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Abstract: Mitochondrial protein import is one of the key 
processes during mitochondrial biogenesis that involves 
a series of events necessary for recognition and delivery 
of nucleus-encoded/cytosol-synthesized mitochondrial 
proteins into the organelle. The past research efforts 
have mainly unraveled how membrane translocases 
ensure the correct protein sorting within the different 
mitochondrial subcompartments. However, early steps 
of recognition and delivery remain relatively unchar-
acterized. In this review, we discuss our current under-
standing about the signals on mitochondrial proteins, 
as well as in the mRNAs encoding them, which with the 
help of cytosolic chaperones and membrane  receptors 
support protein  targeting to the organelle in order to 
avoid improper localization. In addition, we discuss 
recent findings that  illustrate how mistargeting of mito-
chondrial  proteins triggers stress responses, aiming to 
restore cellular homeostasis.

Keywords: heat shock proteins; mitochondrial protein 
import; mitochondrial stress response; mRNA targeting; 
ribosomal chaperones; yeast.

Introduction
Any living cell faces the challenge of properly sorting its 
proteome to specific destinations inside and outside the 
cell. The correct localization of proteins in cells aligns 

with the compartmentalization process, required to 
optimize cellular chemical reactions by creating proper 
microenvironments and channeling between enzymes. 
However, protein sorting is defiant, and in many cases, 
mistargeted polypeptides can affect cell homeostasis. 
For this reason, cells have developed intricated systems 
to ensure the correct delivery of proteins to their final 
destinations. Such systems rely on two mechanisms to 
ensure correct protein targeting: (i) membrane recep-
tors at the target organelle, exposing soluble domains to 
the cytosol that can couple with pore-forming proteins, 
which in turn allow translocation of substrates across 
the membrane into the organelle; and (ii) soluble factors 
in the cytosol that recognize substrates by identifying 
either amino acid sequences and/or secondary struc-
tures and keeping them in a partially unfolded state or 
certain elements on the mRNAs, which improve fidelity 
during protein transport.

The initial phases of protein transport into mito-
chondria correspond to the synthesis of precursors 
by cytosolic ribosomes. As soon as a nascent peptide 
emerges from the ribosomal exit tunnel, their unproduc-
tive association with other cellular components must be 
avoided to prevent protein misfolding or aggregation. 
Thereby, cytosolic  chaperones bind and protect nascent 
proteins to assist their folding and to maintain precursor 
proteins in an import-competent conformation (Saibil, 
2013).  Chaperones can also act as recognition factors 
that promote the delivery of synthesized substrates to the 
required subcellular  location. Substrate proteins often 
harbor targeting signals that are maintained accessi-
ble to be read due to the activity of chaperones and that 
 determine the final localization of the protein.

The development and use of in organello import 
assays showed that protein transport to mitochondria 
can occur once protein synthesis is completed, that is, in 
a posttranslational manner (Harmey et al., 1977; Maccec-
chini et al., 1979a,b; Reid and Schatz, 1982; Adrian et al., 
1986;  Bihlmaier et  al., 2008). This is true for all studied 
matrix proteins or transporters such as the ATP/ADP 
carrier (Aac2 or AAC), which can be efficiently imported 
after full synthesis in vitro. However, an increasing 
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amount of experimental evidence coming from in vivo 
and in vitro assays, as well as electron microscopy, sug-
gests that import can occur in a cotranslational manner 
(Kellems and Butow, 1972, 1974; Kellems et al., 1975; Knox 
et al., 1998; Kaltimbacher et al., 2006; Williams et al., 2014; 
Gold et al., 2017). In other words, soluble and membrane 
factors could promote that translationally active ribo-
somes come near the organelle’s outer membrane (OM) to 
favor protein synthesis in the vicinity of the translocation 
pore. It has been suggested that the physicochemical traits 
of each mitochondrial protein, such as hydrophobicity or 
folding speed, could define their particular mechanisms 
required for import (Knox et  al., 1998; Sass et  al., 2003; 
Luk et al., 2005; Yogev et al., 2007; Williams et al., 2014); 
however, experimental evidence is still lacking to further 
understand these early recognition steps of mitochondrial 
protein import.

The evolutionary origin of mitochondrial 
targeting machineries

Mitochondria are complex organelles – present in almost 
every eukaryotic cell – composed of two membranes, 
the OM and the inner membrane (IM) that delimitate 
two aqueous spaces; the intermembrane space (IMS); 
and the mitochondrial matrix (Palade, 1952). Such archi-
tecture is the result of their endosymbiotic origin, as 
these organelles arose from a bacterial ancestor (most 
likely an α-proteobacteria Roger et  al., 2017) that was 
engulfed by archaea belonging to the superfamily Asgard 
(Zaremba-Niedzwiedzka et  al., 2017; Spang et  al., 2019). 
This event created a symbiotic connection in which the 
α-proteobacteria assumed selected metabolic functions, 
the most prominent being energy production, until they 
became mitochondria of modern eukaryotic cells. The 
permanent modification of their genomes was a crucial 
change that occurred in both cell types once fused. A sig-
nificant fraction of the genome originally contained in 
the bacterial ancestor was lost, another portion migrated 
and fused to the host genome, and a small fraction was 
retained inside the organelle (which is now the mitochon-
drial genome). In consequence, the host adopted a portion 
of genes derived from the bacterial cell, which eventually 
generated the nuclear eukaryotic genome, which encodes 
more than 99% of the mitochondrial proteome.

Simultaneously with this genetic rearrangement, 
one of the most dramatic consequences of the endo-
symbiosis was the modification of the way proteins 
arrive to mitochondria and are distributed to the differ-
ent mitochondrial subcompartments (Herrmann, 2003; 

Chacinska et al., 2009). Hence, cytosolic and membrane 
factors evolved to identify those mitochondrial proteins 
now encoded in the nuclear genome and help them 
arrive to the organelle where they fulfill their biological 
function, and their role will be discussed in the following 
sections. Moreover, targeting signals had to be incorpo-
rated into the substrate proteins in order to ensure their 
identification and correct sorting within the cell. The 
most studied and understood mitochondrial targeting 
signals are those located at the N-terminus, called prese-
quences, which are cleaved upon import into the matrix. 
These presequences have a length of 15 to 50 amino acids 
and form an amphipathic α helix possessing one side of 
positively charged residues and the other side rich in 
hydrophobic residues (Figure 1) (Chacinska et al., 2009; 
Garg and Gould, 2017).

Membrane receptors at the OM 
recognize targeting signals and 
assist the initial stages of protein 
targeting into mitochondria
Most mitochondrial precursor proteins enter into the orga-
nelle using the Translocase of the OM (TOM complex). 
Several studies addressed the structural arrangement of 
TOM, both in Saccharomyces cerevisiae and Neurospora 
crassa, and suggested that this complex associates in 
dimers or trimers (Model et al., 2002; Shiota et al., 2015; 
Bausewein et  al., 2017; Araiso et  al., 2019). Recently, a 
detailed description of the structural arrangement of the 
TOM complex was determined by cryo-electron micro-
scopy (Tucker and Park, 2019; Araiso et al., 2019). It was 
observed that the basal arrangement of the complex 
involves dimers of the monomeric TOM, where every 
monomer includes the following proteins: Tom40, the 
β-barrel pore dedicated to translocate mitochondrial pro-
teins; Tom22, which is a central receptor for preproteins 
harboring presequences; and the small subunits Tom5, 
Tom6, and Tom7, which are important for stabilization of 
the complex and for controlling its biogenesis depending 
on the phase of the cell cycle. Furthermore, it was deter-
mined that within the Tom40 pore, preproteins are sorted 
depending on their final destination by exposing differ-
ent contact sites to chaperones at the IMS or to the TIM23 
complex at the IM (Kiebler et al., 1990; Moczko et al., 1992; 
Künkele et al., 1998; Tucker and Park, 2019; Araiso et al., 
2019; Sakaue et al., 2019). Additional studies have dem-
onstrated that two receptors can associate with the basal 
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TOM monomer: Tom20 and Tom70; however, their associa-
tion is weaker than that of Tom22 (Shiota et al., 2015; Sakaue 
et al., 2019). All three receptors, Tom20, Tom70, and Tom22, 
expose cytosolic domains required for the recognition of 
mitochondrial substrates and their delivery to Tom40. These 
receptors will be discussed in the following sections.

Tom20 recognizes precursors harboring 
mitochondrial targeting signals

Tom20 is considered the master receptor of TOM because 
of its capacity to recognize a broad repertory of precur-
sors, mainly those possessing a cleavable presequence. 
Work done in S. cerevisiae demonstrated that Tom20 can 
receive different substrates, such as CoxIV, Cytc1, and 
reporter constructs, such as Su9-DHFR (presequence of 
Fo-ATPase subunit 9 of N. crassa fused with mouse dihy-
drofolate reductase) and b2Δ-DHFR (presequence of Cytb2 
of S. cerevisiae lacking 19 amino acids fused to DHFR). 
However, Tom20 can also recognize precursors with inter-
nal signals such as the phosphate carrier (PiC) (Brix et al., 
1997, 1999). Just as Tom20, the homolog in N. crassa Mom19 

also recognizes mitochondrial proteins with editable pre-
sequences and internal signals, examples of the latter 
are Su9-DHFR, F1-ATPase subunit β, and the Fe/S protein 
of the bc1 complex (Moczko et al., 1994). Recently, it was 
described that Tom20 also recognizes a β-hairpin signal 
sequence present at the C-terminus of β-barrel protein resi-
dents of the OM (Jores et al., 2016). In binding to partially 
unfolded precursors, Tom20 prevents the aggregation 
of these proteins before their import to mitochondria, in 
which Tom20 functions as a chaperone (Yano et al., 2003).

Tom20 is anchored to the OM by an α-helical trans-
membrane domain (TMD) and exposes its C-terminal 
domain to the cytosol. This domain contains a motif of 
tetratricopeptide repeats (TPR), which is important for its 
association with cytosolic chaperones such as the 70- and 
90-heat shock protein families (Hsp70 and Hsp90) that will 
be discussed later in detail. These chaperones and Tom20 
act sequentially during protein transport to mitochondria 
(Söllner et  al., 1989; Harkness et  al., 1994; Moczko et  al., 
1994). In addition, the cytosolic domain of Tom20 can 
directly bind to the presequence in mitochondrial precur-
sors through negatively charged patches that interact with 
the positively charged side of the  amphipathic  presequence 
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Figure 1: Mitochondrial protein import fidelity can be achieved in the cells by the concomitant action of elements at different stages of targeting.
Most mitochondrial proteins are synthesized by cytosolic ribosomes (turquoise) and targeted to the organelle guided by different 
chaperones whose recognition and binding are essential to avoid mistargeting and possible aggregation. (A) For mitochondrial precursor 
proteins whose translation is completed in the cytosol, soluble chaperones from the Hsp70, Hsp40, and Hsp90 families (green, lime green, 
and violet) recognize them after their synthesis is completed and guide their way to the receptors of the TOM complex, thus allowing 
protein import. (B) Ribosomes translating mitochondrial proteins can be directed to the vicinity of the mitochondrial surface by the action of 
ribosomal chaperones such as NAC (yellow/green) and/or by proteins functioning as receptors for mRNAs encoding mitochondrial proteins 
(mMPs) such as Puf3 (purple).
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(Brix et al., 1997) or by means of two hydrophobic patches 
that can also interact with the presequence (Rimmer et al., 
2011). This suggests that Tom20 has at least two different 
sites for recognition of presequences, probably due to their 
amphipathicity (Abe et al., 2000; Rimmer et al., 2011). The 
crucial role of TOM20 is illustrated by the compromised 
fitness of a tom20 null mutant in S. cerevisiae (Harkness 
et  al., 1994; Moczko et  al., 1994), also indicating partial 
functional redundancy with other mitochondrial receptors, 
which will be discussed below.

Tom70 is the receptor in charge of 
recognizing carrier proteins of the IM

The second receptor of the TOM complex is Tom70 that 
 recognizes substrates containing hydrophobic regions such 
as β-barrel proteins of the OM like Porin (Moczko et al., 1994), 
IMS proteins like Cytc1 (Brix et al., 1997), and IM carriers like 
AAC and PiC (Hines et al., 1990; Söllner et al., 1990; Hines 
and Schatz, 1993; Brix et al., 1997, 1999; Melin et al., 2015). 
In yeast, Tom70 has a less abundant paralog, Tom71, which 
is also believed to support protein recognition (Schloss-
mann et al., 1996; Burri et al., 2006). Tom70 interacts with 
hydrophobic precursors by the identification of internal 
noncleavable signal sequences and delivers them to the 
receptor Tom22 (Hines et al., 1990; Steger et al., 1990; Hines 
and Schatz, 1993; Schlossmann et al., 1994; Haucke et al., 
1996; Brix et al., 1997, 1999; Komiya et al., 1997). Similar to 
Tom20, Tom70 is anchored to the OM via its N-terminus, 
whereas the soluble C-terminal domain faces the cytosol. 
The latter domain contains 4 to 11 TPR motifs, which con-
stitute the region of interaction with cytosolic chaperones 
Hsp70 and Hsp90, with mitochondrial precursors, and with 
Tom20 (Komiya et al., 1997; Young et al., 2003; Melin et al., 
2015). Tom70 also recognizes nonhydrophobic internal 
presequence-like signal sequences (internal MTS) broad-
ening the protein spectrum whose import is influenced by 
this receptor (Backes et al., 2018). In this way, Tom70 has a 
role as cochaperone able to bind these proteins with inter-
nal signals and maintaining them in an import-competent 
state. Tom70 and Tom20 display partial functional redun-
dancy as yeast null mutants on either gene (i.e. TOM70 or 
TOM20) compromise cell fitness, but a double mutant is 
synthetic lethal (Ramage et al., 1993).

The receptor where precursor proteins 
converge: Tom22

The third receptor of the TOM complex is Tom22, which 
exposes its N- and C-terminal domains to the cytosol 

and to the IMS, respectively (Kiebler et al., 1993; Araiso 
et  al., 2019; Tucker and Park, 2019). Tom22 also recog-
nizes and binds the presequence of precursors (Kiebler 
et  al., 1993; Mayer et  al., 1995; Brix et  al., 1997, 1999; 
Yamano et  al., 2008) simultaneously with Tom20 but 
at opposites sides of the presequence (Yamano et  al., 
2008; Rimmer et  al., 2011; Shiota et  al., 2011). The IMS 
domain of Tom22 makes part of the trans presequence-
binding site for precursor translocation along with the 
loop between β1 and β2  sheets of Tom40 and the IMS 
loop of Tom7 (Araiso et al., 2019; Tucker and Park, 2019). 
This receiving motif promotes the transfer of precursors 
from Tom40 to Tim50, which is the receptor for incom-
ing proteins at the TIM23 complex (Bolliger et al., 1995; 
Moczko et  al., 1997; Shiota et  al., 2011; Araiso et  al., 
2019). Tom22 thus mediates the transfer of precursors 
to complexes located in the IMS or the IM depending on 
the nature of the incoming  polypeptide. The relevance 
of Tom22 for mitochondrial import is supported by the 
lethal  phenotype of a TOM22 null mutant (Lithgow et al., 
1994; Hönlinger et al., 1995).

Noncanonical receptors support protein 
transport into mitochondria

Several proteins facilitate membrane insertion of OM 
proteins but do not require the pore formed by Tom40. 
One of these is Mim1, a protein anchored to the OM by 
a single transmembrane helix that contains two GXXXG 
motifs that allow its oligomerization, a step required 
for the membrane insertion of incoming proteins such 
as Tom20 and Tom22 (Waizenegger et  al., 2005; Becker 
et  al., 2008; Popov-Čeleketić et  al., 2008; Dimmer and 
Rapaport, 2010). Similarly, the SAM complex (discussed 
below) enhances the import and assembly of TOM subu-
nits Tom22, Tom20, and Tom6 (Stojanovski et  al., 2007; 
Thornton et  al., 2010). The detailed mechanism for the 
latter remains unclear.

Cytosolic chaperones assist initial 
phases of mitochondrial protein 
transport

Family of Hsp

Cytosolic chaperones are one of the main protein fami-
lies that support protein transport (Deshaies et al., 1988; 
Young et al., 2003; Fan et al., 2006). Hsp40, Hsp70, and 
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Hsp90, respectively, recognize and bind nascent peptides 
as they are synthesized by ribosomes or when protein 
synthesis is completed (Figure 1A). Heat shock proteins 
enhance protein transport by maintaining substrates in 
an import-competent state (i.e. partially unfolded) and 
deliver them to the mitochondrial surface to the specific 
receptors localized at the OM. In particular, the cytosolic 
C-terminus of Tom70 interacts with the EEVD motifs in 
Hsp70 or Hsp90 before guiding the substrates to the pore 
of the translocase (Young et al., 2003; Wu and Sha, 2006; 
Li et al., 2009; Zanphorlin et al., 2016). The relevance of 
the interaction between Hsp70 or Hsp90 and Tom70 has 
been demonstrated for hydrophobic substrates such as 
the reporter construct Cyb2(1-87)-DHFR, the phosphate and 
the AAC carriers in yeast, and the mitochondrial peptide 
transporter in mammals (Young et al., 2003; Hoseini et al., 
2016). It remains unknown how chaperones can discrimi-
nate between substrates directed to different organelles 
and how they participate in more than one route of trans-
port. An example of this is Ssa1, an Hsp70 from the stress 
subfamily of proteins A (SSA), which impacts the biogen-
esis of proteins from both the endoplasmic reticulum (ER) 
and mitochondria. Indeed, yeast temperature-sensitive 
SSA1 mutants accumulate Atp2 as well as α-factor and car-
boxypeptidase Y precursors, suggesting the role of Ssa1 
for proper sorting (Becker et al., 1996). However, whether 
the lack of function of SSA affects either protein sorting 
directly or the proteasomal degradation of the untargeted 
precursors remains undetermined.

Moreover, ribosome profiling studies in yeast have 
shown that the Ssb subfamily of Hsp70s (Ssb1 and Ssb2) 
associates to the exit tunnel of ribosomes translating 
nearly 80% of all mitochondrial proteins. Therefore, it 
is possible that Ssb binds to the mitochondrial nascent 
chains directly at the exit tunnel and keeps them in an 
unfolded state ready to engage the TOM complex for 
import (Döring et al., 2017; Stein et al., 2019). Furthermore, 
the cytosolic ring-shaped chaperonin TRIcC/CCT also 
binds mitochondrial precursors cotranslationally without 
competing with Ssb; thereby, it has been also proposed to 
enhance mitochondrial protein targeting. However, more 
work needs to be done to elucidate TRIcC relevance for 
mitochondrial biogenesis (Stein et al., 2019).

The function of the cytosolic chaperones mentioned 
previously depends on the formation of complexes with 
cochaperones of the Hsp40 family. Such is the case for 
Hsp40-related DnaJ chaperones from the DJA family in 
mammals and cochaperones Sti1, Ydj1, Xdj1, and Djp1 in 
yeast (Bhangoo et  al., 2007; Papić et  al., 2013; Hoseini 
et al., 2016; Opaliński et al., 2018). However, in some cases, 
Hsp40s promote protein import without association to 
Hsp70 or Hsp90. One example of this is Xdj1, a protein that 

physically interacts with the receptor Tom22 and promotes 
import of hydrophobic precursors such as Oxa1 by deliver-
ing them to Tom22. Xdj1 also promotes the assembly of the 
TOM complex by enhancing import of TOM subunits such 
as Tom22 (Opaliński et al., 2018). A similar function is sug-
gested for Djp1, as it displays specific physical interaction 
with Tom70. Indeed, Djp1 and Tom70 are required for the 
proper targeting of Mim1 to mitochondria (Papić et  al., 
2013; Opaliński et al., 2018). Hsp40s also assist delivery of 
β-barrel proteins such as porin, Tom40, and Sam50 to the 
OM along with SSA Hsp70s (Jores et al., 2018).

Further investigations are required to better under-
stand the impact each specific chaperone-cochaperone 
pair has on protein transport. One possibility would be that 
different associations increase the variety of substrates 
they can bind while simultaneously giving specificity for 
the route of transport. Another mutually nonexclusive 
possibility is that they reside in different locations of the 
cell such as in the cytosol, on the surfaces of the ER and of 
mitochondria, and in the nucleus.

The nascent polypeptide-associated complex 
(NAC)

In addition to cytosolic Hsps, NAC (Nascent polypeptide-
Associated Complex) also facilitates mitochondrial protein 
transport (Figure 1). NAC is a chaperone that assembles in 
heterodimers (an α and a β subunit) or homodimers (spe-
cifically in archaea, where NAC is a homodimer of α subu-
nits). In yeast, there are two genes encoding β-subunits 
(EGD1, which encodes for subunit β, and BTT1, which 
encodes for subunit β′), so that six NAC dimers could be 
formed. These nonidentical dimers differ in their substrate 
spectrum as they bind to ribosomes translating different 
proteins. However, the presence of the six dimers has not 
directly been proven and is only inferred from work made 
in mutants lacking two out of the three NAC genes (Hu 
and Ronne, 1994; Shi et al., 1995; del Alamo et al., 2011). 
NAC binds cytosolic ribosomes and nascent polypeptides 
simultaneously, by inserting its positively charged patch 
located in the N-terminal of subunit β into the ribosomal 
exit tunnel, contacting nascent polypeptides of at least two 
amino acids long, close to the ribosomal peptidyl-transfer 
center. In contrast, subunit α remains at the ribosomal 
surface and associates with nascent polypeptides when 
they exit the tunnel. NAC thus functions as a ribosome 
plug that escorts nascent polypeptides (Reimann et  al., 
1999; Wegrzyn et al., 2006; Gamerdinger et al., 2019).

It was initially suggested that NAC supports protein 
sorting to mitochondria as yeast null mutants of NAC 
show decreased amounts of proteins within the organelle 
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(George et  al., 1998, 2002; Yogev et  al., 2007). Addition-
ally, depletion of NAC during in vitro import reactions 
results in less efficient translocation of substrates into 
mitochondria (Fünfschilling and Rospert, 1999). Further-
more, pull-down experiments of stalled ribosomes and 
genetic screens suggested that αβ′ and ββ′-NAC dimers 
bind preferentially mitochondrial proteins, whereas the 
αβ-NAC binds cytosolic proteins (del Alamo et  al., 2011; 
Ponce-Rojas et al., 2017). However, both αβ- and αβ′-NAC 
complexes are relevant for mitochondrial protein trans-
port as they bind receptors at the OM: Om14 and Sam37, 
respectively (Figure 1B, Lesnik et  al., 2014; Ponce-Rojas 
et al., 2017). The relevance of NAC for cell homeostasis is 
reflected by the fact that the deletion of either of the genes 
encoding NAC subunits results in a lethal phenotype in 
mouse, nematodes, and flies (Deng and Behringer, 1995; 
Markesich et  al., 2000; Bloss et  al., 2003). Strikingly, in 
the budding yeast S. cerevisiae, deletion of the three genes 
encoding NAC subunits has no effect on the viability of the 
organism (Reimann et al., 1999; Ponce-Rojas et al., 2017), 
which illustrates the buffering capacity of the sorting 
machineries that orchestrate protein transport to mito-
chondria. How all these factors associate and organize 
in protein targeting is unknown, and further studies are 
necessary to understand the detailed biological implica-
tion of each chaperone and receptor pairs to the protein 
targeting process.

Om14 and Sam37 constitute a docking 
mitochondrial platform for the ribosomal 
chaperone NAC

The recruitment of NAC and translationally active ribo-
somes to the vicinity of the OM has been related to the 
function of Om14 and Sam37. Om14 is one of the most 
abundant proteins in yeast OM that spans the membrane 
three times, with its N-terminus facing the cytosol and 
its C-terminus in the IMS (Burri et al., 2006). This protein 
functions as a receptor for αβ-NAC and associates with 
cytosolic ribosomal proteins (Lauffer et  al., 2012; Lesnik 
et al., 2014). It has been shown that its absence decreases 
the number of active ribosomes associated with the mito-
chondrial surface (Lesnik et al., 2014).

Sam37 is one of the subunits of the SAM complex 
(Sorting and Assembly Machinery), which mediates the 
insertion of β-barrels into the OM after they have been 
imported into the organelle crossing the TOM complex and 
transiently bound to chaperones at the IMS. The central 
subunit of SAM is Sam50, a membrane-embedded β-barrel 
protein (Kozjak et  al., 2003; Paschen et  al., 2003) that 

interacts with the peripheral proteins Sam35 and Sam37 
(Kozjak et  al., 2003; Wiedemann et  al., 2003; Ishikawa 
et  al., 2004; Milenkovic et  al., 2004; Waizenegger et  al., 
2004). Furthermore, it was reported that Sam37 wires the 
transient association between the TOM and SAM com-
plexes during the insertion of β-barrel proteins (Wenz 
et  al., 2015). It has been also proposed that this protein 
can participate in the transport of other types of incom-
ing proteins via its cytosolic domain (Stojanovski et  al., 
2007). Initial biochemical evidence indicated that Sam37 
associates with Tom70 and was therefore considered a 
receptor of the TOM complex; however, it is currently not 
understood if this association occurs only with Sam37 or 
if it requires the entire SAM complex. Also, it was shown 
that blocking the cytosolic domain of Sam37 hampers the 
transport of proteins such as Aac2 and Cytc1 to the mito-
chondria (Gratzer et al., 1995). Recently, Sam37 was identi-
fied as the binding partner for the αβ′-NAC complex. The 
relevance of this physical interaction is reflected in the 
compromised fitness of a yeast mutant lacking both com-
ponents that exhibits a decreased import efficiency of the 
mitochondrial precursors Oxa1, Nfs1, and Sod2 (Ponce-
Rojas et al., 2017). These findings suggest a relevant role 
for both Om14 and Sam37 in early steps of recognition 
during mitochondrial import, probably by facilitating the 
approach of translationally active ribosomes to the vicin-
ity of mitochondria (Figure 1B). How these factors are 
interconnected with each other and other chaperones and 
receptors in the whole import apparatus is currently not 
understood.

Mitochondrial localization of 
mRNAs is important for protein 
import
Localization of mRNAs is a strategy to ensure that protein 
synthesis can occur at the site where the encoded poly-
peptide is needed (Jan et al., 2014; Williams et al., 2014; 
Buxbaum et al., 2015). Initially, the addition of the anti-
biotic cycloheximide, which stalls translation without 
losing the mRNA-ribosome-nascent polypeptide asso-
ciation, allowed the coisolation of translationally active 
cytosolic ribosomes with purified mitochondria and 
was observed at the vicinity of the OM, in particular at 
the OM-IM contact sites (Kellems and Butow, 1972, 1974; 
Kellems et  al., 1974, 1975). The localization of clustered 
ribosomes at the mitochondrial surface was confirmed 
by cryo-tomography through the specific binding with 
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the TOM complex in a nascent-chain-dependent manner 
(Gold et al., 2017).

mRNAs encoding mitochondrial proteins (mMPs) 
have also been observed associated with the mitochon-
drial surface. The analysis of these mMPs enriched at 
the mitochondrial fractions indicated that their protein 
products originated from a prokaryotic origin, whereas 
mMPs of eukaryotic origin were found preferentially at 
free-cytosolic ribosomes, suggesting that cotranslational 
acting signals could contribute to ensure the fidelity of 
the import process before specialized import machiner-
ies were fully developed at the mitochondrial membranes 
(Suissa and Schatz, 1982; Marc et al., 2002). Furthermore, 
it was observed that polysomes associated at the OM carry 
preferentially mRNAs encoding IM proteins, supporting 
the notion that cotranslational import of hydrophobic 
membrane proteins prevents mislocalization and aggre-
gation in aqueous environments (Williams et  al., 2014). 
As these experiments have been performed in the pres-
ence of cycloheximide, whether anchoring of ribosomes 
with the translocation machinery at the OM is required 
for import remains undetermined. To elucidate if mRNA 
association to mitochondria depends on translation, a 
comparison was made in mammalian HEK293T treated 
with cycloheximide or with puromycin. These results 
allowed identifying a subpopulation of mRNAs that 
remains associated with mitochondria in the absence of 
intact ribosomes. Among these mMPs are those encoding 
components of the mitochondrial ribosome and OXPHOS 
components (Fazal et al., 2019).

mRNA molecules carry signals important for 
their mitochondrial localization

mRNA trafficking can modulate both spatial and 
 temporal localization of the encoded protein. Such 
mechanisms involve signals within the mRNA (cis-
acting elements) and proteins (or protein complexes, 
trans-acting elements) that recognize such signals and 
determine their localization. For mMPs, it was suggested 
that there is a signature that recruits them onto the orga-
nelle. This signal could either be a particular nucleotide 
sequence contained within the mRNA or a secondary or 
tertiary structure formed by the mRNA molecule. Up to 
date, neither the sequence nor the structure has been 
precisely determined. However, it was proposed that the 
mechanisms of recognition are evolutionarily conserved 
at least between yeast and humans, as human mMPs 
expressed in yeast cells can localize to mitochondria 
(Sylvestre et al., 2003).

First approaches indicated that the 3′-untranslated 
region (3′-UTR) of mRNAs is important for their locali-
zation at the mitochondrial surface as this sequence is 
sufficient to direct nonmitochondrial mRNAs to the OM 
(Marc et al., 2002; Margeot et al., 2002; Liu and Liu, 2007). 
Indeed, absence of the 3′-UTR decreases import efficiency 
of certain substrates such as Atp2 and Oxa1, and their 
 precursor proteins are accumulated outside the mito-
chondria (Gadir et al., 2011; Zabezhinsky et al., 2016). The 
region between nucleotides 50 and 150 downstream of the 
stop codon of ATP2 mRNA proved to be sufficient to local-
ize such mRNA to the vicinity of mitochondria (Margeot 
et  al., 2002). Comparative analysis of different 3′-UTRs 
found structural elements and/or particular nucleotide 
sequences that could function as signals for localization, 
i.e. the bulged stem-loop structure (Min2 element, Liu 
and Liu, 2007) and the 10-nt element 5′-CYTGTAAATA-3′, 
where Y is C or T, which is present in 56 mMPs (Figure 2, 
ATP2 mRNA, Anderson and Parker, 2000).

Even though the influence of the 3′-UTR has been 
proven important for localization of mRNAs, it also 
requires the translation of the presequence (Figure 2, 
OXA1 mRNA), probably to ensure engagement of the trans-
lation machinery to the TOM complex to enable mitochon-
drial import. The 3′-UTR-mediated localization of mRNAs 
could also depend on the nature of the encoded protein. 
One possible feature is the presence of TMDs and their 
 hydrophobicity level, which could be misread as hydro-
phobic ER signals (Zabezhinsky et  al., 2016). In such 
cases, proper targeting to mitochondria would be ensured 
in vivo only if all the appropriate signals are read; other-
wise,  proteins could be misdirected to other organelles 
such as the ER. Imbalances in protein transport specific-
ity could be used by the cell as a mechanism for monitor-
ing metabolic states, and that may trigger stress responses 
such as the Unfolded Protein Response (UPR).

Puf3: a protein that determines the  
fate of mMPs

An mRNA-binding protein (mRBP) that has been proposed 
as a trans element for the recognition of mMPs is Puf3. This 
protein belongs to the PUF (Pumilio and FBF) family of 
proteins, which are highly conserved among eukaryotes. 
PUF proteins modulate posttranscriptionally the expres-
sion of different mRNA molecules through the recognition 
of specific cis-regulatory elements. Their RNA-binding 
domain is composed of eight consecutive α-helical PUF 
repeats that adopt a crescent-shaped structure (reviewed 
in Wang et al., 2018). Each PUF repeat recognizes a specific 
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nucleotide on the mRNA target, thereby the  recognition 
sites are composed of eight nucleotides on the bound 
mRNA (Wang et al., 2001, 2002).

In yeast, there are six PUF proteins, from which Puf3 
is involved in several aspects of mitochondrial biogen-
esis such as decay of mMPs and mitochondrial dynamics 
through its binding with Mdm12 (Olivas and Parker, 2000; 
García-Rodríguez et al., 2007; Quenault et al., 2011). Puf3 
associates to the cytosolic surface of the OM and binds 
preferentially mMPs through the recognition of the nucleo-
tide sequence 5′-UGUAUAUAU-3′ on their 3′-UTR (Figure 2, 
Gerber et al., 2004; Kershaw et al., 2015). Furthermore, the 
presence of the Puf3 recognition site was associated with 
perimitochondrial localization of the mRNAs carrying it, 
and thereby Puf3 was proposed as a key component that 
situates mRNAs to the vicinity of the OM, hence guiding 
cotranslational mitochondrial import (Saint-Georges 
et  al., 2008). However, not all mMPs possess a Puf3-
binding domain, and therefore they have been classified 

into two classes depending on the  presence or absence of 
this characteristic.

It has been shown that Puf3 protein levels decrease 
under respiratory conditions (García-Rodríguez et  al., 
2007); in addition, Puf3 also enhances degradation of 
mMPs under fermentative conditions, whereas in respira-
tory conditions the translation of those mRNAs is favored 
(Miller et al., 2014; Lee and Tu, 2015) probably as a mecha-
nism to tune protein synthesis. Furthermore, recent ribo-
some profiling data showed that Puf3-mRNA targets are 
stabilized in the absence of Puf3, but their translation 
efficiency is decreased, suggesting that in addition to the 
role that Puf3 plays during mRNA stability, they can also 
participate – directly or through its interaction partners – 
in the translational capacity shifts required during meta-
bolic changes of the cell, in particular from fermentative 
to nonfermentative metabolism (Wang et al., 2019).

It is clear that Puf3 is vital for the regulation of 
 mitochondrial biogenesis; however, our understanding of 
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Figure 2: Different signals at mMPs favor their localization at the OM.
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mitochondrial localization of mMPs such as OXA1. This transport is also linked to components of the COPI vesicles.
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its precise role during mitochondrial import remains far 
from being completely described.

Tom20 cooperates with Puf3 in the 
localization of mMPs

Besides its canonical role for protein recognition, 
Tom20  was found to be important for proper localiza-
tion of mRNAs in the vicinity of mitochondria. In yeast 
mutants lacking TOM20, some mRNAs lose their mito-
chondrial localization. The absence of TOM20 also results 
in an increased expression of PUF3, which points toward 
an idea that Tom20 and Puf3 could play redundant func-
tions only for mMP localization. Furthermore, a mutant 
lacking both genes is unable to grow on media with non-
fermentable carbon sources, strengthening the idea that 
these two components cooperate for mitochondrial bio-
genesis (Eliyahu et al., 2010; Gadir et al., 2011).

Coupling vesicle transport with mRNA 
localization: the role of coat complex I

Coat Complex I (COPI) is a molecular machinery involved 
in enabling vesicle formation and selecting the cargo that 
has to be transported within the formed vesicles in the 
secretory pathway. The role of COPI has been more closely 
involved in retrieval from the Golgi apparatus to the ER 
and intra-Golgi transport, endosomal transport, lipid 
homeostasis, and mRNA transport (reviewed in Arakel 
and Schwappach, 2018). However, it was observed that 
temporal inactivation of Sec27, essential β-coat protein 
of the COPI coatomer, results in loss of mitochondrial 
localization of mMPs such as OXA1, CBS1, FIS1, IMG1, 
RSM25, and MDM10 independently on the protein syn-
thesis (Figure 2, Slobodin and Gerst, 2010; Zabezhinsky 
et al., 2016). Two cis-acting elements in OXA1 mRNA were 
found to be relevant for localization depending on COPI: 
the encoded presequence and a TMD region. Alterations 
on these cis-elements resulted in a mislocalization of the 
mMPs to the ER. As COPI has not been involved yet on 
vesicle/lipid trafficking to mitochondria, mMP targeting 
by COPI could be a process independent on vesicle for-
mation and probably relies on the COPI subunits them-
selves; however, the precise mechanism of mRNA/COPI 
recognition and binding remains unclear (Zabezhinsky 
et al., 2016). Disruption of COPI function also affects mito-
chondrial morphology, respiration, membrane potential, 
and protein import. However, the pleiotropic effects of 

COPI on mitochondrial biogenesis could be either direct 
or  indirect as the result of mRNA mislocalization.

mRBPs related to mitochondrial biogenesis 
without a clear influence on mitochondrial 
protein targeting

Clu1 is an mRBP initially reported to be part of the transla-
tion initiation factor 3 (eIF3); however, it is not essential for 
translation, and its absence produces a phenotype of frag-
mented mitochondria in yeast (Zhu et al., 1997;  Vornlocher 
et al., 1999; Mitchell et al., 2013). The mammalian homolog, 
CLUH, is a cytosolic RBP that associates with mitochondria 
and binds several mMPs such as components of the res-
piratory chain and the tricarboxylic acid cycle (TCA) and 
the fatty acid and amino acid metabolisms, as well as com-
ponents of the mitochondrial dynamics and mitophagy 
(Gao et al., 2014). It has been proposed that CLUH protects 
target mRNAs from degradation during their transport to 
the OM and is an important player during posttranscrip-
tional reprograming to increase the oxidative capacity of 
mitochondria (Schatton and Rugarli, 2019).

In Drosophila melanogaster, the OM protein MDI 
(Mitochondrial DNA Insufficient) binds to the RNA-
binding protein Larp (La-related protein) and recruits it 
to the mitochondrial surface (Zhang et  al., 2016). Larp 
belongs to a conserved superfamily of eukaryotic pro-
teins that bind RNA molecules and are involved in dif-
ferent stages of RNA biogenesis such as processing, 
maturation, localization, and regulation of mRNA trans-
lation (reviewed in Dock-Bregeon et al., 2019). The elimi-
nation of MDI leads to a delocalization of Larp from the 
mitochondrial surface to the cytosol and to a decreased 
protein synthesis in the vicinity of mitochondria without 
affecting general translation. The absence of MDI 
reduces the presence of 64 nuclear-encoded mitochon-
drial proteins, including 21 subunits of the mitochondrial 
ribosome, 23 subunits of the oxidative phosphorylation 
(OXPHOS) complexes, and the mitochondrial transcrip-
tion factor TFAM (Zhang et al., 2016).

Cellular responses to mistargeting 
and mitochondrial protein 
accumulation
Although it was previously suggested, it is only in recent 
years that special attention was drawn to the cellular 
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responses triggered by a failure in the recognition, sorting, 
and import of mitochondrial proteins (Figure 3).

It has been observed that any decrease in mitochon-
drial protein import efficiency causes a transcriptional 
and translational rewiring, reducing the amount of ribo-
somal proteins (i.e. an attenuation of cytosolic transla-
tion) and increasing proteasomal activity. This kind of 
cellular response was observed to be triggered by clogging 

of the TOM complex, by malfunction of Mia40 (a protein 
relevant for sorting and folding of IMS proteins), or by 
depleting the membrane potential (essential to mitochon-
drial import into the IM and matrix). Such response was 
called UPRam (UPR activated by mistargeting of proteins) 
or mPOS (mitochondrial precursor overaccumulation 
stress) (Figure 3A, blue arrows; Wang and Chen, 2015; 
Wrobel et al., 2015; Boos et al., 2019). The aforementioned 
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adaptive transcriptional program involves the activation 
of transcriptional factors Hsf1 (inducing the heat shock 
response) and Rpn4 (inducing proteasome synthesis), 
as well as the partial inactivation of the HAP complex to 
mute the expression of OXPHOS genes (Boos et al., 2019). 
This response demonstrates that when protein transport 
to mitochondria is halted, protein synthesis is attenuated, 
and proteasomal degradation increases until clogging of 
the TOM complex is solved, illustrating how protective 
responses coordinate and connect to reestablish mito-
chondrial protein import.

Another response was discovered with the accumula-
tion of proteins containing bipartite signals such as Cox5a 
(i.e. IM proteins possessing a presequence followed by 
a TMD), which causes a transcriptional reprogramming 
that depends on the transcriptional factor Pdr3. One of 
the Pdr3 targets is CIS1, whose encoded protein is found 
associated with mitochondria where it recruits the AAA-
protease Msp1 to the vicinity of the TOM complex. There, 
Msp1 helps to pull out clogged precursors, which are then 
ubiquitinated and degraded by the proteasome. This 
system is called mitochondrial compromised protein-
import response or mitoCPR (Figure 3A, red arrows; Wei-
dberg and Amon, 2018). Msp1 has also been related to the 
surveillance of mislocalized tail-anchored proteins at the 
OM and facilitates their transfer to the ER. There, the ubiq-
uitin ligase Doa10 and its partners Ubc7, Ubc5, and Cue1 
ubiquitinate the tail-anchored protein before it is pulled 
out of the ER membrane by the cytosolic AAA-ATPase 
Cdc48 and directed for proteasomal degradation (Figure 
3A, turquoise arrows; Matsumoto et  al., 2019). Interest-
ingly, the key transcriptional factor for the mitoCPR Pdr3 
is one of the targets of Rpn4 (Boos et  al., 2019), which 
could indicate an interconnection between the described 
responses.

TOM complex clogging activates a specific response 
that involves Ubx2, a dual localized protein in the ER 
and mitochondria, which senses the accumulation of 
precursor proteins at the TOM complex and then recruits 
the AAA-ATPase Cdc48. There, Cdc48 removes the accu-
mulated proteins, which are then degraded by the pro-
teasome. This pathway, called mitoTAD (mitochondrial 
protein translocation-associated degradation), ensures 
that the Tom40 channel is available for translocation of 
mitochondrial precursors (Mårtensson et al., 2019).

As mentioned earlier, the ribosomal chaperone NAC 
ensures mitochondrial targeting fidelity avoiding inap-
propriate entrance of non-ER resident proteins to this 
organelle. Such vital task was demonstrated by studies 
in Caenorhabditis elegans, where NAC knockdown 
results in an aberrant mistargeting of mitochondrial 

proteins to the ER independently of the signal recogni-
tion particle (SRP). As a consequence, there is an over-
load in the ER capability and mitochondrial misfunction, 
which  triggers a UPR in both organelles, affecting the 
whole organism homeostasis (Figure 3B; Gamerdinger 
et  al., 2015, 2019). Similarly, SRP acts as counterpart 
to NAC providing specificity to protein targeting to the 
ER, thereby avoiding mislocalization of ER proteins into 
mitochondria (Costa et al., 2018).

Even with the existence of the described responses to 
alterations on the import systems, mistargeting to other 
organelles such as the ER still occurs. To rescue these 
proteins and redirect them to mitochondria, two different 
mechanisms have been described to date. One involves 
Djp1, an Hsp40 chaperone that can be localized both to 
the ER and the cytosol. Djp1  senses mislocalized mito-
chondrial proteins at the ER surface and returns them to 
the TOM complex. The discovery of this ER-SURF pathway 
(ER surface retrieval pathway) supports the notion of buff-
ering systems outside mitochondria that ensure proper 
mitochondrial transport (Figure 3C, pink arrows; Hansen 
et  al., 2018). Additionally, a recently discovered group 
of chaperones, the ubiquilins, prevents the aggregation 
of tail-anchored mitochondrial proteins in the cytosol. 
The principal function of ubiquilins is to sense if those 
proteins can be retargeted to the OM or to facilitate their 
degradation by the proteasome (Figure 3C, violet arrows, 
Itakura et al., 2016).

The discovery of the different mechanisms by which 
cells can respond to alterations in mitochondrial protein 
targeting and import is encouraging toward a more inte-
grative model that explains how mitochondrial protein 
targeting is finely tuned in response to metabolic changes 
or stress conditions.

An integrative view on 
mitochondrial protein recognition 
in the cytosol
Over the last decades, two models have been proposed 
for explaining mitochondrial protein import: posttrans-
lational and cotranslational. Different components, such 
as chaperones, signals on the substrate proteins (i.e. 
presequence, hydrophobic TMDs, among others), or the 
signals on the mMPs, were described independently and 
with the limitations of studying only a handful of mito-
chondrial proteins. However, few efforts have been made 
to experimentally address the study of the elements that 
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mediate early stages of protein import, thereby neglecting 
the relevance of cotranslational acting elements in vivo, 
even for proteins that have been described to be imported 
posttranslationally in vitro. Furthermore, a comprehen-
sive analysis is crucial to determine the precise role of 
posttranslational and cotranslational elements, either 
separately or simultaneously, to better understand how 
proteins are targeted to the mitochondria.

In this review, we sought to expose and integrate 
all the different variables that have been considered 
throughout the years and that must work at early steps 
of recognition, transport, and targeting for mitochon-
drial proteins (Figure 1). We therefore propose a model 
where a translationally active ribosome associated with 
ribosomal chaperones, such as NAC, identifies the syn-
thesis of a new mitochondrial protein and helps to 
discriminate between a posttranslational and a cotrans-
lational pathway. If the first is favored, the ribosome 
completes protein synthesis, and Hsp chaperones asso-
ciate with the newly synthesized protein and escort it 
to the TOM complex (Figure 1A). Otherwise, Sam37 and 
Om14 function as receptors for NAC, thereby facilitating 
the approach of the translationally active ribosome to 
the vicinity of the TOM complex coupling mitochondrial 
translation with import (Figure 1B). Even though Om14 is 
known to be present only in yeast, it is possible that yet 
unidentified factors could mediate a similar function in 
other eukaryotes. We do not conceive these two systems 
as mutually exclusive in vivo, as some of the described 
components have been reported to have a role in both of 
them. It seems very plausible that the collection of signals 
at both the mRNA and protein levels, as well as the nature 
of the mitochondrial protein and the metabolic state of a 
cell, determines the factors required for transport of each 
mitochondrial protein. There are still several questions 
unanswered before we can fully understand the precise 
mechanisms underlying mitochondrial protein targeting 
in vivo, but the recent genome-wide analyses are shed-
ding some light on the general mechanisms of recogni-
tion and targeting of  mitochondrial proteins.
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