA and 

Tmb2.17-HA were found in the pellet fraction indicating that they are membrane embedded 

proteins (Figure 5.4).  
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Figure 5.3 – Analysis of the amino acid sequence and hydrophobicity patterns of the TMBs. (A) 

The amino acid sequence of the two TMBs along with the annotation of the eight β-strands according 
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to the published structures from Vorobieva et al. 2021. (B) The average hydrophobicity of the 

hydrophilic face (face A) and the hydrophobic face (face B) of each of the eight β-strands of Tmb2.3 

and Tmb2.17 was calculated by summing up the hydropathy values of the residues either facing the 

lipid environment (face B) or the β-barrel lumen (face A) and dividing it by the number of the residues 

in that strand. The values are colour coded, with blue, white and red representing the highest, median 

and the lowest hydropathy values, respectively. (C) The average hydrophobicity of the hydrophobic 

face of the β-hairpins of Tmb2.3 and Tmb2.17 was calculated by summing up the hydropathy values of 

the residues facing the lipid environment from both β-strands that form each β-hairpin (hp) and dividing 

it by the number of the residues. The values are colour coded as in B. 

 

To assess the topology of the TMBs and determine in which mitochondrial membrane they 

reside, mitochondria expressing these TMBs were subjected to treatment with the proteases 

Proteinase K (PK) or trypsin. OM proteins with an exposed cytosolic domain like Tom20 were 

completely digested by these proteases, whereas IM and matrix proteins like Pic2 and Hsp60, 

respectively, were protected from the protease. Both TMBs were partially susceptible to PK 

and better protected from trypsin (Figure 5.4). As a control, addition of 1% Triton-X-100 to 

the reaction, which leads to the solubilisation of the mitochondrial membranes, resulted in 

complete exposure of the proteins to the protease (Figure 5.4). Thus, we can conclude that the 

TMBs are embedded into the mitochondrial OM with a topology that exposes part of them to 

the cytosol.  
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Figure 5.4 – Both TMBs are embedded in the mitochondrial outer membrane. (A, B) Mitochondria 

isolated from WT yeast cells expressing either Tmb2.3-HA (A) or Tmb2.17-HA (B) were left untreated 

(U), subjected to carbonate extraction (CE) to obtain supernatant (S) and pellet (P) fractions, or were 

treated with either 10 or 50 µg/ml of Proteinase K (PK) or Trypsin in the presence or absence of 1% 

Triton-X-100 (TX). In the control lane (C), mitochondria were treated with 50 µg/ml of Trypsin, that 

had been pre-incubated with the trypsin inhibitor, STI, so as to block the proteolytic activity of trypsin 

and serve as an indicator of the inhibitor’s efficacy. Samples were finally analysed by SDS-PAGE and 

immunoblotting. Tom20 is a mitochondrial OM protein exposed to the cytosol; Pic2 is embedded in the 

mitochondrial IM; Hsp60 is a soluble mitochondrial matrix protein. 
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5.2.2 The biogenesis of the synthetic TMBs does not depend on the import receptors 

Tom20 and Tom70 

We established that TMBs can be targeted to the mitochondria upon expression in yeast cells. 

Next, we wanted to examine the possible import machineries that these proteins may utilise to 

arrive and thrive in the mitochondria. β-barrel proteins have been shown to interact with the 

TOM complex receptors (Wiedemann and Pfanner 2017). Recently, it was shown that the β-

hairpin element could interact with Tom20 and the chaperone bound precursor could bind to 

Tom70 to enable the precursor to enter via the Tom40 pore (Jores et al. 2016; Jores et al. 2018). 

Hence, we wanted to check if the rather small TMBs also depend on these receptors for their 

entry into the mitochondria. To address this issue, WT, tom20Δ, and tom70/71Δ yeast cells 

were transformed with an empty vector (ϕ) or a vector encoding either Tmb2.3-HA or 

Tmb2.17-HA. This was followed by isolation of the corresponding mitochondrial fraction 

(Mito), along with the whole cell lysate (WCL) and cytosol (Cyt) and subsequent analysis of 

the proteins of these fractions via SDS-PAGE and immunoblotting.  

Surprisingly, the steady state levels of both Tmb2.3-HA and Tmb2.17-HA seem to be even 

higher in the mitochondrial fraction of cells lacking the Tom20 receptor (Figure 5.5A and 5.5B, 

respectively). Tom40 and Hexokinase are used as mitochondrial and cytosolic controls, 

respectively and their levels remain unchanged. Of note, the levels of the Tom70 receptor, 

which might compensate for the loss of Tom20, are also unaltered in cells deleted for Tom20 

(Figure 5.5). Hence, it appears that Tom20 is not required for the proper import of the TMBs 

to mitochondria. 

Similar observations were made when the other import receptors Tom70 and its paralog Tom71 

were deleted. The levels of both the TMBs were somewhat higher in the tom70/71Δ yeast cells 

(Figure 5.6). The steady state levels of Tom20 were slightly higher in the mutated organelles 

and this could potentially compensate for the loss of Tom70. Thus, we can conclude that the 

TMBs can be targeted to the mitochondria in the absence of either Tom20 or the Tom70/71 

receptors. 
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Figure 5.5 – The steady state levels of both TMBs in yeast cells do not depend on Tom20. (A, B) 

WT and tom20Δ yeast cells were transformed with an empty plasmid (ϕ) or with a plasmid encoding 

for either Tmb2.3-HA (A) or Tmb2.17-HA (B). Whole cell lysate (WCL), cytosol (Cyt), and 

mitochondrial (Mito) fractions isolated from the transformed cells were subjected to SDS-PAGE and 

immunoblotting with the indicated antibodies. Tom40 and Tom70 are mitochondrial OM proteins, 

while Hexokinase is used as a cytosolic marker. 
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Figure 5.6 – Tom70 is not involved in the biogenesis of both TMBs. (A, B) WT and tom70/tom71Δ 

yeast cells were transformed with an empty plasmid (ϕ) or with a plasmid encoding for either Tmb2.3-

HA (A) or Tmb2.17-HA (B). Whole cell lysate (WCL), cytosol (Cyt), and mitochondrial (Mito) 

fractions isolated from the transformed cells were subjected to SDS-PAGE and immunoblotting with 

the indicated antibodies.  
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5.2.3 The assembly of the TMBs depends to a variable extent on the TOB complex 

Once the β-barrel protein precursors reach the mitochondrial surface, they are initially 

processed by the TOM complex (Neupert and Herrmann 2007). Then, they reach the IMS 

where they are bound by the sTIM chaperones to prevent aggregation (Weinhäupl et al. 2018). 

Finally, the β-barrel precursors are assembled in the mitochondrial OM via the TOB complex 

consisting of Mas37, Mas35 and Tob55 (Wiedemann et al. 2003; Kozjak et al. 2003; Habib et 

al. 2005; Habib  et al. 2006; Kutik et al. 2008; Höhr et al. 2018; Takeda et al. 2021). Thus, we 

wanted to assess whether the absence of certain critical components of the TOB complex could 

affect also the assembly of these synthetic TMBs. 

To that goal, we transformed an empty plasmid (ϕ) or plasmids encoding either Tmb2.3-HA or 

Tmb2.17-HA into WT or cells lacking Mas37. The cells were grown at 24°C to avoid 

accumulation of suppressors at elevated temperatures as Mas37 is crucial for the proper 

function of the TOB complex. Subcellular fractions were isolated and the steady state levels of 

both TMBs analysed by SDS-PAGE and immunoblotting. We observed that the mitochondrial 

levels of both Tmb2.3-HA and Tmb2.17-HA were significantly lower in mas37Δ cells as 

compared to those in control cells (Figure 5.7A and 5.7B, respectively). This behaviour is 

similar to that of a canonical mitochondrial β-barrel protein like Tom40. As expected, the levels 

of Tom20, a mitochondrial signal-anchored protein, were unaffected as its biogenesis is known 

to be independent of the TOB complex. Similarly, the levels of the cytosolic chaperone Hsp104 

were also unaltered (Figure 5.7A, B). 

Next, we wanted to examine the role of Mas37 in the assembly of these TMBs in the 

mitochondrial OM. Therefore, mitochondria isolated from WT or mas37Δ cells expressing the 

TMBs were subjected to BN-PAGE followed by immunoblotting. In the control organelles, 

Tmb2.3-HA could form high molecular weight oligomers, while Tmb2.17-HA was mostly 

present as monomers. Interestingly, in the organelles lacking Mas37, Tmb2.3-HA could no 

longer assemble into higher oligomers and was found to exist, similar to Tmb2.17-HA, only as 

monomers (Figure 5.7C, left panel). As a control, the TOM complex which was 

immunodecorated at about 400 kDa with antibodies against Tom40, was also detected in lower 

levels upon deletion of MAS37 (Figure 5.7C, right panel). These findings suggest that Tmb2.3-

HA can assemble into higher oligomers in a TOB complex dependent manner. 
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Figure 5.7 – The membrane integration of both TMBs requires Mas37. (A, B) WT and mas37Δ 

yeast cells were transformed with an empty plasmid (ϕ) or with a plasmid encoding for either Tmb2.3-
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HA (A) or Tmb2.17-HA (B). Whole cell lysate (WCL), cytosol (Cyt), and mitochondrial (Mito) 

fractions isolated from the transformed cells were subjected to SDS-PAGE and immunoblotting with 

the indicated antibodies. (C) Mitochondria isolated as in A and B were analysed by BN-PAGE and 

immunoblotting with antibodies against either the HA tag (left panel) or Tom40 (right panel). Tom40 

is a known substrate of Mas37. A high molecular weight form of Tmb2.3-HA and the TOM complex 

are indicated by an asterisk or ‘TOM’, respectively. 

 

Observing this effect of Mas37, we wanted to assess the importance of Tob55, the central 

component of the TOB complex, for the biogenesis of the TMBs. A complete knockdown of 

Tob55 is detrimental for the yeast cells. Hence, we transformed an empty vector (ϕ) or vector 

encoding either Tmb2.3-HA or Tmb2.17-HA into cells expressing Tob55 under the control of 

the inducible GAL10 promoter. To ensure the expression of Tob55, the cells were initially 

grown at 30°C in selective lactate medium with galactose. Then, to deplete Tob55, the cells 

were harvested and re-suspended in glucose containing medium. Cells were then harvested at 

the indicated time points after a shift from galactose- to glucose-containing medium, 

mitochondria were isolated, and the steady state levels of the TMBs analysed by SDS-PAGE 

and immunoblotting.  

We observed that the levels of Tob55 were depleted after 51 hours on glucose containing 

medium (Figure 5.8A, B). As a consequence, Porin/VDAC, a quintessential mitochondrial OM 

β-barrel protein, that depends on Tob55 for optimum assembly, was depleted after 71 hours 

while steady state levels of the matrix protein Aconitase, whose biogenesis is independent of 

Tob55, remained unaffected (Figure 5.8A, B). Similar to Porin, Tmb2.3-HA levels decreased 

upon Tob55 depletion (Figure 5.8A). Unexpectedly, Tmb2.17-HA levels slightly increased in 

the mitochondria from Tob55-depleted cells (Figure 5.8B).  

These observations led us to ask whether Tob55 was crucial also for the assembly of the higher 

oligomers of Tmb2.3-HA. As we observed before, BN-PAGE analysis revealed that Tmb2.3-

HA could form higher oligomers in the presence of Tob55, while Tmb2.17-HA was mostly 

present as monomers (Figure 5.8C, left panel). Of note, upon depletion of Tob55, Tmb2.3-HA 

could no longer assemble into higher oligomers and was found to exist only as monomers. In 

agreement with the analysis by SDS-PAGE, Tmb2.17-HA monomers were detected in 

increased amounts in the organelles depleted for Tob55 (Figure 5.8C, left panel). As expected, 

Porin also formed higher oligomers in the presence of Tob55, but their levels were substantially 

decreased upon Tob55 depletion (Figure 5.8C, right panel). Taken together, these data indicate 



59 

 

the differential involvement of the TOB complex in the biogenesis and assembly of the 

artificial TMBs. Whereas the complex facilitates the membrane integration and 

oligomerization of Tmb2.3-HA, it is disposable for the biogenesis of Tmb2.17-HA. 

 

 

Figure 5.8 – Depletion of Tob55 affects the assembly of Tmb2.3 but not that of Tmb2.17. (A, B) 

Plasmids encoding Tmb2.3-HA and Tmb2.17-HA were transformed into yeast cells expressing Tob55 

under the control of the inducible GAL10 promoter. To induce the depletion of Tob55, cells were shifted 

at t=0 from galactose- to glucose-containing medium and harvested at the indicated time points after 

this shift. Mitochondria were isolated and proteins were analysed by SDS-PAGE and immunoblotting 

with antibodies against the indicated proteins. Aconitase is a mitochondrial matrix protein. (C) 
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Mitochondria were isolated from cells described above grown on galactose (Tob55↑) or depleted for 

Tob55 by growth for 71 hrs on glucose containing medium (Tob55↓). Samples were analysed by BN-

PAGE and immunodecoration with antibodies against either the HA tag (left panel) or Porin/VDAC 

(right panel). Porin/VDAC is a β-barrel protein embedded in the mitochondrial OM and a known 

substrate of Tob55. 

 

5.2.4 Single amino acid mutation in the β-signal does not significantly alter the biogenesis 

of both TMBs 

Previous studies showed that the last C-terminal β-strand of mitochondrial β-barrel proteins 

contains a stretch of amino acids that facilitate their interaction with the TOB complex (Kutik 

et al. 2008). These residues were called the β-signal and comprised of the following motif: Po-

X-G-X-X-Hy-X-Hy-X, where Po stands for a polar residue, G for Glycine and Hy represents 

a hydrophobic residue. Deletion or mutation of the β-signal did not interfere with the initial 

targeting of newly synthesized β-barrel proteins to mitochondria. 

We wanted to investigate whether sequences similar to such a β-signal present within the 

TMBs, could explain their differential dependence on the TOB complex. To this end, we 

analysed the amino acid sequence of both TMBs. They showed a 60% sequence identity [using 

Clustal Omega (Madeira et al. 2022), data not shown]. The amino acid sequence and the 

annotation of the eight β-strands are shown in Figure 5.3A (adapted from Vorobieva et al., 

2021). The analysis revealed that Tmb2.3 indeed contained the canonical β-signal, whereas 

Tmb2.17 had only a partial consensus sequence. Tmb2.17 lacked the polar residue at the N-

terminus of the β-signal (Q115 in Tmb2.3, A115 in Tmb2.17) (Figure 5.9A, wild type TMBs).  

Hence, we wanted to assess whether this residue (Q115) of the β-signal was crucial for the 

assembly of the TMBs into higher oligomeric forms. Thus, Vitasta Tiku performed site-

directed mutagenesis to generate the following C-terminal HA-tagged mutants of the TMBs: 

Tmb2.3Q115A-HA and Tmb2.17A115Q-HA (Figure 5.9A, mutant TMBs). WT yeast cells were 

transformed with vectors encoding these mutant TMBs, grown on S(Gal+0.1%D)-Leu media 

and subjected to subcellular fractionation. The results revealed that the mutation did not 

interfere with the initial targeting of the TMBs. Tmb2.3Q115A-HA was still predominantly 

mitochondrial, while Tmb2.17A115Q-HA was distributed between the ER and mitochondria 

(Figure 5.9B). However, BN-PAGE analysis followed by immunoblotting of mitochondria 

isolated from cells expressing either the WT or mutant TMBs showed that loss of Q115 led to 
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a minor decrease in the higher oligomeric forms of Tmb2.3Q115A-HA compared to wild type 

Tmb2.3-HA, while both the WT and mutant Tmb2.17 were predominantly present as lower 

monomeric forms (Figure 5.9C, left panel). However, the TOM complex, which was 

immunodecorated at about 400 kDa with antibodies against Tom40, was also detected in lower 

levels for the mutants (Figure 5.9C, right panel). Hence, further experiments with uniform 

loading controls are required to make the final conclusion. Also, the role of the most C-terminal 

amino acid residue in the β-signal motif, which is different for the two TMBs (Q123 for Tmb2.3 

and K123 for Tmb2.17), needs to be investigated. Overall, it seems that a single amino acid 

mutation in the β-signal motif of the TMBs does not have any significant effect on their overall 

biogenesis.  
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Figure 9 – Single amino acid mutation in the β-signal does not significantly alter the mitochondrial 

localisation or assembly of Tmb2.3 and Tmb2.17 (A) Conserved mitochondrial β-signal motif (top) 
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and the corresponding β-signal motif in the TMBs (bottom). The β-signal residues are in red and the 

mutated residues in bold. Po, polar; Hy, hydrophobic. (B) WT yeast cells expressing either Tmb2.3Q115A-

HA or Tmb2.17A115Q-HA (mutants) were subjected to subcellular fractionation, followed by analysis of 

the whole cell lysate (WCL), cytosol (Cyt), endoplasmic reticulum (ER)/microsomes and mitochondria 

(Mito) fractions by SDS-PAGE and immunodecoration with the indicated antibodies. Erv2 and 

Porin/VDAC are ER and mitochondrial marker proteins, respectively, while Hexokinase is used as a 

cytosolic marker. (C) Mitochondria isolated from WT cells expressing either wild type or mutant TMBs 

were subjected to BN-PAGE and immunoblotting with antibodies against either the HA tag (left panel) 

or Tom40 (right panel).  

 

5.3 Discussion 

The evolutionary conservation of the biogenesis pathways of β-barrel proteins allowed us in 

the past to express and target bacterial and chloroplast β-barrel proteins into yeast mitochondria 

(Walther et al. 2009; Ulrich et al. 2012; Ulrich et al. 2014; Jores et al. 2016; Natarajan et al. 

2019). Recently, Vorobieva et al. designed synthetic eight stranded β-barrel proteins, namely 

Tmb2.3 and Tmb2.17, that could be assembled into a barrel structure in liposome (Vorobieva 

et al. 2021). To better understand the general principles of the biogenesis of β-barrel proteins, 

we wanted to test whether such artificially designed proteins could also be recognized by and 

assembled into yeast mitochondria. Subcellular fractionation experiments revealed that both 

TMBs could be targeted to the mitochondria, with partial ER localisation as well. Similar 

observations were also made when bacterial secretins like PulD, InvG or SsaC were expressed 

in yeast cells (Natarajan et al. 2019). Of note, Tmb2.3-HA was more efficiently localised to 

the mitochondria in comparison to Tmb2.17-HA. β-barrel proteins are targeted and assembled 

into the mitochondria based on the hydrophobicity and the sequence of the last few β-hairpins 

(Kutik et al. 2008; Jores et al. 2016; Klinger et al. 2019). The differential localisation efficiency 

could potentially be attributed to the difference in the sequence and hydrophobicity of the last 

few β-hairpins of the two different proteins, thus indicating that conserved structural features 

of β-barrel proteins may be recognised by the yeast cell machinery and dictate the 

mitochondrial localisation of even synthetic β-barrel proteins. It is interesting to note that both 

TMBs, although they contain only 8 β-strands, were integrated properly into the mitochondrial 

OM demonstrating the capacity of the organelle to deal with any type of membrane embedded 

β-barrel proteins. These observations are in line with our previous findings that yeast 
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mitochondria can deal with the bacterial β-barrel protein OmpA, which also contains only 8 β-

strands (Walther et al. 2009).   

Interestingly, when we assessed the role of the TOM complex receptors in the biogenesis of 

the TMBs, we observed that in the absence of either one of the receptors (Tom20 or Tom70), 

the mitochondrial steady state levels of the TMBs were enhanced. Similar observations were 

made for the secretins InvG-HA and SsaC-HA where absence of Tom20 or Tom70 led to 

increased amounts of the protein in the mitochondria respectively (Natarajan et al. 2019). This 

behaviour might be explained by the small size of the artificial TMBs that have only 8 β-strands 

as compared to the 16 or 19 strands of bona fide mitochondrial β-barrel proteins. As Tom70, 

in addition to its receptor function, is also the docking site for cytosolic chaperones that escort 

the newly synthesized β-barrel substrates, the smaller size of the substrates might reduce the 

need for such an escort and hence also the relevance of the chaperone docking site. An 

alternative, but not mutually exclusive, option is a compensating function of the remaining 

receptor in the absence of its counterpart. Also, a possible role of Tom22 in the absence of 

either Tom20 or Tom70 remains to be investigated. Thus, we can conclude that the absence of 

a single receptor does not impair the biogenesis of the TMBs.  

After the initial recognition at the mitochondrial surface by the TOM complex receptors, 

followed by the actual translocation through the Tom40 pore, β-barrel proteins are assembled 

into the mitochondrial OM with the help of sTIM chaperones and the TOB complex 

(Weinhäupl et al. 2018; Wiedemann et al. 2004; Wiedemann et al. 2003; Kozjak et al. 2003; 

Habib et al. 2005; Habib  et al. 2006; Kutik et al. 2008; Höhr et al. 2018; Takeda et al. 2021). 

We investigated the role of the TOB complex in the assembly of the synthetic TMBs. In the 

absence of Mas37, the mitochondrial steady state levels of the TMBs decreased, similar to bona 

fide mitochondrial β-barrel protein Tom40. It is known that absence of Mas37 decreases the 

stability of the TOB complex, thus affecting the efficiency of integration of the TMBs into the 

mitochondrial OM. Additional decrease in Tom40 levels, which by itself is a substrate of the 

TOB complex, may also contribute to the lower steady state levels of the TMBs. BN-PAGE 

analysis of mitochondria from mas37Δ cells demonstrated the importance of Mas37 and the 

TOB complex not only for the general import of Tmb2.3, but also for its optimal assembly. 

Tmb2.17-HA always existed as lower monomeric forms and absence of Mas37 had no impact 

on its integration into the mitochondrial OM. The inability of Tmb2.17-HA to form higher 

oligomers could be attributed to the absence of a bona fide mitochondrial β-signal in its 

sequence.   
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Besides Mas37, our findings also indicate an involvement of Tob55 in the biogenesis and 

assembly of Tmb2.3-HA. In contrast, Tmb2.17-HA levels were even slightly increased upon 

Tob55 depletion. Hence, it seems that different β-barrel proteins can be dependent to a variable 

extent on the proper function of the TOB complex. Such distinctions could be hypothesised to 

be mapped to the dissimilarities in their sequence (60% identity), hydrophobicity patterns of 

the β-strands, and/or different sequence of the classical β-signal at the last β-strand. This 

variability also raises the question that how Tmb2.17 can integrate into the mitochondrial OM 

in the absence of a functional TOB complex and future studies should address such apparent 

TOB-independent membrane integration.  

Collectively, our study demonstrates that synthetic TMBs can be targeted to mitochondria upon 

their expression in yeast cells. Their biogenesis is independent of the TOM receptors and 

differentially dependent on the TOB complex. These findings shed new light on the general 

principles of the biogenesis of β-barrel proteins. 
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Research Article 

ABSTRACT  Secretins form large multimeric pores in the outer membrane 
(OM) of Gram-negative bacteria. These pores are part of type II and III secre-
tion systems (T2SS and T3SS, respectively) and are crucial for pathogenicity. 
Recent structural studies indicate that secretins form a structure rich in β-
strands. However, little is known about the mechanism by which secretins 
assemble into the OM. Based on the conservation of the biogenesis of β-
barrel proteins in bacteria and mitochondria, we used yeast cells as a model 
system to study the assembly process of secretins. To that end, we analyzed 
the biogenesis of PulD (T2SS), SsaC (T3SS) and InvG (T3SS) in wild type cells or 
in cells mutated for known mitochondrial import and assembly factors. Our 
results suggest that secretins can be expressed in yeast cells, where they are 
enriched in the mitochondrial fraction. Interestingly, deletion of mitochondri-
al import receptors like Tom20 and Tom70 reduces the mitochondrial associa-
tion of PulD but does not affect that of InvG. SsaC shows another dependency 
pattern and its membrane assembly is enhanced by the absence of Tom70 
and compromised in cells lacking Tom20 or the topogenesis of outer mem-
brane β-barrel proteins (TOB) complex component, Mas37. Collectively, these 
findings suggest that various secretins can follow different pathways to as-
semble into the bacterial OM. 
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INTRODUCTION 
To aid their survival, Gram-negative bacteria have devel-
oped several secretory systems that are involved in 
transport and secretion of substrates and toxins through 
their outer membrane (OM) [1, 2]. Type II and III secretion 
systems as well as type IV pili (T2SS, T3SS, and T4P, respec-
tively) secrete toxins into the exoplasm (T2SS), directly into 
the cytosol of the host cells (T3SS), or build adhesion fac-
tors (T4P) [3-6]. These three systems consist of a massive 
complex spanning both the inner and outer membrane. 
The most conserved part among these secretion systems 
are the components of the OM structure, called secretins 
[7, 8].  

Secretins form highly stable homooligomeric rings in 
the OM, which consist of 12-15 copies and are usually re-
sistant against detergents, higher temperatures and dena-

turing agents [9-14]. The aforementioned ring is actually a 
gated pore, which is open only when required for translo-
cation of proteins [7, 15]. All secretins consist of a highly 
conserved protease-resistant, membrane-embedded C-
domain and a less conserved periplasmic N-terminal part 
composed of two to four small domains (named N0 to N3) 
(see Fig. 1A) [10, 12]. For their correct assembly, some 
secretins require small chaperone-like lipoproteins, called 
pilotins, which help in targeting their cognitive secretins to 
the OM and are proposed to stabilize the secretin multi-
mer [8, 16, 17]. Accordingly, such secretins harbour at their 
very C-terminal region, an additional domain (S domain) 
that mediates the interaction with their corresponding 
pilotins.  

PulD from Klebsiella oxytoca, one of the most exten-
sively studied secretins, belongs to the T2SS subfamily and 
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was reported to assemble in vivo and in vitro spontaneous-
ly into membranes [18, 19]. In vivo, PulD is targeted to the 
OM by its dedicated pilotin PulS and does not need other 
factors for multimerization [19-22]. In Salmonella, secretins 
are part of both T3SS encoded by the pathogenicity island 
1 and 2 (SPI-1 and SPI-2) [23]. InvG, the secretin encoded 
by SPI-1, is well studied, whereas little is known about SsaC, 
a secretin encoded by SPI-2. Of note, for its correct locali-
zation in the OM, InvG requires its dedicated pilotin, InvH 
[24]. Cryo-EM (electron microscopy) studies revealed a 
pore structure with a 15-fold symmetry for the secretin 
InvG and its ring structure showed an unexpected double 
walled β-barrel architecture [8, 25, 26].  

Despite this recent progress in our understanding of 
the structure and function of secretins, the mechanism by 
which they assemble in the OM is still an enigma. Secretins 
are synthesized in the cytoplasm and, similarly to other 
OM proteins, are probably stabilized there by cytoplasmic 
factors. Then, they are transported through the inner 
membrane by the Sec translocon. The transport of se-
cretins from the periplasm to the OM can follow different 
pathways like Lol-dependent, BAM (β-barrel assembly ma-
chinery)-dependent, unassisted, or an accessory protein-
assisted pathway. It is anticipated that for secretins with 
known pilotin, the pilotin transport via the Lol pathway 
guides the secretin monomers from the periplasm to the 
OM [20, 21, 27].  

In the case of PulD, the pilotin PulS assists the initial as-
sembly process of the secretin by the transport of the 
monomer units to the OM. After this transfer, the secretin 
monomers form a pre-pore in a process that is independ-
ent of PulS [10, 17, 19, 20, 22, 28]. The pre-pore then in-
serts into the membrane in a manner that was suggested 
to be unassisted [29]. The only region of the protein identi-
fied so far as critical for formation of the pre-pore is the N3 
domain, which is just upstream of the secretin barrel do-
main [22].  

 To shed more light on the biogenesis process of PulD 
and other secretins, we used yeast cells as a model system. 
This choice of experimental system is based on our previ-
ous observations that the evolutionary conservation of the 
β-barrel assembly machineries between bacteria and yeast 
mitochondria allows the successful usage of yeast mito-
chondria as a model system to study basic features of the 
assembly process of bacterial β-barrel proteins [30-32]. In 
addition, assembly of secretins into native-like oligomers at 
the mitochondrial OM can demonstrate that specific bacte-
rial factors are not absolutely required for this process. Our 
experiments suggest that secretins can indeed be success-
fully expressed in yeast cells and their proper membrane 
assembly depends to a variable extent on additional bio-
genesis factors. 

 

RESULTS 
Establishing yeast cells as a model system to study se-
cretins biogenesis 
To study the assembly and biogenesis of bacterial secretins 
in yeast, four secretin proteins, the full-length T2SS secre-

tin, PulD (PulD-FL), its truncated version (PulD28-42/259-660, 
named PulD-T; comprising primarily the N0, N3, C, and S 
domains), and two T3SS secretins, InvG and SsaC (both 
containing a C-terminally HA-tag) were selected (see Fig. 
1A for a scheme of these proteins). The DNA sequences 
encoding these proteins were cloned into a yeast expres-
sion vector in which their expression is under the control of 
the inducible galactose (GAL) promoter. First, we investi-
gated whether the expression of secretins affects the 
growth of yeast cells. To this end, we expressed all four 
secretins in yeast cells and the growth of the transformed 
cells at various temperatures and on different carbon 
sources was monitored. As expected, growth assessment 
of the transformed yeast cells under fermentable/non-
inducible conditions (S-Glu) showed no growth retardation 
of these cells (Fig. 1B). In contrast, the transformed yeast 
cells grew slower on an inducible carbon source (S-Gal), 
conditions that favour strong expression of the bacterial 
secretins (Fig. 1B). Expression of InvG-HA was highly toxic, 
expression of PulD and its truncated variant were moder-
ately inhibitory, while expression of SsaC-HA had only a 
minor effect on the growth of the yeast cells.  

To avoid very high expression levels of the secretins 
and thus to counteract potential toxic effects, the cells 
were grown with galactose together with 0.1% of glucose, 
which represses the GAL promoter (S-Gal + 0.1% Glu). Un-
der these conditions, the expression of none of the secre-
tin proteins resulted in slower growth of the cells (Fig. 1B). 
To verify that the lack of an inhibitory effect under these 
conditions did not result from deficiency of secretins ex-
pression, the cells were grown in liquid culture supple-
mented with Gal + 0.1% Glu for few hours and then lysed 
to test expression. We observed expression of all secretin 
proteins under these conditions, whereas, as expected for 
a repressor, growth on glucose alone (S-Glu) did not result 
in any detection of the proteins (Fig. 1C). The absence of 
toxic effects combined with reasonable expression levels 
lead us to use these conditions (S-Gal + 0.1% Glu) for all 
further experiments. 
 
Secretins can assemble in yeast mitochondria   
To study the sub-cellular localization of the secretins in the 
transformed yeast cells, subcellular fractionation was per-
formed. The results revealed that, similar to the mitochon-
drial marker proteins (Tom20, Fis1, or Tom70) PulD-FL, 
PulD-T and SsaC were located mainly in the mitochondrial 
fraction. In contrast, InvG was enriched in the ER fraction 
(Fig. 2A). The purity of the mitochondrial fraction was con-
firmed by the absence of a noteworthy signal for ER (Sec61 
or Erv2) and cytosolic (Hexokinase or Bmh1) marker pro-
teins in these samples (Fig. 2A). It has been reported that 
PulD oligomers are heat- and SDS-resistant [10]. Indeed, 
we observed that also in our system PulD proteins ex-
pressed in yeast are heat and SDS-resistant and they have 
to be boiled in 8 M urea in Laemmli buffer in order to dis-
sociate their oligomers before analysis by SDS-PAGE (data 
not shown). 
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Since the ER/microsomes fraction was isolated by high 
speed centrifugation, it is possible that this fraction con-
tained also aggregated material. This might explain the 
residual amounts of PulD-FL, PulD-T and SsaC in this frac-
tion. Notably, in contrast to the other three constructs, 
although SsaC was clearly enriched in the mitochondrial 
fraction, a certain amount was also found in the cytosolic 
fraction suggesting that not all SsaC molecules were as-
sembled into cellular membranes. 

It has been previously reported that PulD and InvG 
form oligomers consisting of 12 and 15 copies, respectively 
[12, 13]. To investigate whether PulD and its truncated 
variant expressed in yeast cells had the ability to form na-
tive-like oligomers, we solubilized the mitochondrial frac-
tion with various detergents and analysed oligomeric struc-
tures by blue native (BN)-PAGE. Of note, both PulD-FL and 
even more so PulD-T were detected in oligomeric struc-
tures (Fig. 2B). The size of the observed oligomer corre-
sponds to what has been previously reported in bacterial 
membranes [22]. The presence of oligomers of the trun-
cated version indicates that the N-terminal region does not 
play an important role in the oligomerization of PulD.  

Remarkably, the migration of the InvG oligomer from 
either ER or mitochondria fraction was similar to that of 
InvG in bacterial membranes (Fig. 2C), supporting a native-
like oligomerization of this secretin. Of note, although the 
steady state levels of InvG in the microsomes fraction were 
higher than those in mitochondria (Fig. 2A), the latter frac-
tion contained more native-like oligomers (Fig. 2C). This 
observation supports our assumption that, at least, part of 
the apparent signal in the ER fraction actually represents 
aggregated material. Interestingly, SsaC did not form oli-
gomers that could be detected by BN-PAGE (data not 
shown). The absence of detected oligomeric pore struc-
tures might explain why higher levels of this secretin were 
not toxic for yeast cells (Fig. 1B).  

Next, we aimed to test whether the secretins were in-
deed inserted into a mitochondrial membrane or were only 
associated with the organelle. To that goal, isolated mito-
chondria harbouring the various secretins were subjected 
to alkaline extraction. PulD-FL, PulD-T and InvG were found 
solely in the pellet fraction together with other membrane-
embedded mitochondrial proteins like Tom20 (Fig. 3A). In 
contrast, SsaC was present in both the pellet (like mem-
brane-embedded proteins) and in the supernatant fraction 
(similarly to the soluble protein Hep1; Fig. 3A). These find-
ings indicate that PulD-FL, PulD-T and InvG are fully em-
bedded within mitochondrial membranes whereas SsaC is 
only partially membrane-embedded. 

To investigate into which of the mitochondrial mem-
branes the secretins were integrated, mitochondria con-

  

FIGURE 1: Moderate expression of secretins is not toxic to yeast cells. 
(A) Schematic representation of the PulD and InvG constructs used in 
this study. The numbering of the amino acid residues starts at the start 
codon and includes the processed signal sequence. Currently, there is 
no information on the various domains of SsaC. (B) Wild type yeast 
cells were transformed with a plasmid encoding the indicated bacterial 
secretins under the control of the inducible GAL promoter. Cells were 
grown in synthetic glucose-containing (S-Glu) medium to an OD600 of 
1.0 and spotted in a 1:5 dilution series on synthetic medium plates 
containing Glucose (S-Glu), Galactose (S-Gal), or Galactose + 0.1% Glu-
cose (SGal + 0.1% Glu). Plates were then incubated at the indicated 
temperatures. Two colonies for each strain were analysed. (C) Wild 
type yeast cells transformed with a plasmid encoding the indicated 
secretins were grown in the indicated liquid media until logarithmic 
phase and then lysed. The cell lysates were analysed by SDS-PAGE and 
immunodecoration with antibodies against PulD or the HA-tag. The 
cytosolic protein Bmh1 was used as a loading control. 
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taining the bacterial secretins were treated with increasing 
amounts of externally added proteinase K (PK). Loss of 
signal was observed for all secretins, similar to the surface 
exposed Tom20. As expected, matrix proteins like Aco1 or  
Hep1 were resistant to the protease treatment indicating 
the intactness of the organelle (Fig. 3B). Collectively, these 
results indicate that the secretins are embedded in the 
mitochondrial OM and are exposed to the cytosol.  
 
Factors involved in the assembly of secretins into the mi-
tochondrial OM  
The factors required for assembly of secretins in the bacte-
rial OM are mostly unknown. Moreover, basically nothing 
is known about the biogenesis of SsaC. Using yeast as a 
model system, we investigated whether known mitochon-
drial import factors might be involved in the transport 
and/or assembly of the bacterial secretins into the OM. To 
this end, we monitored the steady state levels of the vari-

ous secretins upon their expression in yeast cells lacking 
one or more mitochondrial import components. 

Mitochondrial β-barrel proteins are assembled into the 
mitochondrial OM by the coordinated action of the trans-
locase of the outer (mitochondrial) membrane (TOM) and 
topogenesis of mitochondrial outer membrane β-barrel 
proteins (TOB) complexes, the latter also known as the 
sorting and assembly machinery (SAM) complex. To inves-
tigate whether the TOM complex plays a role in the as-
sembly of PulD-FL in the mitochondrial membrane, we 
expressed the secretin in yeast cells deleted for either 
TOM20 or TOM70 and its paralogue TOM71. Tom71 can 
partially complement the loss of Tom70 [33]. Hence, to 
avoid any compensatory effects by Tom71, the double 
deletion strain tom70/71Δ was used for the analysis [34].  

The absence of either Tom70/71 or Tom20 resulted in 
significantly lower amounts of PulD-FL in isolated mito-
chondria in comparison to its levels in wild type organelles 
(Fig. 4A). The dependency on the TOM receptor compo-

FIGURE 2: Bacterial secretins are targeted within yeast cells mainly to mitochondria and form native-like complexes. (A) Whole cell lysate 
(WCL) and fractions corresponding to cytosol (C), light microsomes (ER) and mitochondria (M) were obtained from wild type yeast cells 
transformed with a plasmid encoding the indicated secretin. Samples were analysed by SDS–PAGE and immunodecoration with antibodies 
against PulD, HA tag, and the marker proteins Tom20, Tom70 or Fis1 for the mitochondrial fraction, Bmh1 or Hexokinase for the cytosol, 
and Erv2 or Sec61 for the microsomal/ER fraction. (B) Mitochondria were isolated from wild type yeast cells transformed with the indicated 
PulD variant. The isolated organelles were solubilized with 1% digitonin, 1% DDM, or 0.5% Triton X-100 and analysed on a 6-13% BN-PAGE 
followed by immunodecoration with antibodies against PulD. Short and long exposures are presented. High molecular weight oligomers are 
indicated by asterisks. (C) Microsomal (ER) or mitochondria (M) fraction isolated from wild type cells transformed with an empty plasmid (Ø) 
or a plasmid encoding HA-tagged InvG were lysed with 1% DDM and further analysed as described in part (B). Membranes of bacterial cells 
transformed with an empty plasmid (Ø) or a plasmid encoding FLAG-tagged InvG were treated and analysed in parallel in the same way. 
High molecular weight oligomers are indicated by asterisks. 
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nents suggests that a proper functioning of the TOM com-
plex is required for the assembly of PulD-FL in the mito-
chondria. Next, we investigated the requirement of the 
TOB complex by monitoring the levels of PulD-FL in cells 
lacking Mas37, the only non-essential subunit of the TOB 
complex. Western blot analysis indicated no difference in 
the steady state levels of the PulD-FL protein in mas37Δ 
cells in comparison to wild type cells (Fig. 4A). These find-
ings are in line with previous report where the BAM com-
plex does not have an effect on the assembly of PulD-FL 
[27].  

Since, Tom20 and Tom70 appear to be involved in the 
biogenesis of PulD-FL in yeast cells we wondered whether 

overexpression of these proteins can enhance PulD bio-
genesis. To that aim, crude mitochondria were isolated 
from cells expressing PulD-FL together with overexpression 
of either Tom20 or Tom70. However, elevated levels of 
either import receptor did not result in significant en-
hanced levels of PulD-FL (Fig. 4B and C). 

Next, we wanted to test whether the N-terminal do-
main of PulD plays a role in the dependency of PulD as-
sembly on Tom20 and Tom70. To this end, the N-terminal 
truncated version of PulD (PulD-T) was expressed in yeast 
cells lacking import factors. Of note, there was no signifi-
cant difference in the amounts of PulD-T when TOM70 and 
TOM71 were deleted (Fig. 5A). Interestingly, the amounts 

FIGURE 3: Secretins are embedded in the mitochondrial OM and exposed to the cytosol. (A) Mitochondria isolated from wild type cells ex-
pressing the indicated secretins were either left untreated (Total) or subjected to alkaline extraction. The supernatant (S) and pellet (P) frac-
tions were analysed by SDS–PAGE and immunodecoration with antibodies against the indicated proteins. Tom20, an integral OM protein; Aco1 
and Hep1, soluble matrix protein. (B) Mitochondria isolated from wild type cells expressing the indicated secretins were treated with increas-
ing amounts of proteinase K (PK). Samples were analysed by SDS–PAGE and immunodecoration with antibodies against PulD, HA-tag and the 
indicated mitochondrial proteins. Full-length PulD is indicated with an arrow whereas a proteolytic fragment of InvG with an asterisk. 
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of PulD-T were even moderately, but significantly, elevated 
when PulD-T was expressed in tom20Δ cells (Fig. 5A). In 
contrast, PulD-T expression in mas37Δ cells did not lead to 
a significant difference in the steady state levels of the 
secretin (Fig. 5A).  

The observed elevated mitochondrial amounts of PulD-
T in the absence of Tom20 might suggest that Tom20 has a 
negative effect on the biogenesis of this variant. To test 
this point, we expressed PulD-T in yeast cells, which either 
lack or overexpress TOM20, and compared the mitochon-
drial levels in the mutated cells to those in the control cells. 
Western blotting analysis verified that indeed the steady 
state levels of PulD-T in the crude mitochondria fraction 
were enhanced upon the absence of Tom20. However, 
overexpression of Tom20 did not change the detected 
amounts of PulD-T (Fig. 5B). In contrast to the effect of 
Tom20, the absence or the overexpression of Tom70 did 
not affect the levels of PulD-T (Fig. 5C). Collectively, Tom20 

seems to be involved in the assembly of PulD-FL and PulD-T 
secretin in different ways. Whereas the former protein 
requires Tom20 for optimal biogenesis, the absence of the 
N-terminal domain removes this dependency and even 
reverses it. This difference might suggest an important role 
of the N-terminal region in regulation of the assembly of 
PulD. 
 
Assembly of the T3SS secretins InvG and SsaC in yeast 
mitochondria   
Next, we expanded our analysis to the secretins of T3SS. To 
that end, we investigated the effect of the TOM complex 
on the assembly of InvG by expressing the protein in either 
tom70/71Δ or tom20Δ yeast strains. Our results revealed 
that there was no significant change in the steady state 
levels of InvG in mitochondria isolated from tom70/71Δ 
cells in comparison to the amounts in control organelles 
(Fig. 6A). In contrast, significantly elevated amounts of 

FIGURE 4: The assembly of PulD-FL in mitochondria depends on import receptors. (A) Left panel: Isolated mitochondria were obtained 
from the indicated strains transformed with either an empty vector (Ø) or a plasmid encoding PulD-FL. Samples were analysed by SDS-PAGE 
and immunodecoration with the indicated antibodies. Right panel: the steady state levels of PulD-FL in at least three experiments as in the 
left panel were quantified. The signal of Fis1 was taken as a loading control. Levels of PulD-FL in the corresponding wild type (WT) cells were 
set to 100%. The bar diagram shows the mean values ± s.d. of at least three independent experiments. (*, P < 0.05; **, P < 0.01; two tailed 
Student's t‐test). (B) Left panel: Crude mitochondria were obtained from WT, tom20Δ, or a strain overexpressing TOM20 (Tom20↑) har‐
bouring a plasmid expressing PulD-FL. Samples were analysed by SDS-PAGE and immunodecoration with the indicated antibodies. Right 
panel: the steady state levels of the PulD-FL secretin were quantified and further analysed as described for part (A). (*, P < 0.05; two‐tailed 
Student's t‐test). (C) Crude mitochondria were obtained from WT, tom70/71Δ, or a strain overexpressing TOM70 (Tom70↑) harbouring a 
plasmid expressing PulD-FL. Further treatment and analysis were as described in the legend of part (B). 
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InvG were observed in mitochondria isolated from tom20Δ 
cells (Fig. 6A). We next asked whether the TOB is involved 
in InvG assembly. However, expression of InvG in cells lack-
ing Mas37 did not result in any significant changes in the 
steady state levels of InvG (Fig. 6A). These results are in 
line with previous observations that the BAM complex 
does not play a role in the assembly of this secretin [27].  

Next, we wanted to better understand the involvement 
of Tom20 in the assembly of InvG. Thus, we expressed InvG 
in cells overexpressing TOM20 (or lacking it, for compari-
son) and monitored the steady state levels in crude mito-
chondria isolated from these cells. Interestingly, the mito-
chondrial amounts of InvG were reduced when TOM20 was 
overexpressed, while the deletion of TOM20 resulted in 
elevated mitochondrial levels in comparison to the corre-
sponding wild type cells (Fig. 6A and B). When we then 
checked in a similar way the effect of Tom70 on the bio-
genesis of InvG, we observed no significant changes in the 
amount of InvG in the crude mitochondria from cells with 
altered expression of Tom70 (Fig. 6C). These results point 
to a specific effect of Tom20 on the biogenesis of InvG. To 
test whether the import components affect the total cellu-
lar levels of InvG, we analysed the steady-state amounts of 

the protein in whole cell lysates. Whereas we could not 
detect significant alterations upon changes in the levels of 
either Tom70/71 or Mas37, cells lacking Tom20 had overall 
reduced levels of InvG (Fig. 6D). In line with the latter ob-
servation, overexpression of Tom20 resulted in slightly 
higher cellular amounts of InvG (Fig. 6D). Hence, it seems 
that although the presence of Tom20 improves the overall 
stability of InvG, it does not have a positive effect on the 
assembly of InvG into the mitochondrial OM.  

Finally, we turned to investigate the biogenesis of SsaC, 
a secretin whose targeting and assembly pathways were 
not studied so far. SsaC was expressed in tom70/71Δ, 
tom20Δ, or mas37Δ yeast cells and the steady state levels 
in isolated mitochondria were monitored. Interestingly, the 
absence of Tom70/71 resulted in a two-fold increase in the 
levels of SsaC whereas deletion of TOM20 or MAS37 led to 
a reduction in the levels of this secretin (Fig. 7A). The re-
duction upon deletion of MAS37 points to a requirement of 
the TOB complex in the biogenesis of SsaC in yeast cells, 
which could be extrapolated to a probable dependence on 
the BAM complex in bacteria.  

The elevated levels of SsaC upon deletion of TOM70/71 
led us to check whether this  increase was due to  an  unfa- 

FIGURE 5: The assembly of PulD-T in mitochondria is enhanced in the absence of Tom20. (A) Mitochondria were isolated from the indicated 
strains transformed with either an empty vector (Ø) or a plasmid encoding PulD-T. Further treatment and analysis were as described in the 
legend of Fig. 4A. (B) Crude mitochondria were obtained from wild type (WT), tom20Δ or a strain overexpressing TOM20 (Tom20↑) harbour‐
ing a plasmid encoding PulD-T. Further treatment and analysis were as described in the legend of Fig. 4B. (C) Crude mitochondria were ob-
tained from WT, tom70/71Δ or a strain overexpressing TOM70 (Tom70↑) harbouring a plasmid encoding PulD-T. Further treatment and analy-
sis were as described in the legend of Fig. 4B. 
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Figure 6. Improved assembly of InvG in mitochondria lacking Tom20. (A) Mitochondria were isolated from the indicated strains transformed 
with either an empty vector (Ø) or a plasmid encoding InvG-HA. Further treatment and analysis were done as described in the legend of Fig. 
4A. (B) Crude mitochondria were obtained from wild type (WT), tom20Δ or a strain overexpressing TOM20 (Tom20↑) harbouring a plasmid 
encoding InvG-HA. Further treatment and analysis were as described in the legend of Fig. 4B. (C) Crude mitochondria were obtained from WT, 
tom70/71Δ or a strain overexpressing TOM70 (Tom70↑) harbouring a plasmid encoding InvG-HA. Further treatment and analysis were done 
as described in the legend of Fig. 4B. (D) Whole cell lysate was obtained from the indicated cells and was analysed by SDS-PAGE followed by 
immunodecoration with antibodies against the indicated proteins. The steady state levels of InvG-HA in at least three experiments for each 
strain were quantified. The signal of Bmh1 was taken as a loading control. Levels of InvG-HA in the corresponding wild type cells were set to 
100%. The bar diagram shows the mean values± s.d. of at least three independent experiments. (*, P < 0.05; two tailed Student's t‐test).  
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vourable involvement of Tom70. To that aim, we expressed 
SsaC in cells either lacking or overexpressing Tom70. In-
deed, we could observe that there was a significant de-
crease in the amounts of SsaC in crude mitochondria iso-
lated from cells overexpressing Tom70 in comparison to 
control organelles. Along the same line, we detected a 
significant increase in the SsaC levels in mitochondria lack-
ing Tom70 (Fig. 7A and B). To verify that the changes in the 
levels of SsaC upon manipulating the Tom70/71 amounts is 
not the outcome of variations in the overall cellular 
amounts, we monitored the levels of SsaC in whole cell 
extracts. We observed that deletion of TOM70/71 indeed 
resulted in moderately, but significantly, higher amounts of 
cellular SsaC (Fig. 7C), suggesting that the absence of these 
import receptors increases the life-span of this secretin. In 
contrast, altered amounts of Tom20 or Mas37 did not af-
fect the overall cellular levels of SsaC (Fig. 7C). Taken to-
gether, these findings lead us to conclude that Tom70 in-
hibits, directly or indirectly, the mitochondrial assembly of 
SsaC. 
 
DISCUSSION 
Secretins are homo-oligomers present in bacterial secre-
tion systems that form pores in the bacterial OM. The as-
sembly of secretins in their target membrane is most prob-
ably a species-specific process. The exact mechanism of 
membrane insertion of the assembled oligomers and/or 
factors that assist the unassembled monomers to oli-
gomerize and then insert correctly into the bacterial OM is 
still unknown.  

In this study, we established yeast cells as a model sys-
tem to study the biogenesis of bacterial secretins. Even 
though in vitro systems based on artificial membranes have 
explored partially the requirements for secretin multimeri-
zation and insertion into membranes [18, 28], mitochon-
dria, due to their evolutionary relation to bacteria, may 
provide an improved model system [30]. We could show 
that all four tested secretins could be expressed in yeast 
and were enriched in the mitochondrial fraction. In the 
case of InvG, the subcellular fractionation indicates en-
richment of the secretin also in the microsomal fraction 
where it can form native-like oligomers. Thus, it seems that 
InvG can oligomerize and insert spontaneously into differ-
ent membrane types.  

PulD-FL, PulD-T and InvG formed oligomers in the mito-
chondrial membrane. For InvG, we could demonstrate that 
these oligomers behave like the InvG oligomers in bacteria, 
indicating a native-like structure and supporting the validi-
ty of the mitochondrial system. It has been reported that 
the PulD pore allows efflux of small molecules [7]. Thus, 
the presence of pore-forming native-like oligomers of PulD 
and InvG in mitochondrial membranes might explain their 
negative effect on the growth of yeast cells expressing 
them. Along this line, SsaC that appears to remain mono-
meric in yeast cells is not toxic when expressed in yeast. 
The exact mechanism for the oligomerization initiation of 
SsaC is unknown and it might be that a crucial assembly 
factor is missing in the yeast system. Similar to what has 

been reported for bacterial cells [10], we also observed 
that oligomers of PulD expressed in yeast are heat and 
SDS-resistant. This similarity further supports the native-
like structure of the secretin oligomers upon their expres-
sion in yeast cells.  

In bacteria, PulD and InvG require pilotins; the lipopro-
tein chaperones PulS and InvH, respectively, that mediate 
correct localization of the secretins to the OM and protec-
tion against proteolysis [16]. In our system, we observe 
that PulD and InvG can assemble in the mitochondrial OM 
despite the absence of their cognate pilotins. Thus, we 
conclude that pilotins are not absolutely required for tar-
geting and membrane integration.  

The biogenesis of secretin proteins in the mitochondrial 
OM can follow two distinct pathways: (1) After their syn-
thesis in the cytosol, the secretin monomers are translo-
cated across the mitochondrial OM into the intermem-
brane space (IMS) by the TOM complex and are then in-
serted from the internal surface of the OM by either self-
assembly or with the help of the TOB complex. (2) Upon 
synthesis in the cytosol, the secretin monomers assemble 
on the outside of the mitochondrial surface before inte-
grating into the mitochondrial OM from the cytosolic side. 
The sensitivity to an externally added protease and our 
observations that no protease-resistant intermediates 
were formed in the mitochondrial IMS indicate that all four 
secretins, after synthesis and oligomerization, insert into 
the mitochondrial OM from the mitochondrial surface with 
the bulk facing the cytosol. This is in contrast to native PulD 
dodecamers consisting of a proteases-resistant core (C 
domain) including the outer chamber, the central disc, and 
the plug [10, 12]. These differences might be explained by 
the fact that in bacterial cells the secretins are synthesized 
in the cytoplasm and cross the inner membrane before 
their assembly from the periplasm into the OM, whereas in 
yeast cells they are synthesized on cytosolic ribosomes and 
can directly assemble from this compartment onto the 
mitochondrial OM. 

The insertion of bacterial secretins into the OM is still 
an enigma. To study potential dependence on accessory 
proteins, secretins were expressed in yeast cells deleted 
for specific import factors. Both variants, PulD-FL and PulD-
T seem to be unaffected by the TOB complex, the yeast 
homolog of the bacterial BAM complex. This is in line with 
previous observations that T2SS secretins do not need the 
BAM complex for their assembly [27]. However, the ab-
sence of import components of the TOM complex, another 
central assembly factor in yeast mitochondria, resulted in 
different behaviour of PulD-FL and PulD-T. The former re-
quires both Tom70 and Tom20 for its assembly in the mi-
tochondrial OM whereas PulD-T assembles even more effi-
ciently in the absence of Tom20. Since the only difference 
between the two secretins is their N-terminal domain, we 
hypothesize that this domain plays a role in the assembly 
of the secretin in the OM.  

A differential dependence on import factors was ob-
served also for the T3SS secretins, InvG and SsaC. InvG 
does  not  require  Tom20  for  its  assembly  whereas  SsaC  
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FIGURE 7: Lack of Tom70 improves the biogenesis of SsaC in mitochondria. (A) Isolated mitochondria were obtained from the indicated 
strains transformed with either an empty vector (Ø) or a plasmid encoding SsaC-HA. Further treatment and analysis were dones as de-
scribed in the legend of Fig. 4A. (B) Crude mitochondria were obtained from widll type (WT), tom70/71Δ or a strain overexpressing TOM70 
(Tom70↑) harbouring a plasmid encoding SsaC-HA. Further treatment and analysis were done as described in the legend of Fig. 4B. (C) 
Whole cell lysate was obtained from the indicated cells and was analysed by SDS-PAGE followed by immunodecoration with antibodies 
against the indicated proteins. The steady state levels of SsaC-HA in at least three experiments for each strain were quantified and further 
analysis was as described in the legend of Fig. 6D. (*, P < 0.05; two tailed Student's t‐test). 
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requires Tom20 and Mas37, a subunit of the TOB complex. 
SsaC also assembles more efficiently in the absence of 
Tom70. SsaC is the only bacterial secretin that we observed 
to be influenced by the TOB complex. Since TOB complex is 
the equivalent of the bacterial BAM complex, we propose 
that the BAM complex is probably involved in the mem-
brane assembly of SsaC.  

Collectively, our findings indicate that the secretins re-
quire different factors for assembly into mitochondrial OM. 
This variable dependency might be extrapolated to the 
bacterial system and suggests that different secretins 
might follow different pathways and interact with various 
assembly factors. Future studies will shed light onto these 
fascinating processes. 
 
MATERIALS AND METHODS 
Yeast strains and growth conditions 
Standard genetic techniques were used for growth and ma-
nipulation of yeast strains. In this study, the wild-type yeast S. 
cerevisiae strains, JSY7452, YPH499 and W303 were utilized. 
The tom20Δ and mas37Δ strains were described before ([31, 
35], respectively). The tom70/71Δ double-deletion strain was 
a kind gift of Dr. Okamoto [34]. See Table 1 for a list of the 
yeast strains used in this study. Unless otherwise specified, 
cells were grown on synthetic depleted (S) medium (0.67% 
[w/v] bacto-yeast nitrogen base without amino acids) contain-
ing galactose (2%, [w/v], Gal), galactose + glucose (2% + 0.1%, 
[w/v], Gal + 0.1% Glu), or glucose (2%, [w/v], Glu) as carbon 
source. Transformation of yeast cells was performed by the 
lithium acetate method [36]. For drop-dilution assay, cells 
were grown on S-Glu-Ura media to an OD600 of 1.0. The cells 
were then diluted serially in fivefold increments followed by 
spotting 5 μl of the diluted cells on solid media and further 
growth at the indicated temperatures. 
 
Recombinant DNA techniques 
Plasmids encoding full-length and truncated PulD were kind 
gifts from Dr. Anthony Pugsley. All four secretin constructs 
were PCR amplified and the PCR products were inserted into 
the yeast expression vector pYX113 or pYX143. For PulD, the 
predicted signal sequence was removed. The PulD secretin 
was cloned as two variants, full length (PulD-FL) and truncated 
version (PulD28-42/259-660; PulD-T). Both variants were cloned 
into BamHI/NheI restriction site. The HA-tagged versions of 
InvG and SsaC were cloned using BamHI/XmaI restriction sites. 

Biochemical methods 
Protein samples for immunodecoration were analysed on 8, 
10, 12.5, or 15% SDS-PAGE and subsequently transferred onto 
nitrocellulose membranes by semi-dry western blotting. Pro-
teins were detected by incubating the membranes first with 
primary antibodies and then with either horseradish peroxi-
dase-coupled goat anti-rabbit, goat anti-mouse or goat anti-
rat secondary antibodies. Due to the unusual stability of the 
PulD oligomers, the PulD samples were always treated with 2x 
Laemmli buffer containing 8 M urea, boiled for 10 min at 95°C, 
and analysed then by SDS-PAGE and immunoblotting. 

Sub-cellular fractionation of yeast cells was performed as 
described before [32]. Isolation of mitochondria from yeast 
cells was performed by differential centrifugation, as previous-
ly described [37]. For the protease protection assay, 50 µg of 
mitochondria were resuspended in 100 µl of SEM buffer (250 
mM sucrose, 1 mM EDTA, 10 mM MOPS, pH 7.2). As a control, 
mitochondria were treated with 1% Triton X-100 in SEM buffer 
and incubated on ice for 30 min. The samples were treated 
with Proteinase K (PK) at various concentrations on ice for 30 
min. The proteolytic reaction was stopped with 5 mM Phe-
nylmethylsulfonyl fluoride (PMSF). The samples were then 
precipitated with trichloroacetic acid (TCA) and resuspended 
in 40 µl of 2x Laemmli buffer, boiled for 10 min at 95°C, and 
analyzed by SDS-PAGE and immunoblotting.  

To analyse whether proteins are membrane-embedded, 
alkaline extraction was performed. Mitochondria (50 µg) were 
resuspended in 100 µl of buffer containing 10 mM HEPES-KOH, 
100 mM Na2CO3, pH 11.5 and incubated for 30 min on ice. The 
membrane fraction was pelleted by centrifugation (76000xg,  
30 min, 2°C) and the supernatant fraction was precipitated 
with TCA. Both fractions were analyzed by SDS-PAGE and im-
munoblotting. 

Assembly of native complexes was analyzed by BN-PAGE. 
Isolated mitochondria, microsomes, or bacterial membranes 
were solubilised with detergent-containing buffer (1% DDM, 
1% digitonin, or 0.5% TritonX-100 in 20 mM Tris, 0.1 mM EDTA, 
50 mM NaCl, 10% glycerol, pH 7.4) for 30 min at 4°C on an 
overhead shaker. After a clarifying spin (30,000xg, 15 min, 2°C), 
10x sample buffer (5% [w/v] Coomassie brilliant blue G-250, 
100 mM Bis-Tris, 500 mM 6-aminocaproic acid, pH 7.0) was 
added and the mixture was analysed by BN-PAGE containing 
either a 6–14% or 8–13% gradient of acrylamide [38]. Gels 
were analysed further by western blotting. The mixture Native 
Mark Unstained Protein Standard (Thermo Scientific) was used 
to monitor the migration of molecular weight marker proteins.  

TABLE 1: List of yeast strains used in this study. 

Name Mating type Genetic background Reference 

W303α MATα ade2-1 can1-100 his3-11 leu2 3_112 trp1Δ2 ura3-52  

JSY7452 MATα ade2-1 can1-100 his3-11,15 leu2-3 trp1-1 ura3-1  [34] 

YPH499 MATa ura3-52 lys2-801_amber ade2-101_ochre trp1-Δ63 his3-Δ200 leu2-Δ1  

tom20Δ MATα W303α; tom20Δ::HIS3 [31] 

tom70/71Δ MATa JSY7452; tom70Δ::TRP1 tom71Δ::HIS3 [34] 

mas37Δ MATα YPH499; mas37Δ::HIS3 [35] 
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Bacterial strains  
All Salmonella strains were derived from the S. typhimurium 
strain SL1344 by standard allelic exchange procedures. Bacte-
rial cultures were supplemented with streptomycin (50 μg/mL) 
and tetracycline (12.5 μg/mL). Molecular cloning was per‐
formed by standard Gibson cloning as per manufacturer’s 
recommendations. 
 
Bacterial crude membrane preparation 
S. typhimurium strains were grown in LB broth supplemented 
with 0.3 M NaCl at 37°C under low aerated conditions to en-
hance expression of genes of SPI-1. Overnight cultures were 
diluted to a final ratio of 1:50 into fresh LB-NaCl until the opti-
cal density reached an OD600 0.7–0.8. The equivalent of 15 OD 
units was harvested at 8000×g for 10 min and thereafter re-
suspended in 750 μl Buffer K (50 mM triethanolamine, pH 7.5,  
250 mM sucrose, 1 mM EDTA, 1 mM MgCl2, 10 μg/ml DNAse, 
10 mg/mL lysozyme, 1:100 protease inhibitor cocktail). The 
cell suspension was incubated on ice for 30 min. The samples 
were bead milled for 2 min to break the bacteria and subse-
quently centrifuged (10000xg, 10 min, 4°C) to pellet unbroken 
cells and debris. Crude membranes, present in the superna-
tant, were precipitated by centrifugation (52000 rpm, 50 min, 
4°C, in a Beckman TLA-55 rotor) and used for BN-PAGE analy-
sis. 
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Voltage dependent anion-selective channel (VDAC) is the most abundant protein in the
mitochondrial outer membrane. It is a membrane embedded β-barrel protein composed
of 19 mostly anti-parallel β-strands that form a hydrophilic pore. Similar to the vast
majority of mitochondrial proteins, VDAC is encoded by nuclear DNA, and synthesized
on cytosolic ribosomes. The protein is then targeted to the mitochondria while being
maintained in an import competent conformation by specific cytosolic factors. Recent
studies, using yeast cells as a model system, have unearthed the long searched for
mitochondrial targeting signal for VDAC and the role of cytosolic chaperones and
mitochondrial import machineries in its proper biogenesis. In this review, we summarize
our current knowledge regarding the early cytosolic stages of the biogenesis of VDAC
molecules, the specific targeting of VDAC to the mitochondrial surface, and the
subsequent integration of VDAC into the mitochondrial outer membrane by the TOM
and TOB/SAM complexes.

Keywords: beta-barrels, chaperones, mitochondria, outer membrane, TOM complex, VDAC

INTRODUCTION

Most of the outer membrane (OM) proteins in Gram-negative bacteria are membrane-embedded
β-barrel proteins that are composed of anti-parallel β-strands forming a barrel shaped hydrophilic
pore in the membrane. In eukaryotes, the presence of β-barrel proteins is restricted to the OM of
mitochondria and chloroplasts that were derived from prokaryotic ancestors. The assembly of these
proteins into their corresponding OM is in each case facilitated by a dedicated protein complex that
contains a highly conserved central β-barrel protein termed BamA/YaeT/Omp85 in Gram-negative
bacteria, Tob55/Sam50 in mitochondria, and probably OEP80 in plastids (Ulrich and Rapaport,
2015; Gross et al., 2021). These central components are related to each other and belong to the
Omp85 superfamily (Gentle et al., 2005). Voltage Dependent Anion-selective Channels (VDACs)
are abundant mitochondrial β-barrel proteins (Schein et al., 1976; Colombini, 1979). Their pore
is composed of 19 anti-parallel β-strands whereas strands 1 and 19 are in parallel orientation to
each other. VDAC, which was previously known as mitochondrial porin, functions as a channel
for transport of metabolites, nucleotides, ions, and even small peptides (Benz, 1989). VDACs are
found in mitochondria across the spectrum of life, from unicellular yeasts to plants and all higher
eukaryotes. Bakers’ yeast (Saccharomyces cerevisiae) has two genes encoding VDACs, POR1 and
POR2, while higher eukaryotes like humans have at least three isoforms, VDAC1, VDAC2 and
VDAC3 and plants have up to five such genes (Young et al., 2007; Raghavan et al., 2012).
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During the evolution of mitochondria from an ancient
endosymbiont, most of the organellar genes, including those
encoding predecessors of VDACs, were transferred to the
nucleus, with the mitochondrial genome retaining the codes for
only few key components of the respiratory chain complexes
(Gray et al., 1999). VDACs are thus transcribed in the nucleus and
translated on cytosolic ribosomes. Then, they need to be targeted
to the correct sub-cellular organelle, namely the mitochondria,
and ultimately integrated into the mitochondrial OM (MOM)
with the help of dedicated import machineries. In this review, we
will highlight recent studies that have discovered cytosolic factors
associated with newly synthesized VDAC molecules, the elusive
mitochondrial targeting information for VDAC, and finally the
mechanisms of insertion and integration of VDAC into MOM.

EARLY CYTOSOLIC EVENTS OF NEWLY
SYNTHESIZED VDAC MOLECULES

The first challenge of the biogenesis of VDAC is to keep the newly
synthesized molecules in an import competent conformation
(Freitag et al., 1982; Rapaport and Neupert, 1999). The rather
hydrophobic β-strands that build the transmembrane segments
are prone to aggregation in the cytosol. Thus, the newly
synthesized VDAC precursors must be bound by cytosolic
chaperones to shield these hydrophobic patches, preventing
the emerging nascent chain from engaging in unfavorable
intra- and inter-molecular interactions (Kim et al., 2013). This
association with chaperones maintains them in an import-
competent conformation. Recent studies, using yeast as a model
system, demonstrate that newly synthesized VDAC molecules
dynamically interact with Hsp70 chaperones (Ssa1/2) and their
Hsp40 co-chaperones Ydj1 and Sis1 (Figure 1; Jores et al.,
2018). Inhibiting the activity of the cytosolic Hsp70 chaperone,
preventing its docking to the mitochondrial receptor Tom70,
or co-depleting both co-chaperones Ydj1 and Sis1 resulted in a
significant reduction in in vivo and in vitro import of VDAC
into yeast mitochondria. Experiments utilizing Hsp70 inhibitors
and pull-down assays demonstrated that the interactions between
VDAC and Hsp70 chaperones and their physiological role are
also conserved in mammalian cells. Moreover, a β-hairpin motif
of VDAC, hypothesized to be the mitochondrial targeting signal
(see below), was sufficient for the interaction with these (co-)
chaperones. It should be emphasized that these (co-) chaperones
support the import of not only β-barrel proteins but are also
involved in the biogenesis of many additional proteins. Hence,
so far, a targeting factor, which is dedicated solely to β-barrel
proteins was not identified. The abovementioned chaperones,
based on the mitochondrial targeting information, relay the
nascent precursors to the receptors of the translocase of the outer
membrane (TOM) of mitochondria. Other β-barrel proteins like
Tom40 and Tob55/Sam50 appear to follow the same route as
VDAC (Jores et al., 2018).

Currently, it is not clear whether the aforementioned cytosolic
factors support biogenesis solely by preventing premature
unfavorable aggregation or whether they also facilitate specific
targeting. The contribution of the chaperone anchor Tom70,

located at the mitochondrial surface, to the overall import process
suggests that association with chaperones also increases the
specificity of organellar targeting.

TARGETING OF VDAC TO THE
MITOCHONDRIAL SURFACE

Most mitochondrial precursor proteins contain a cleavable
N-terminal presequence that targets them to mitochondria.
However, like the other mitochondrial β-barrel proteins, VDAC
lacks a cleavable targeting signal. Hence, it remained unclear
how the targeting information for VDAC was encoded. Various
studies showed that bacterial and chloroplast β-barrel proteins
could be targeted and assembled into yeast mitochondria
(Walther et al., 2009; Ulrich et al., 2012, 2014). Conversely, VDAC
could also be integrated into bacterial outer membranes and form
pores there (Walther et al., 2010), suggesting that the targeting
information for β-barrel proteins is conserved from bacteria to
mitochondria and thus functional in both systems. Since none of
the studies could identify a definitive linear amino acid sequence
as the targeting signal, it was hypothesized that the targeting
signal may be a structural feature of the β-barrel proteins.

Truncation studies showed that the last C-terminal β-strand
of mitochondrial β-barrel proteins contains a stretch of amino
acids that facilitate their interaction with the TOB/SAM
complex. These residues were called the β-signal (Kutik et al.,
2008). However, deletion or mutation of the β-signal did
not interfere with the initial targeting of newly synthesized
β-barrel proteins to mitochondria. Studies involving a bacterial
trimeric autotransporter Yersinia adhesion A (YadA), where each
subunit contributes four β-strands to a 12-mer β-barrel structure,
demonstrated that such proteins can be targeted to mitochondria
upon their expression in yeast cells (Müller et al., 2011). This
finding implies that even a partial β-barrel structure (like
four β-strands) is sufficient for specific mitochondrial targeting.
Hence, it was further tested whether a β-hairpin structural motif,
which is composed of two β-strands and a loop and represents
the most basic repeating structural motif of β-barrel proteins,
could be the elusive mitochondrial targeting signal. To support
this possibility, it was shown that a peptide corresponding to
the last β-hairpin of human VDAC1 could competitively inhibit
the in vitro import of mitochondrial β-barrels (Jores et al.,
2016). Moreover, hybrid proteins of this β-hairpin fused to
soluble passenger domains like GFP or DHFR were targeted to
mitochondria upon their expression in yeast cells. Such β-hairpin
motif has an amphipathic characteristic as eventually, upon its
incorporation into a membrane-embedded β-barrel, one phase
of the motif will face the lipid core and hence is hydrophobic,
whereas the opposite one will be exposed to the pore lumen
and thus is rather hydrophilic. Importantly, it was discovered
that optimal mitochondrial targeting depends on relative elevated
hydrophobicity of those amino acid residues that face the lipid
core of the membrane (Jores et al., 2016).

In most eukaryotic cells, mitochondria are the only
organelles containing β-barrel proteins. The problem of
specific targeting gets an interesting twist in plant cells where
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FIGURE 1 | Biogenesis pathway of VDAC. Precursors of VDAC are transcribed in the nucleus, translated on cytosolic ribosomes, and then transported to the
mitochondrial surface with the help of chaperones. At the outer membrane, the precursors are initially recognized by receptors of the TOM complex and then
translocated across the membrane via the pore formed by Tom40. In the IMS, the small TIM chaperones relay the newly synthesized VDAC molecule to the
TOB/SAM complex, which facilitates the final steps of membrane integration.

plastids can be an alternative destination for such proteins.
Klinger et al. (2019) addressed this issue and found that the
hydrophobicity is not sufficient for the discrimination of
targeting to chloroplasts or mitochondria. By domain swapping
between mitochondrial (atVDAC1) and chloroplast (psOEP24)
targeted β-barrel proteins, they could demonstrate that the
presence of a hydrophilic amino acid at the C-terminus of the
penultimate β-strand is also required for mitochondrial targeting.
A variant of the chloroplast β-barrel protein psOEP24, which
mimics such profile, was efficiently targeted to mitochondria
(Klinger et al., 2019).

Collectively, it seems that the combined contribution of
several β-hairpin motifs with a highly hydrophobic face assures
proper mitochondrial targeting of VDAC.

MEMBRANE INTEGRATION OF VDAC BY
THE TOM AND TOB/SAM COMPLEXES

Once the chaperone-associated VDAC precursors are targeted
to mitochondria via the β-hairpin signal, they interact with the
TOM complex at the mitochondrial surface to initiate organellar
import (Figure 1). The TOM complex is comprised of the
core complex and its peripheral import receptors. The core
complex has a central translocon channel, formed by the integral
β-barrel protein Tom40, along with several transmembrane
accessory proteins namely Tom5, Tom6, Tom7, and Tom22
(Bausewein et al., 2017; Araiso et al., 2019; Tucker and Park,
2019). Tom20 and Tom70 are the receptors involved in the initial
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recognition of multiple mitochondrial proteins (Neupert and
Herrmann, 2007; Figure 1). Several studies hinted at the role of
Tom20 in the recognition of β-barrel precursors (Rapaport and
Neupert, 1999; Schleiff et al., 1999; Krimmer et al., 2001; Yamano
et al., 2008). Using NMR, photo-crosslinking and fluorescence
complementation assays, it was recently shown that the β-hairpin
element of VDAC interacts with the mitochondrial import
receptor Tom20 via the presequence binding region of the latter
(Jores et al., 2016). Moreover, direct cross-linking of the β-hairpin
motif to Tom70 and the observation that blocking this receptor
interferes with the import of VDAC suggested that Tom70 also
plays a role in the initial recognition of VDAC (Jores et al., 2016).

The involvement of Tom70 can be either via direct recognition
of the substrate protein or by serving as a docking site for the
chaperone-substrate complex.

Following recognition by the import receptors, the VDAC
precursors are translocated across the MOM via the Tom40
channel by interacting with a series of binding sites, probably with
increasing affinities (Hill et al., 1998). Upon its emergence at the
intermembrane space (IMS), the translocated VDAC molecule
interacts with the small chaperones of the translocase of the inner
membrane (small TIMs). The IMS chaperone system includes the
small Tim proteins, Tim8, Tim9, Tim10, and Tim13 (Koehler
et al., 1998). These small chaperones form alternating circular

FIGURE 2 | A working model for the final steps of the membrane integration of VDAC. (A) Lateral insertion (adapted from Figure 8; Höhr et al., 2018). (i) VDAC
precursors approach the outer membrane from the IMS. (ii) The C-terminal β-signal of VDAC precursor interferes with the Sam50 structure by binding to the β1
strand of Sam50 and disrupting the β1–β16 interactions within Sam50. This enforces opening of a lateral gate. (iii) The initial opening is followed by sequential
insertion of additional precursor β-hairpins through the lateral gate of Sam50. (iv) The lateral gate of Sam50 re-closes to (v) release the fully formed β-barrel of VDAC
into the MOM. (B) Barrel switching (based on Takeda et al., 2021). In its substrate-free state, the SAM complex is in equilibrium between the “monomeric” state
consisting of Sam50a, Sam35, and Sam37 (i) and a “dimeric” species that contains a second (Sam50b) barrel (ii). The gradually formed VDAC barrel displaces
Sam50b (iii). Finally, the fully folded VDAC molecule dissociates from the complex to be replaced by Sam50b (iv).
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hexamers comprised of three subunits of Tim9 and Tim10, or
three subunits of each Tim8 and Tim13 (Webb et al., 2006;
Beverly et al., 2008). Site-specific cross-linking indicated that the
small TIMs interact with the IMS-exposed part of the N-terminal
extension of Tom40 (Shiota et al., 2015).

The small TIMs play an important role in the transfer of
the β-barrel precursors of VDAC from the TOM complex to
the sorting and assembly machinery (SAM) complex (Hoppins
and Nargang, 2004; Wiedemann et al., 2004; Figure 1). The
formation of a β-hairpin within the last two C-terminal β-strands
of VDAC is crucial for the interaction of the precursors with
the TIM chaperones. Structural and mechanistic studies revealed
that TIM chaperones hold the VDAC protein precursors in a
nascent chain-like extended conformation via multiple clamp-
like binding sites (Weinhäupl et al., 2018). Such multiple weak
and constantly reshuffling interactions ultimately allow for the
efficient release of the precursor to the actual insertase, the
SAM complex, which is also known as the topogenesis of outer-
membrane β-barrel proteins (TOB) complex (Figure 1; Paschen
et al., 2003; Wiedemann et al., 2003; Gentle et al., 2004). The
Tim9/10 binding cleft for the β-barrel precursors has conserved
hydrophobic residues for these interactions, and mutations in
these residues are detrimental to the VDAC biogenesis and
overall cell growth.

To facilitate a smooth transfer, the TOM and the TOB/SAM
complex can form a super-complex bridged by the cytosolic
domain of Tom22 and the peripheral TOB/SAM component,
Mas37/Sam37 (Qiu et al., 2013). The core subunit of the
TOB/SAM complex is the 16-stranded β-barrel protein
Tob55/Sam50, that belongs to the Omp85 superfamily of
proteins. Tob55/Sam50 has an N-terminal POTRA domain,
which can bind the incoming substrate but is not essential
for the β-barrel assembly process. In addition, the TOB/SAM
complex harbors two cytosol-exposed peripheral subunits
that are involved in formation of a TOM-TOB super-complex
(Mas37/Sam37) and stabilization of the TOB/SAM bound form
of the precursor (Tob38/Sam35).

Our understanding of the final steps in the biogenesis of
the VDAC β-barrel precursors evolved dramatically in the last
5 years. Structural studies indicate the formation of a lateral
gate between β-strands 1 and 16 of Sam50. Accordingly, and
supported by intensive cross-linking assays, the lateral gate
insertion model was put forward. This model suggests that
the C-terminal β-signal of the precursor initiates opening of
the gate by exchange with the endogenous Sam50 β-signal. In
addition, loop 6 of Sam50 was found to be crucial for the
VDAC precursor transfer to the lateral gate (Höhr et al., 2018).
An increasing number of β hairpin–like loops of the precursor
insert and fold sequentially and accumulate at the lateral gate
(Figure 2A). Finally, hydrogen bonds are formed between the
first and last β-strand to close the newly folded VDAC β-barrel.
Upon folding at Sam50, the full-length newly formed β-barrel
protein is laterally released into the outer membrane and the
Sam50 lateral gate closes (Figure 2A). The opening of the
putative lateral gate obtained further support from a recent
report on the atomic structure of the SAM complex (Diederichs
et al., 2020). Membrane thinning in the vicinity of the lateral

gate can further facilitate insertion of the β-barrel protein into
the lipid bilayer.

The membrane integration model recently obtained a new
twist from structural studies. Based on detailed atomic structure
of the SAM complex, the barrel swapping model envisions the
SAM complex as formed by a SAM monomer (Sam50a along
with Sam35 and Sam37) and a Sam50b second barrel (Figure 2B;
Takeda et al., 2021). The precursor protein β-signal binds Sam50a
as in the lateral gate insertion model. Then, the folded VDAC
β-barrel slowly displaces Sam50b and takes its place. Sam37 that
originally also interacts with Sam50b, gets gradually involved in
interactions with the newly formed VDAC barrel (Figure 2B).
Finally, this barrel dissociates from the SAM complex and is
integrated into the MOM.

Of note, most of our current knowledge regarding the
biogenesis of β-barrel proteins is based on biochemical and
structural studies on fungal elements. While the atomic structure
of the mammalian TOM complex appears to be rather similar to
its fungal counterpart (Wang et al., 2020), not much is known
about the SAM complex in higher eukaryotes. It is rather clear
that the mammalian Sam50 is the central component of the
complex. However, the precise functions of Metaxins1/2/3, which
are homologous to yeast Sam35 and Sam37, is not clear yet.

PERSPECTIVES

Our understanding of the factors and machineries involved
in the assembly of VDAC proteins into the MOM has made
tremendous progress in the last 20 years. We now have detailed
atomic structures of the membrane-embedded TOM and SAM
complexes, and the hexamer of the small TIM chaperones that
transfer the substrate from the former to the latter. Challenges
for the future include the characterization of the mammalian
SAM complex and to decipher how the various biogenesis steps
of VDAC are regulated and adapted to the cellular physiological
conditions. Moreover, it will be interesting to determine if after
its insertion into the OM, oligomerization, additional folding,
or post-translational modifications are necessary for VDAC to
become fully functional.
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