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Abstract
In this report, we summarize recent findings about a role of the outer membrane metabolite channel VDAC/porin in protein 
import into mitochondria. Mitochondria fulfill key functions for cellular energy metabolism. Their biogenesis involves the 
import of about 1000 different proteins that are produced as precursors on cytosolic ribosomes. The translocase of the outer 
membrane (TOM complex) forms the entry gate for mitochondrial precursor proteins. Dedicated protein translocases sort the 
preproteins into the different mitochondrial subcompartments. While protein transport pathways are analyzed to some detail, 
only little is known about regulatory mechanisms that fine-tune protein import upon metabolic signaling. Recently, a dual 
role of the voltage-dependent anion channel (VDAC), also termed porin, in mitochondrial protein biogenesis was reported. 
First, VDAC/porin promotes as a coupling factor import of carrier proteins into the inner membrane. Second, VDAC/porin 
regulates the formation of the TOM complex. Thus, the major metabolite channel in the outer membrane VDAC/porin con-
nects protein import to mitochondrial metabolism.
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Introduction

Mitochondria are known as the powerhouses of the cell. 
They produce the bulk of cellular energy via oxidative phos-
phorylation. The respiratory chain complexes generate a pro-
ton gradient across the inner membrane, which is used by 
the ATP synthase to produce ATP. Transport of metabolites 
across the two surrounding membranes is crucial for oxida-
tive phosphorylation. The voltage-dependent anion channel 
(VDAC), also termed porin in baker’s yeast Saccharomyces 
cerevisiae, allows passage of small molecules across the 
outer membrane. Several specific carrier proteins mediate 

metabolite transport across the inner membrane (Palmieri 
and Pierri 2010; Colombini 2012; Krüger et al. 2017; Campo 
et al. 2017; Checchetto and Szabo 2018;  Becker and Wag-
ner 2018). In yeast, many of the proteins involved in oxida-
tive metabolism are upregulated under respiratory growth 
compared to fermentation. Under these conditions, they 
represent more than 50% of the total mitochondrial protein 
content (Morgenstern et al. 2017). Thus, shift from fermen-
tative to respiratory growth involves a tremendous produc-
tion and import of mitochondrial proteins to ensure full 
capacity of oxidative phosphorylation (Zhang and Cao 2017; 
Pascual-Ahuir et al. 2018; Priesnitz and Becker 2018). The 
mechanisms that regulate mitochondrial protein content in 
response to metabolic signaling remain poorly understood.

Cytosolic ribosomes produce about 99% of the mitochon-
drial proteins. Molecular chaperones guide these preproteins 
to the mitochondrial surface. The translocases of the outer 
membrane (TOM complex) form the entry gate for the 
majority of mitochondrial preproteins. The TOM complex 
consists of seven different subunits: The β-barrel of Tom40 
forms the protein-conducting channel and is essential for 
cell viability. Tom70 and Tom20 are the major receptors for 
incoming preproteins. The central receptor Tom22 transfers 
preproteins to Tom40 and is critical for the formation of the 
mature TOM complex. Finally, the three small Tom subunits 
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Tom5, Tom6 and Tom7 promote assembly and stability of 
the protein translocase (Neupert and Herrmann 2007; Endo 
and Yamano 2009; Wiedemann and Pfanner 2017). After 
passage of the TOM channel, dedicated protein translocases 
sort preproteins into the mitochondrial subcompartments. 
There are two major protein sorting pathways into the inner 
membrane and matrix. The presequence translocase (TIM23 
complex) sorts preproteins with a cleavable presequence 
into the inner membrane and mitochondrial matrix, while 
the carrier translocases (TIM22 complex) integrates carrier 
proteins into the inner membrane that lack a cleavable target-
ing signal. The membrane potential across the inner mem-
brane drives transport of preproteins via both protein import 
pathways (Neupert and Herrmann 2007; Endo and Yamano 
2009; Wiedemann and Pfanner 2017). The TOM and TIM23 
complexes form contacts sites to transfer presequence-con-
taining proteins to the inner membrane. Such molecular con-
nection between the carrier translocase and the outer mem-
brane was not reported. Here, small TIM proteins guide the 
hydrophobic carrier preproteins through the intermembrane 
space to the TIM22 translocase. How transport steps at both 
membranes are coordinated remained unknown.

Although we understand mitochondrial protein sorting in 
detail, only little is known how protein import is adapted to 
mitochondrial metabolism. Two recent studies identified an 
unexpected role of the major isoform of yeast VDAC/porin, 
Por1, in protein transport into mitochondria, linking protein 
import to mitochondrial metabolism (Ellenrieder et al. 2019; 
Sakaue et al. 2019).

Porin promotes import of carrier proteins

Baker’s yeast contains two isoforms of VDAC/porin: Por1 is 
present in a few hundred thousand copies, while only small 
amounts of Por2 have been detected per cell (Morgenstern 
et al. 2017). Por1 associates with the mature TOM com-
plex in isolated mitochondria (Müller et al. 2016). However, 
whether it plays a role in protein import into mitochondria 
remained unknown. In a recent study, our group showed that 
loss of Por1 impaired selectively the transport of carrier pro-
teins, while the import of presequence-containing precursors 
via the TIM23 complex remained unaffected (Ellenrieder 
et al. 2019). To reveal how Por1 mediates import of car-
rier proteins, single transport steps of this import pathway 
were analyzed (Ryan et al. 1999). Surprisingly, transport of 
carrier proteins across the outer membrane is only mildly 
affected in the absence of Por1, whereas the transfer of the 
preproteins from the TOM complex to the carrier translo-
case of the inner membrane is impaired (Ellenrieder et al. 
2019). How does Por1 promote transfer of carrier proteins 
across the intermembrane space to the inner membrane? 
The anion selectivity of the Por1 channel appears not to be 

critical for its role in protein import. Por1 point mutants 
with changed ion selectivity were fully competent to drive 
import of carrier proteins. Instead, Por1 interacts with car-
rier precursors that are bound by small TIM proteins in the 
intermembrane space. Furthermore, it is associated with the 
carrier translocase to form a novel contact site between the 
outer and inner mitochondrial membrane (Ellenrieder et al. 
2019). Altogether, Por1 acts as a coupling factor to coordi-
nate outer and inner membrane transport steps of the carrier 
pathway (Fig. 1a).

Porin regulates the assembly of the TOM 
complex

In a parallel study, Sakaue et al. (2019) reported that Por1 
regulates the formation of the TOM complex. The TOM 
complex contains two to three pores. The central receptor 
Tom22 connects two Tom40 pores and is, therefore, criti-
cal for the assembly of the TOM complex (Künkele et al. 
1998; Model et al. 2002; Becker et al. 2011; Shiota et al. 
2015; Bausewein et al. 2017; Makki et al. 2019). Por1 binds 
to Tom22 that is not integrated into the TOM translocase 
(Sakaue et al. 2019). Two scenarios are feasible that can lead 
to the pool of free Tom22. First, the pool represents newly 
imported Tom22 that is not yet assembled in the TOM com-
plex. Second, a portion of endogenous TOM complex could 
dissociate into a dimeric pore complex and free Tom22, 
which could facilitate the exchange of damaged subunits 
and support import of a subset of preproteins (Shiota et al. 
2015; Sakaue et al. 2019). Por1 regulates the amount of free 
Tom22 and its assembly into the TOM complex. Upon loss 
of Por1, the unassembled pool of Tom22 is diminished and 
its integration into the mature TOM complex is enhanced 
(Sakaue et al. 2019; Ellenrieder et al. 2019). Tom6 stabi-
lizes the Tom22–Tom40 association within the mature TOM 
complex (Alconada et al. 1995; Dekker et al. 1998; Sherman 
et al. 2005; Becker et al. 2011). In the absence of Tom6, 
the TOM complex dissociates and the unassembled Tom22 
accumulates at Por1. Remarkably, cell cycle-dependent 
phosphorylation of Tom6 stabilizes the TOM complex and 
in turn decreases the Por1-bound Tom22 pool (Harbauer 
et al. 2014; Sakaue et al. 2019). Parallel loss of Por1 and 
Tom6 enables Tom22 to assemble into the TOM complex. 
However, this alternative TOM complex is not fully func-
tional in importing preproteins (Sakaue et al. 2019). These 
findings illustrate that Por1 and Tom6 control the balance 
between the fully assembled TOM complex and its Tom22-
free dimeric pore form (Sakaue et al. 2019). We speculate 
that the binding of Tom22 to Por1 represents a control point 
to prevent improper assembly of Tom22 into the TOM 
complex.
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Fig. 1  Porin plays a dual role in mitochondrial protein biogenesis. a 
The major VDAC/porin isoform in yeast, Por1, stimulates import of 
carrier proteins into the inner mitochondrial membrane. Cytosolic 
chaperones like Hsp70 and Hsp90 guide precursors of carrier pro-
teins to the Tom70 receptor of the translocase of the outer membrane 
(TOM complex). After passage of the TOM channel, small TIM 
chaperones (Tim9/Tim10) guide these precursors to the carrier trans-
locase (TIM22 complex) for insertion into the inner membrane. Por1 
acts as a coupling factor to promote transfer of carrier precursors to 
the inner membrane. It is associated with the carrier precursor bound 

to the small TIM chaperones in the intermembrane space. Por1 fur-
ther interacts with the TOM complex and the carrier translocase to 
spatially coordinate preprotein transport steps. b Por1 modulates the 
formation of the TOM complex. Por1 binds to unassembled Tom22 
to control its integration into the TOM complex. In addition to Por1, 
Tom6 stabilizes the interaction of Tom40 and Tom22 with the trans-
locase. The association of Tom22 and Tom40 is a critical step for the 
formation of the mature TOM complex. OM outer membrane, IM 
inner membrane, IMS intermembrane space
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Perspectives

Protein transport pathways into mitochondria have been 
characterized in detail. Nevertheless, only little is known 
how protein transport is regulated (Priesnitz and Becker 
2018). Previously, two major mechanisms have been 
reported. First, phosphorylation of TOM subunits by 
cytosolic kinases modulates mitochondrial protein bio-
genesis during the cell cycle and upon metabolic signal-
ing (Schmidt et al. 2011; Geberth et al. 2013; Harbauer 
et al. 2014). Second, breakdown of the membrane potential 
across the inner membrane serves as a signal for mitochon-
drial damage. Under these conditions, preprotein import is 
impaired and stress response pathways are induced (Nar-
gund et al. 2012; Lazarou et al. 2012). Two recent stud-
ies reported a dual role of Por1 in mitochondrial protein 
biogenesis. Por1 promotes import of carrier proteins and 
regulates the assembly of the TOM complex (Ellenrieder 
et al. 2019; Sakaue et al. 2019). The identified role of Por1 
as a coupling factor in the carrier import pathway points to 
the exciting possibility that binding of protein translocases 
to partner proteins like Por1 represents a third mode to 
control protein import into mitochondria. The abundance 
of subunits of mitochondrial protein translocases remains 
largely unaffected upon respiratory growth, while the con-
tent of Por1 is raised about up to threefold (Morgenstern 
et al. 2017). Consequently, increased coupling by Por1 
could stimulate import of carrier proteins under respira-
tory growth conditions to coordinate transport capacities 
for metabolites across the outer and inner membrane. Fur-
ther observations support the view of a close link between 
mitochondrial protein biogenesis and metabolism. Res-
piratory chain complexes and the ADP/ATP carrier are 
associated with the TIM23 complex to support membrane 
potential-dependent import steps (van der Laan et al. 2006; 
Mehnert et al. 2014). In addition, the TIM22 translocase 
shares one subunit with the succinate dehydrogenase of the 
respiratory chain (Gebert et al. 2011). In human mitochon-
dria, the carrier translocase is linked via its subunit acyl-
glycerol kinase to lipid metabolism (Vukotic et al. 2017; 
Kang et al. 2017). Furthermore, outer membrane protein 
sorting is connected to organelle contact sites, which are 
important for lipid exchange between mitochondria and 
the endoplasmic reticulum or the vacuole (Kornmann et al. 
2009; Lahiri et al. 2014; Murley et al. 2015; Elbaz-Alon 
et al. 2015; Ellenrieder et al. 2016; González-Montoro 
et al. 2018). Finally, the iron cluster assembly machinery 
is associated with the respiratory chain supercomplexes, 
which could play a role to adjust iron sulfur formation to 
the increasing demands during respiratory growth (Böt-
tinger et al. 2018). Based on these examples, we propose 
that molecular coupling of protein translocases to partner 

proteins is an important mode to fine-tune protein biogen-
esis in response to metabolic state of mitochondria.
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