
Mitochondria and plastids both originate from the 
incorporation of a prokaryote by eukaryotic ancestor 
cells, an event called endosymbiosis. It is believed that 
the engulfment of a purple bacterium led to the devel-
opment of mitochondria1, whereas plastids emerged 
from the incorporation of a cyanobacterial progeni-
tor by a eukaryotic cell that already contained mito-
chondria2. Both organelles are crucial for cell survival. 
Mitochondria, which exist in all eukaryotic cell types, are 
important for apoptosis, lipid and fatty-acid metabolism, 
haem biosynthesis, respiratory ATP production and 
iron–sulphur cluster assembly3,4. By contrast, plastids 
are a plant-specific family of organelles that differenti-
ate into organelles of distinct morphology and function 
depending on the plant organ and stage of develop-
ment5. The most prominent and best-investigate d plas-
tid type is the chloroplast, which contains the thylakoid 

membrane, where oxygenic photosynthesis takes place6. 
Thus, among many other functions, plastids are central 
to carbon fixation.

Fulfilling these diverse roles requires about 1,000 
different proteins in the mitochondria of the budding 
yeast Saccharomyces cerevisiae and 2,000 proteins in 
plant chloroplasts7,8. However, both mitochondria and 
plastids contain genomic information encoding only 
a comparatively small number of proteins; during the 
evolutionary development of both organelles most of 
the endosymbiont’s genetic information was trans-
ferred to the host genome. Therefore, more than 95% 
of mitochondrial and plastid proteins are encoded by 

the nuclear genome, synthesized on cytosolic ribosomes 
and imported into the target organelle.

In this Review, we compare the fundamental princi-
ples of targeting to and translocation into mitochondria 
and chloroplasts by translocases of the outer membranes 
of mitochondria (TOM complex) and chloroplasts (TOC 
complex), and their functional and architectural similar-
ities and differences. Unless stated otherwise, we refer 
throughout to studies of the TOM complex in yeast and 
the TOC complex in peas (Pisum savitum) or Arabidopsis 
thaliana. We discuss how they are equipped to handle a 
broad range of substrates and how specific features, such 
as the receptor set-up and the active sites of the trans-
locons, ensure proper sorting towards different subcom-
partments. Both translocases contain a multifunctional 
component that coordinates precursor-protein transfer 
towards the translocation pore and controls sorting and 
communication with subsequent translocases. In this 
way, the translocases of the outer membrane mediate 
subsequent steps of translocation. We propose that this 
central organizer of the outer-membrane translocases is 
a common characteristic of protein translocation into 
endosymbiotically derived organelles.

The general principle of protein translocation

Protein uptake into a cell organelle is common and 
essential for all eukaryotic cells. This can occur by two 
mechanisms: co-translational import, which requires 
protein translocation to be tightly coupled to translation9; 
or post-translational import, in which protein synthesis 
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Endosymbiosis

Endosymbiosis is the process 

in which a free-living bacteria 

— the ancestral endosymbiont 

— was enclosed by a cell and, 

during evolution, became 

integrated into the cellular 

network. By transfer of most  

of its genetic content to the 

host, the nucleus lost its 

independence and became  

an organelle. 
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translocation: access control for 
mitochondria and chloroplasts 
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Abstract | Mitochondria and chloroplasts import the vast majority of their proteins across 

two membranes, and use translocases of the outer membrane as an entry gate.  

These translocases interact with the incoming precursor protein and guiding chaperone 

factors. Within the translocon, precursor-protein receptors dock to a central component  

that mediates both transfer through a cation-selective channel and initial sorting towards 

internal subcompartments. Despite these similarities, the mode of translocation differs 

between the two organelles: in chloroplasts, GTP-binding and hydrolysis by the receptors  

is required for transport, whereas in mitochondria passage of the preprotein is driven by its 

increasing affinity for the translocase subunits.
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Thylakoid membrane

A component of chloroplasts, 

the thylakoid membrane is  

a specialized membranous 

compartment where 

photosynthesis occurs. 

Oxygenic photosynthesis

Oxygenic photosynthesis is  

the conversion of carbon 

dioxide and water into organic 

compounds, especially sugars, 

and oxygen by the thylakoid 

and stromal enzymes, including 

the photosystems. 

is not mechanically linked to protein translocation. In 
the latter case, cytosolic chaperones guide the precursor 
to the target organelle9. Despite the structural and func-
tional diversity of protein-translocation machineries in 
different organelles, there are some common principles: 
cytosolic synthesis of a precursor protein containing  
an organelle-specific signal; transport to the target 
membrane in an import-competent form by cytosolic 
factors such as the signal-recognition particle (SRP) for 
the co-translational pathway9,10 and chaperones for the 
post-translational pathway; recognition by receptors on 
the organelle surface; transport across the membrane by 
a translocation channel; and an energy force that drives 
translocation9,11. Finally, after import, processing and 
folding of the precursor protein takes place inside the  
target organelle. However, some translocases — in peroxi-
somes, the nucleus or the twin-arginine-motif-dependent  

TAT apparatus of bacterial plasma and thylakoid mem-
branes — import precursor proteins that are already 
folded11,12. These import machineries have a pore  
of variable size that accommodates the dimensions of 
the folded precursor protein upon its recog nition11. 
Such import systems have not been described for the 
envelope membranes of mitochondrial and chloro plast 
membranes. 

Generally, mitochondrial and chloroplast proteins 
are imported post-translationally. In mitochondria 
and chloroplasts, several protein machineries mediate  
transport of precursor proteins into different sub-
compartments (BOX 1; FIG. 1). The translocases of the 
TOM and TOC complexes provide the entry gate for 
most precursor proteins and mediate the initial sorting 
steps towards the organelles’ subcompartments. Thus, 
the translocases of both organelle types recognize and 

Box 1 | Intra-organelle transport in mitochondria and chloroplasts 

In both mitochondria and chloroplasts, precursor proteins are transferred across the outer membrane (OM) by the translocase 

of the outer membrane of mitochondria (TOM) complex (yellow) or the translocase of the outer envelope membrane of 

chloroplasts (TOC) complex (green) and are subsequently sorted to different locations within the organelle14,15,17. 

In mitochondria, the translocase of the inner membrane of mitochondria 23 (TIM23) complex (orange) acts in cooperation 

with the presequence-associated motor (PAM) complex (purple) to mediate protein transfer into the matrix14. The 

mitochondrial heat-shock protein 70 (Hsp70) provides the driving force within the PAM module and is regulated by its 

co-chaperones Pam18/16 and Mge1. In its PAM-free form, the TIM23 complex mediates the sorting of precursor proteins 

with a ‘stop’ signal into the inner membrane (IM)14. Oxa1 (which is related to the bacterial protein YidC and the chloroplast 

Alb protein)136 facilitates protein insertion from the matrix into the inner membrane, whereas the TIM22 complex assembles 

carrier proteins with internal signal peptides into the inner membrane14,15. The tiny Tim proteins guide β-barrel precursor 

proteins across the intermembrane space (IMS) to the sorting and assembly machinery (SAM) that catalyses integration 

into the outer membrane (OMP; outer membrane protein). The SAM components can also associate with Mdm10 and  

Mim1 to facilitate the biogenesis of outer membrane proteins. The mitochondrial IMS import and assembly machinery 

(MIA), which consists of Mia40 and Erv1, stimulates the import and assembly of IMS proteins with a characteristic  

cysteine motif137. Alternatively, proteins are first sorted into the inner membrane by the TIM23 translocase and 

subsequently released into the intermembrane space by proteolytic cleavage of the membrane anchor. 

In the case of chloroplasts, much less is known about sorting control17,48,138. Chloroplast precursor proteins are  

imported into the stroma by the translocase of the inner envelope membrane of chloroplasts (TIC) complex. The import 

motor comprises the stromal HSP93 (also termed ClpC) and stromal HSP70 that dock onto TIC40/TIC110 in the TIC 

complex17,139–141. There are two routes into the inner membrane: the ‘stop-transfer’ route through the TIC translocon, and  

a conservative sorting pathway that involves transport into the stroma followed by membrane integration from the stromal 

side. Toc75-V (also known as OEP80) may also be important for translocation of β-barrel proteins into chloroplasts101.  

So far, the import pathways of α-helical outer membrane proteins of mitochondria and chloroplasts, and of intermembrane 

space proteins of chloroplasts are poorly understood.
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Amphiphilic α-helix

An amphiphilic α-helix is a helix 

in which one side is composed 

of hydrophobic amino acids 

and the other of hydrophilic 

amino acids.

transport precursor proteins with diverse topologies, 
ranging from soluble proteins of the intermembrane 
space, the mitochondrial matrix or of the chloroplast 
stroma to membrane-bound proteins with single or 
multiple transmembrane domains.

Targeting to the organelle

Precursor proteins destined for import into mitochon-
dria or chloroplasts are translated on cytosolic ribosomes 
and are targeted, with the help of chaperones, to the cell 
organelle. The targeting requires specific signals within 
the synthesized precursor, and receptor proteins on the 

organelle surface that recognize such signals, to confer 
high fidelity on the transport process. Most signals have 
important and unique features that target proteins spe-
cifically to mitochondria or to chloroplasts. However, 
in the plant cell about 50 proteins are synthesized with 
an ambiguous targeting signal that allows localization 
to both organelles13.

Signals for defining target specificity. Mitochondrial 
or chloroplast precursor proteins are synthesized on 
cytosolic ribosomes and contain either a cleavable or 
an internal, non-cleavable, signal sequence (TABLE 1). 
Most precursor proteins destined for import into the 
mitochondrial matrix or the stroma of chloroplasts are 
translated with an amino-terminal extension called 
a presequence or transit peptide, respectively 14–17. 
This sequence comprises the signal information suf-
ficient for proper targeting towards, and recogni-
tion on, the cell organelle surface and is cleaved off 
after successful protein translocation across the two 
membranes by processing peptidases18,19. Both types 
of presequence have an overall positive charge and a 
propensity to form an amphiphilic α-helix. The variable 
length and divergent primary structure of chloroplast 
and mitochondrial signals suggest that it is not a spe-
cific sequence motif but rather a certain structural or 
physico chemical feature that is recognized by import 
receptors. Mitochondrial- and chloroplast-targeting 
signals differ in their hydrophobicity and the starting 
point of the amphiphilic α-helix20. In addition, mito-
chondrial signals are enriched in arginines that form 
part of the recognition sites for the processing pepti-
dase20,21. By contrast, the chloroplast-targeting signal is 
enriched in hydroxylated amino acids, which in some 
cases can be phosphorylated by a cytosolic kinase22. In 
plant cells, these differences in the targeting informa-
tion are sufficient to drive proper targeting to either 
mitochondria or chloroplasts.

Chloroplast proteins of thylakoid membranes are 
synthesized with a ‘bipartite’ signal, which provides 
information for both chloroplast targeting and subse-
quent sorting in the stroma to the thylakoid membrane16. 
Similarly, a hydrophobic stretch following the signal 
sequence can mediate sorting into the inner membrane 
of mitochondria and chloroplasts14,17. In both organelles, 
a few precursor proteins are processed by a peptidase 
complex at the inner membrane and then released into 
the intermembrane space.

In addition, several non-cleavable signals have been 
described for chloroplasts and mitochondria (TABLE 1). 
In both, proteins of the outer membrane with α-helical 
membrane anchors carry their targeting information 
in the transmembrane domain and charged residues 
in the flanking regions23,24. Mitochondrial β-barrel pro-

teins require a conserved motif within the last β-strand 
(termed a β-signal) for integration into the outer mem-
brane25. Such a signal has not yet been found in the 
β-barrel proteins of chloroplasts but it is very likely 
that one exists. The targeting information of mitochon-
drial inner-membrane carrier proteins is localized in 
hydrophobic stretches, whereas a canonical cysteine-

Figure 1 | Protein transport into mitochondria and chloroplasts. The ultrastructure 

of mitochondria and chloroplasts is shown schematically and by electron microscopy. 

Both organelles are bounded by two membranes, the outer membrane (OM) and inner 

membrane (IM). a | The mitochondrial inner membrane can be separated into the ‘inner 

boundary membrane’ region that lies close to the outer membrane and the large 

invaginations, or cristae, where protein complexes form the respiratory chain. 

Mitochondria also have two aqueous compartments, the matrix and the intermembrane 

space (IMS), the latter of which is continuously connected with the cristae lumens. 

b | Chloroplasts contain an additional compartment, the thylakoid membrane system, 

which harbours the protein complexes that drive photosynthesis. Chloroplasts therefore 

have three aqueous compartments: the thylakoid lumen, the stroma and the IMS. For 

most precursor proteins, translocation into mitochondria (a) and chloroplasts (b) is 

mediated by the translocase of the outer membrane of mitochondria (TOM) complex and 

the translocase of the outer membrane of chloroplasts (TOC) complexes, respectively. 

Subsequently, these translocases cooperate with other sorting machineries (not shown) 

to mediate protein targeting to distinct locations within the organelle, including the IMS, 

the inner membrane, the matrix of mitochondria or the stroma or thylakoid membranes 

of chloroplasts. For a detailed description of these pathways, see BOX 1. The electron 

microscopy images shown are of a mitochondrion from Solanum tuberosum (a) and a 

chloroplast from Arabidopsis thaliana (b), and were provided by B. Daum, F. Joos and 

W. Kühlbrandt of the Max Planck Institute for Biophysics, Frankfurt, Germany.
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β-barrel proteins

β-barrel proteins are 

membrane proteins that are 

typically found in the outer 

membrane of mitochondria, 

of chloroplasts and of 

Gram-negative bacteria. 

These proteins form a 

membrane-inserted barrel 

composed of β-strands. 

14-3-3 proteins

Proteins that are expressed  

in eukaryotic cells and  

that bind preferentially to 

phosphorylated regions in 

diverse proteins involved  

in signal transduction and 

protein translocation. 

Tetratricopeptide repeat

(TPR). A structural motif, found 

in a wide variety of proteins, 

that is composed of 34 amino 

acids. TPRs are involved in 

intra- and inter-molecular 

interactions. 

Ankyrin

Ankyrin repeats are 

structurally but not functionally 

conserved units of 33 amino 

acids that consist of two 

α-helices separated by a loop, 

and comprise one of the most 

common structural motifs 

identified in bacterial, archaeal 

and eukaryotic proteins.

rich motif is crucial for correct transport of inter-
membrane-space proteins14,15,24. In chloroplasts, many 
inner-membrane proteins contain a classic transi t 
peptide and only a few proteins have been described 
in the intermembrane space and the inner membrane 
that have non-cleavable targeting signals17. However, 
proteomic analyses indicate that several chloroplast 
proteins do not contain typical transit peptides26; their 
localization needs to be confirmed given reports that 
some of these proteins are attached only to the outer 
envelope membrane27. 

Transport to endosymbiotically derived organelles. 
Generally, it is thought that protein import into mito-
chondria and chloroplasts occurs post-translationally  
and is mediated by soluble factors (FIG. 2). These soluble 
factors include chaperones such as heat-shock protein 
70 (Hsp70), which binds to many precursor proteins 
to keep them in an unfolded import-competen t state15. 
Hsp70 can act alone or in cooperation with other 
cytosolic factors such as 14-3-3 proteins or Hsp90 
(REFS 28–33). 14-3-3 proteins bind to phosphoserine-
containing consensus motifs to modulate biochemical 
processes such as signal transduction or, as described 
here, protein translocation34. For chloroplast precursor 
proteins, a ‘guidance’ complex containing Hsp70 and 
a 14-3-3 protein forms after phosphorylation of the 
transit peptides29. Phosphorylation of mitochondrial 

precursor proteins has not been shown, but mitochon-
drial import-stimulating factor (MSF), which belongs 
to the 14-3-3 protein family, stimulates protein trans-
location into mitochondria28. In yeast, Hsp70 delivers 
precursor proteins such as inner-membrane carrier 
proteins that are prone to aggregation at the mito-
chondrial surface31. In mammals and plants, Hsp70 
and Hsp90 cooperate to target such hydrophobic 
precursors to mitochondria or to chloroplasts31,33. 
Both Hsp70 and Hsp90 are recognized by a specific 
tetratricopeptide repeat (TPR) motif of a peripheral 
receptor subunit on the according target membrane, 
and 14-3-3 proteins also interact with translocase 
receptors28,31,33.

In addition to these chaperones, several other factors 
can target a subset of precursor proteins to mitochon-
dria and/or chloroplasts30,35–37 (FIG. 2). For example, the 
ankyrin-rich protein AKR2A mediates the biogenesis of 
chloroplast outer membrane proteins with an α-helical 
membrane anchor36,37. Similarly, the arylhydrocarbon-
receptor-interacting protein (AIP) stimulates the import 
of preornithin transcarbamylase into human mitochon-
dria in vivo30. So far, it is not clear whether these factors 
are specifically required for the biogenesis of a small 
subset of substrates or whether they have a more gen-
eral role in protein targeting to mitochondria and/or 
chloro plasts (FIG. 2), or whether they are indeed specific 
for targeting to one organelle38.

Table 1 | The import signals of mitochondrial and chloroplast proteins

Mitochondria chloroplasts Signal Destination

Cleavable signal sequences

Classic presequence Mitochondrial matrix or 
chloroplast stroma

Presequence and non-cleavable 
hydrophobic sorting signal

Mitochondrial or chloroplast  
inner membrane

Presequence and cleavable 
hydrophobic sorting signal

Mitochondrial intermembrane 
space or chloroplast thylakoid 
lumen

Non-cleavable signal sequences

Outer-membrane protein (OMP) 
with signal anchor

Mitochondrial or chloroplast  
outer membrane

OMP with internal anchor Mitochondrial or chloroplast  
outer membrane

OMP with carboxy-terminal anchor Mitochondrial or chloroplast  
outer membrane

OMP with multiple anchors Mitochondrial or chloroplast  
outer membrane

? β-barrel OMP with β-signal Mitochondrial or chloroplast  
outer membrane

Inner membrane carrier with 
multiple signals

Mitochondrial inner membrane

Inner membrane protein with 
internal presequence-like signal

Mitochondrial inner membrane

Intermembrane-space protein with 
Cys-rich motif

Mitochondrial inner membrane

? Signal for intermembrane-space 
targeting

Chloroplast intermembrane 
space
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The synthesis and transport of several mitochondrial 
precursor proteins might be coordinated at the organelle 
surface (FIG. 2). mRNA molecules encoding mitochon-
drial preproteins and a fraction of cytosolic ribosomes 
co-localize with mitochondria39,40, and this association 

depends on the interaction of a receptor of the TOM 
complex with the translated mitochondrial presequence41. 
This view is supported by the finding that ribosome-
associated factors such as nascent-associated polypep-
tide complex (NAC) and ribosome-associated complex  
(RAC) can stimulate precursor-protein import 35.  
Future work is needed to clarify whether, in some cases, 
precursor-protein synthesis and import into mito-
chondria is coupled. So far, such a system has not been 
described for chloroplasts.

Finally, proteins can be exchanged between organelles 
(FIG. 2). Proteins are transported from the endoplasmic 
reticulum (ER) to chloroplasts or from mitochondria to 
peroxisomes by vesicle trafficking42,43. Moreover, a molec-
ular tether has been described between mitochondria and 
the endoplasmic reticulum that consists of the ERMES 

complex (ER–mitochondria encounter structure complex) 
in yeast mitochondria and mitofusin 2 in human mito-
chondria44,45. Similarly, contact sites have been reported 
between chloroplasts and the endoplasmic reticulum46. 
Whether proteins are transported by these connections 
is not yet known.

Protein translocation across the outer membrane

The TOM and TOC complexes catalyse the transfer of 
precursor proteins across the outer membrane of mito-
chondria and chloroplasts, respectively. Both complexes 
consist of receptor proteins that act on the cytosolic 
face (Tom20, Tom70 and Tom22; and Toc34, Toc64 
and Toc159) and the pore-forming proteins Tom40 and  
Toc75 (REFS 14,15,47,48) (FIG. 3a). In addition, the small 
Tom proteins Tom5 and Tom6 are involved in the 
assembly of the TOM machinery, and Tom6 and Tom7 
are required for its stability14,49,50. Moreover, Tom5 has 
a role in the transfer of precursor proteins from Tom22 
to the translocation pore14,51,52. Similar components 
have not yet been identified in the TOC complex. In 
plants, there are multiple isoforms of TOM and TOC 
components53,54 and, at least for the TOC-receptor iso-
forms, it is proposed that they might exhibit different 
substrate specificity — for example, for photosynthetic 
versus housekeeping substrates — and that they might 
be coordinated into different TOC complexes55–57. 
Furthermore, although some plant TOM-receptor sub-
units show structural features that are distinct from 
those of their yeast homologues58, the overall architec-
ture and mechanism of plant and human TOM com-
plexes seems to follow similar principles to those of 
their yeast counterparts.

Both translocases have to recognize and transport 
precursor proteins with diverse topologies, including 
proteins with a β-barrel structure, single and multiple 
transmembrane α-helixes, and soluble proteins of the 
intermembrane space and of the mitochondrial matrix, 
the chloroplast stroma or the thylakoid lumen. After 
transfer across the outer membrane, precursor pro-
teins are sorted to different subcompartments of the 
cell organelle by several specific protein machineries 
(BOX 1). As a result, the TOM and TOC complex have to 
communicate with translocation factors and precursor 
proteins on both sides of the membrane. 

Figure 2 | Transport of precursor proteins from the cell cytosol into mitochondria 

and chloroplasts. a | The organelle structure of a typical plant cell is shown, including 

the nucleus, vacuole, peroxisomes, mitochondria, the endoplasmic reticulum (ER) and 

Golgi. Protein synthesis occurs on cytosolic ribosomes, and proteins are then sorted to 

various organelles, including mitochondria and chloroplasts. The box depicts the region 

shown in b. b | Most protein transport into mitochondria and chloroplasts occurs post-

translationally. Precursor proteins are synthesized on cytosolic ribosomes (1) and are 

subsequently targeted to an organelle by cytosolic factors (2). Heat shock protein 70 

(Hsp70) has a central role in targeting precursor proteins to mitochondria and 

chloroplasts. It acts alone or in association with cofactors such as Hsp90, 14-3-3 and 

arylhydrocarbon-receptor-interacting protein (AIP). The mitochondrial stimulating 

factor (MSF) promotes targeting of precursor proteins in the absence of Hsp70.  

The ankyrin-rich protein AKR2A guides chloroplast outer-membrane proteins to  

their target membrane. In some cases, there is a close proximity between translation 

and transportation into mitochondria (3). Factors such as the nascent-associated 

polypeptide complex (NAC) and ribosome-associated complex (RAC) have been 

reported to stimulate precursor protein import. For chloroplasts, it has been proposed 

that a subset of precursor proteins can be targeted from the ER by vesicle trafficking (4). 

Similarly, vesicular trafficking has been shown from mitochondria to peroxisomes (5). 

R E V I E W S

52 | JANUARY 2011 | VOLUME 12  www.nature.com/reviews/molcellbio

© 2011 Macmillan Publishers Limited. All rights reserved



Hsp90
Precursor protein

Hsp70

Precursor protein

GTP
GTP GTP

ATP

Architecture and dynamics of outer-membrane trans-

locases. For each organelle, a central complex (TOM
core

 
and TOC

core
) has been assigned, on the basis of its 

resistance to detergent (FIG. 3a). The TOM
core

 complex 
consists of Tom40, Tom22 and the small Tom proteins 
Tom5, Tom6 and Tom7; the TOC

core
 complex consists of 

Toc159, Toc34 and Toc75. The receptor proteins Tom70 
and Tom20, and Toc64, are more loosely associated59,60.

From electron microscopy analysis, the TOM com-
plex seems to contain two or three pore-forming regions, 
whereas the TOC complex has four61–63. Interestingly, the 
isolated TOM

core
 complex, which lacks Tom20, forms 

only two pores, indicating that Tom20 is important for 
normal architecture of the TOM complex59,62. In yeast 
mitochondria, the stability of the complex depends on 
Tom22 and the small Tom proteins49,50,64. Similarly, the 
receptor protein Toc34 affects the stability of the TOC 
complex, but through distinct mechanisms. First, its 
GTPase activity has been proposed to regulate dimer-
ization of Toc34 and Toc159 during the translocation 
process65–67, suggesting that the dynamics of the TOC 
complex are GTP-sensitive. Second, phosphorylation 
of Toc34 induces the disassembly of Toc34 from the 
TOC

core
 complex in vitro68. The significance of Toc34 

in vivo phosphorylation is not yet clear, but may be 
important at very early developmental stages or under 
environmental conditions not yet identified69,70. Thus, the 
overall architecture of the outer-membrane translocase 
in mitochondria and chloroplasts differs in terms of the 
number of pores, but both rely on specific interactions 
between receptors and the core translocase complexes. 
On the basis of the data so far, the TOM complex seems 
rather stable, whereas the interaction of TOC subunits 
— at least that of Toc34 — is affected by phosphorylation 
and GTPase activity.

Two peripheral receptors in the receptor platform. The 
receptor-protein arrangement of the TOM and TOC 
complexes is similar (FIG. 3a) and, for both mitochondria 
and chloroplasts, precursor proteins bind here by two 
main routes. In many cases, Hsp70/Hsp90-containing 
complexes guide precursor proteins to the peripher-
ally associated Tom70 or Toc64 subunits31,33 (FIG. 3b). 
However, most precursor proteins are targeted directly 
to the presequence receptor Tom20 or Toc34 of the 
translocons65,71 (FIG. 3c). Thus, the receptor subunit 
that is engaged by the precursor is determined by the 
import signal and by whether the precursor is bound to 
a cytosolic chaperone.

Tom70 and Toc64 contain a clamp-type tetratricopep-
tide repeat (TPR)72 domain that is exposed to the cytosol 
and is required for docking of the Hsp70/Hsp90 chaper-
ones31,33,73 (FIG. 3b). In addition, Toc64 has an amidase-like 
domain that is involved in precursor-protein binding on 
the intermembrane-space site74. The functional similarity 
of Toc64 and Tom70 is further supported by the endo-
genous composition of the mitochondrial trans locase in 
plants, in which a Toc64 isoform replaces Tom70 (REF. 75). 
The spectrum of proteins that are targeted to Tom70 or 
Toc64 includes those with internal signals, as well as 
those with cleavable presequences33,76.

Figure 3 | The translocon of the outer membrane of mitochondria and chloroplasts.  

a | The translocase of the outer membrane of mitochondria (TOM) complex consists of 

the pore-forming Tom40 protein, the receptor proteins Tom70, Tom20 and Tom22 as  

well as the small Tom proteins (Tom5, Tom6 and Tom7) that are involved in regulation of 

complex stability. Tom70 and Tom20 are more loosely attached to the TOM
core

 complex, 

and together these form the TOM
holo

 complex. The translocase of the outer membrane 

of chloroplasts (TOC complex) is built by the pore-forming Toc75 protein, the receptor 

proteins Toc64, Toc34 and Toc159. Toc12 and Toc64 are not components of the TOC
core

 

complex, but associate with this through Toc34. IMS, intermembrane space; O(E)M, outer 

(envelope) membrane. b | Many precursor proteins are delivered to the translocon by 

chaperones of the heat-shock protein 70 (Hsp70) and/or Hsp90 type. Hsp70 and/or 

Hsp90 guide hydrophobic precursor proteins to the Tom70 receptor in mitochondria or 

the Toc64 receptor in chloroplasts. The chaperones dock directly to the tetratricopeptide 

repeat (TPR) domain of these receptors, which are peripherally associated with the 

translocon. In the case of mitochondria, the precursor is likely to be subsequently 

delivered by Tom22 to the translocation pore. Some Tom70-dependent hydrophobic 

precursors also contain a cleavable presequence that is recognized by the receptor 

protein Tom20. In chloroplasts, the precursor protein first passes from Toc64 to Toc34, 

before transfer to Toc159 and then translocation by Toc75. Tom70 and Toc64 are loosely 

attached to the core translocon. This association might be stabilized during precursor 

transfer (shown by double-headed arrows). c | The TOM and TOC complexes have 

distinct modes of translocation. According to the ‘increasing affinity’ model (also termed 

the ‘acid bristle’ theory), an increasing density of negative charges on Tom22 drives the 

import through the TOM complex. Tom20 contains a hydrophobic pocket (HYD, hydro-

phobic-binding motif) that recognizes the signal in the precursor protein. Positively 

charged residues in the precursor protein then interact with negatively charged acid 

residues in the cytosolic domain and the intermembrane space region of Tom22  

to drive translocation. The TOC complex contains two GTP-regulated receptors,  

Toc34 and Toc159, and GTP binding and hydrolysis by these receptors can stimulate 

precursor-protein import. Hsp70 localized in the IMS might provide additional driving 

force by ATP consumption for the translocation process and could be regulated by the 

DnaJ or ‘J’ domain of Toc12.
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ERMES complex

(Endoplasmic reticulum–mito-

chondria encounter structure 

complex). This is the complex 

that tethers mitochondria and 

the endoplasmic reticulum. 

 It is composed of the two 

mitochondrial membrane 

proteins Mdm34 and Mdm10, 

the integral endoplasmic 

reticulum membrane protein 

Mmm1 and the peripheral 

protein Mdm12.

After association with Tom70 or Toc64, proteins are 
targeted towards the TOM

core
 or TOC

core
 complexes, 

respectively, for translocation. In the case of precur-
sor proteins with cleavable signals, Tom70 binds to the 
mature part of the precursor protein, whereas Tom20 
recognizes the presequence76. Similarly, chloroplast 
precursor proteins are transferred from Toc64 to the 
Toc34 receptor33. Thus, Tom20 and Tom70, as well as 
Toc64 and Toc34, have overlapping substrate specificity. 
However, because neither Tom70 nor Toc64 is essential 
for cell survival77,78, Hsp70/Hsp90-guided precursor 
proteins must also be able to directly engage the Tom20 
and Tom22 or Toc34 receptors. By contrast, deletion of 
Tom20 causes a severe growth defect in yeast and the 
knockout of both isoforms of TOC34 in A. thaliana is 
lethal79–81, suggesting that TOC64 and Tom70 cannot 
fully compensate for the function of these receptors.

The scaffold role of Toc159 and Tom22. In both the 
TOM and TOC complexes, Tom20 and Tom22, as well 
as Toc34 and Toc159, bind to the precursor protein in a 
coupled manner65,82,83. For example, while Tom22 recog-
nizes charged regions in the presequence of a precur-
sor protein, Tom20 preferentially binds to hydrophobic 
stretches of the precursor71,84,85. Both Toc159 and Tom22 
mediate the transfer of substrates to the translocation 
pore. They also coordinate the association with other 
receptor subunits and so are crucial to establishing a 
receptor platform: Tom22 provides the docking site for 
Tom20 and Tom70 (REF. 64), whereas Toc159 is in close 
contact to Toc34 (REFS 65,66). In turn, Tom20 and Toc34 
are required for the assembly of the respective counter-
part Tom22 or Toc159 into the translocon, respec-
tively86,87. Consistent with this central role of Tom22 and 
TOC159, their deletion leads to a strong growth defect 
in yeast and A. thaliana, respectively, and largely blocks 
protein import into each organelle64,88.

Control of the translocation channel. Whereas the 
TOM complex is thought to contain two to three 
pore-forming channels that mediate protein trans-
location, the TOC complex is thought to have four59–63. 
Determination of the pore sizes by electrophysiological 
measurements and electron microscopy of the channel  
protein Tom40, isolated from the yeast Neurospora 
crassa and from rats, as well as Toc75 isolated from 
peas, reflects the pore sizes found in purified com-
plexes; thus these two proteins are considered to  
form pores that translocate precursor proteins59–63,89–93. 
The pores formed by Tom40 and Toc75 have a β-barrel 
structure, which forms a cation-selective channel of 
about 2.2–2.5 nm and 1.4–2.6 nm, respectively59,89–93. 
The pores are therefore of sufficient size to transport 
an unfolded polypeptide chain of the precursor protein 
into mitochondria or chloroplasts. The Tom40 pore 
can even accommodate precursor proteins such as the 
uncoupling protein (UCP) or the ATP/ADP carrier 
(AAC) in a α-helical hairpin structure94,95. However, 
given the low dynamic capability of the β-barrel struc-
ture in the pore, there is insufficient capacity for the 
translocation of folded proteins.

Although they have similar globular properties, 
Tom40 and Toc75 do not belong to the same protein 
family. Tom40 is assumed to have evolved from the same 
bacterial ancestor as the mitochondrial porin VDAC96,97. 
By contrast, Toc75 belongs to the highly conserved  
family of Omp85 homologues that assemble bacterial 
outer-membrane proteins98,99. Interestingly, another 
member of this protein family, Sam50, also localizes to 
the mitochondrial membrane to mediate the insertion 
of β-barrel outer-membrane proteins96,99 (BOX 1; FIG. 1a). 
Similarly, in chloroplasts there is a second essential 
Toc75 homologue, Toc75-V (also known as OEP80), 
that is not part of the TOC translocon100 (BOX1; FIG. 1b). 
One can speculate that Toc75-V might be the chloroplast 
counterpart of the mitochondrial Sam50, as it is essential 
for plant development101.

Structural analysis of the Omp85 protein family has 
revealed two distinct domains: a soluble domain at the 
N terminus with different numbers of repeats anno-
tated as polypeptide-transport-associated (POTRA) 
domains102–104, and a pore-forming β-barrel domain com-
posed of 16 β-strands in the carboxy-terminal portion 
of the protein105. The most C-terminal POTRA domain 
contains a loop that classifies the different Omp85 
proteins104, but its functional relevance remains to be 
established. In the case of Toc75, the POTRA domain 
acts as a specific low-affinity receptor site for precursor 
proteins containing a targeting sequence. This domain 
further interacts with Toc34 (REF. 106). At present, how-
ever, it remains unknown whether the Toc34 inter-
action is required for the import of Toc75 or whether 
it has a physiological role in the assembled complex. In 
mitochondria, direct interactions of Tom40 with sub-
strates and other TOM subunits, such as the small Tom 
proteins, have been described107–109, but it is not known 
through which domains this occurs.

Interestingly, in mitochondria, Tom22 can modulate 
the channel opening of Tom40 (REFS 64,93). It seems 
possible that Toc159 also closely cooperates with the 
translocation pore for two reasons. First, Toc159 con-
tains a large protease-protected domain that faces the 
intermembrane space65. The function of this domain 
remains enigmatic, but might be related to the activity 
of Toc75. Second, Toc159 and Toc75 are sufficient for 
translocation of a precursor protein across a membrane, 
and Toc159 has been suggested to localize in the centre 
of the TOC complex110. Although this requires further 
experimental support, it is possible that the central trans-
locon organizer Tom22 or Toc159 is also important for 
pore regulation.

The driving force of precursor protein translocation. 
Although the mitochondrial and chloroplast transloca-
tion machineries are comparable in their overall com-
position, the ways in which they recognize and deliver 
precursor proteins are remarkably different (FIG. 3c). For 
mitochondria, an ‘affinity chain’ hypothesis is proposed, 
in which precursor proteins show increasing affinity for 
receptors in the order of their recognition111. By contrast, 
import through the TOC complex is thought to depend 
on GTP binding and hydrolysis.
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On the cytosolic face of the mitochondrial mem-
brane, the presequences of precursor proteins are recog-
nized by a hydrophobic cleft in the cytosolic domain of 
Tom20 (REF. 85), and by a negatively charged cytosolic 
domain of Tom22 (REF. 112). Subsequently, the precursor 
is transferred to and through the Tom40 pore (FIG. 3c). 

Tight coupling to downstream translocation events in 
the intermembrane space or in the inner membrane pro-
vides the energy needed to complete import across the 
mitochondrial outer membrane14,15.

In chloroplasts, transfer is regulated differently. 
The two chloroplast receptors Toc159 and Toc34 are 
GTPases47,48,82, whereas Tom22 and Tom20 act inde-
pendently of nucleotides (FIG. 3c). Precursor-protein 
recognition by Toc34 and Toc159 is nucleotide-
dependent, although the exact mode remains a matter 
of debate65,113–115. In a minimal, reconstituted complex 
in liposomes, Toc159 and Toc75 (but not Toc75 alone 
or in combination with Toc34) can transfer a precursor 
protein across the membrane in a manner dependent on 
GTP hydrolysis110. On the basis of this, it was suggested 
that Toc159 provides the force for initial precursor- 
protein translocation. However, recent observations chal-
lenge this model: Toc159 mutants partially lacking the 
GTPase domain116, and mutants of Toc159 with reduced 
intrinsic GTPase activities, almost completely rescue the 
toc159 knockout117,118. As a result, whether GTP hydro-
lysis is required for precursor translocation, or whether 
Toc159 simply regulates channel opening through its 
membrane-embedded domain, remains unsolved. 
Nevertheless, the ‘charging’ of precursor proteins to 
be translocated by Toc159 together with the action of 
Hsp70 localized in the intermembrane space119 might 
provide the energy to complete transfer through the outer  
envelope membrane. Hsp70 forms a complex with Toc64 
and the J-domain protein Toc12 (FIG. 3c) that can acti-
vate the function of Hsp70-type chaperones in vitro119. 
Together, these studies suggest that distinct processes 
drive translocation into chloroplasts and mitochondria.

Comparisons of the polypeptide lengths required for 
translocation and of the capacity to translocate passengers 
with different unfolding properties provide additional 
insight into how translocation through the mitochondrial 
TOM complex occurs compared with that of the chloro-
plast TOC complex. First, for efficient import of a folded 
passenger protein into mitochondria, a signal peptide of 
at least 75–80 amino acids is required120,121 (FIG. 4a). After 
rupture of the outer mitochondrial membrane to form 
mitoplasts, the precursor protein can directly engage the 
presequence translocase (TIM23 complex) of the inner 
membrane (BOX 1). Under these conditions, a signal pep-
tide of about 60 amino acids is sufficient for transloca-
tion of precursor proteins across the mitochondrial inner 
membrane120 (FIG. 4a). These data indicate that the signal 
length requirement correlates with the distance between 
the precursor entry point and the first binding site of an 
‘energizing unit’ present in the mitochondrial matrix. 
Interestingly, a signal of 60 amino acids is sufficient for 
translocation of a folded precursor protein into chloro-
plasts122,123, which is very similar to the length required for 
translocation across the inner membrane of mitochon-
dria. On the basis of this observation, it can be envisioned 
that the chloroplast signal peptide has to be transferred 
across just one membrane to engage an energizing unit, 
whereas the mitochondrial signal peptide has to be trans-
ferred across two membranes simultaneously to provide 
the energy needed for translocation.

Figure 4 | Signal length requirement and translocon initiation. a | The translocation 

of precursor proteins (shown as cylinders at the top) across the membrane requires the 

signal peptide to be a certain amino acid (aa) length. The efficiency of in vitro import of 

precursor proteins with signals of variable length (but always with the same passenger 

domain) into the matrix of mitoplasts (mitochondria with removed outer membrane) or 

mitochondria, or the stroma of chloroplasts has been quantified120–123. The efficiency  

of import in relation to the signal length is presented schematically; dots are included 

only for better visibility and do not reflect experimental values. Precursors are 

translocated into mitoplasts by the translocase of the inner membrane of mitochondria 23 

(TIM23) machinery alone (BOX1; FIG.1). For translocation into mitochondria, the signal 

peptide (white cylinder) has to pass through both the translocase of the outer membrane 

of mitochondria (TOM) complex and the TIM23 machinery. The length required for 

translocation into chloroplasts is similar to that for mitoplasts, suggesting that the signal 

only has to pass through the translocase of the outer membrane of chloroplasts (TOC) 

complex machinery, and not into the translocase of the inner envelope membrane of 

mitochondria (TIC) complex machinery (BOX1; FIG.1), to enable successful translocation 

into the stroma. b | The initiation of translocation of titin as an artificial passenger protein 

fused to a signal peptide requires distinct energizing events123–126. In each case, a signal 

peptide of distinct length was used. Mitochondrial translocation is energized by two 

events: the signal peptide engages the inner-membrane-associated mitochondrial  

motor (1), which leads to unfolding and translocation of the passenger (2). Translocation 

into chloroplasts involves three distinct events. An early event, possibly at the TOC 

complex, leads to rapid detachment of the amino-terminal region (red) from the globular 

fold (grey) (1), resulting in the transfer of the signal peptide across theTIC complex, 

leading to the interaction with stromal chaperones139–141 (2). The latter interaction is 

required for the final unfolding and translocation events (3). IM, inner membrane;  

IMS, intermembrane space; OM, outer membrane.
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Chemical crosslinking

Chemical crosslinking is the 

introduction of synthetic  

bonds that link two proteins  

in close proximity by chemical 

molecules — for example, by 

maleimide, which reacts with 

the thiol group of cysteines. 

Second, the transfer kinetics of an artificial precursor  
protein across the mitochondrial and chloroplast 
membranes have been measured to explore the force 
and energetics provided by the translocon. For this 
purpose, the 27th domain of the human muscle pro-
tein titin (I27) was fused to an organelle-specific prese-
quence124,125. The titin domain is folded in the presence 
of the presequence (FIG. 4b, white bar) and contains an 
N-terminal strand (red) that is followed by a stable glob-
ular domain (grey). The titin domain has to be unfolded 
during trans location into an organelle and it has been 
shown, using mutants that affect the stability of titin, 
that the rate of import into mitochondria correlates 
with the unfolding of the entire titin molecule and that 
mutations in the N-terminal strand behave similarly to 
those in the globular domain124,125. This observation is 
consistent with the idea that a single source provides 
the force needed for unfolding the precursor protein. 
By contrast, the translocation rate across the envelope 
membranes of chloroplasts is affected only by mutations 
in titin’s globular domain, and not by mutations in the 
N-terminal strand126. Thus, in the case of chloroplasts, 
initial unfolding of the titin N-terminal strand follows a 
different energetic regime from final translocation.

Taken together, it has to be suggested that, in contrast 
to mitochondria, the force for translocation into chlo-
roplasts is provided by machinery that is engaged after 
precursor proteins cross the first membrane (step 1). 
The existence of this ‘energizing unit’ leads to the initial 
unfolding of titin required for the translocation across 

the inner membrane. Finally, and comparable to the  
mitochondrial system, an energy-providing unit in  
the stroma promotes final translocation (step 2).

Regulation of transport across the outer membrane 
by post-translational modifications of complex compo-
nents has only been reported for the TOC translocon. 
Phosphorylation of Toc34 inhibits its GTP-binding and 
so precursor recognition in vitro127, and also disturbs 
complex formation128. Similarly, the acidic N-terminal 
region of Toc159 can be phosphorylated in vitro127,128. So 
far, however, it is not understood under which conditions 
this mode of regulation affects protein translocation  
by either of these two receptors in vivo.

Translocase regulation of sorting

After transfer across the outer membrane, precursor 
proteins have to be sorted to different subcompart-
ments (BOX 1). In both mitochondria and chloroplasts, 
the translocon of the outer membrane provides a bind-
ing site in the intermembrane space. In mitochondria, 
Tom40, Tom7 and Tom22 bind to the precursor protein 
on the intermembrane-space side of the membrane and 
might facilitate the first sorting steps129–131. In chloro-
plasts, Toc64, Toc12, Tic22 and Hsp70 are thought to 
interact with incoming precursor proteins in the inter-
membrane space74,119. Crosslinking experiments indicate 
that Toc159 also comprises a binding site for precursor 
proteins on the intermembrane-space side of the outer 
membrane65,113. However, unlike in mitochondria, sort-
ing in the intermembrane space of chloroplasts is not 
yet understood.

In mitochondria, the intermembrane-space domain 
of Tom22 might ensure precursor-protein transfer to 
the presequence translocase of the inner membrane 
(TIM23 complex)132. In chloroplasts, chemical crosslinking 
can also occur between Toc159 and precursor proteins 
arrested in a TOC–TIC supercomplex113 and there are 
some suggestions that Tic22 might link the translocases 
of the outer and inner envelope membranes113,119. Thus, 
in both mitochondria and chloroplasts the two trans-
locases of the outer and inner membranes can closely 
coordinate efficient transport of precursors across the  
intermembrane space. This view is supported by  
the observation of a supercomplex of the two complexes 
in both organelles after arrest of precursor-protein  
transfer132–135.

Conclusions

Protein targeting and transport through the outer mem-
brane translocase of mitochondria and chloroplasts 
share several features (TABLE 2). Both translocases are 
equipped with a set of receptor proteins that bind to 
cleavable and non-cleavable substrates. Each complex 
consists of a functional core module with a loosely asso-
ciated receptor protein — Tom70 in the case of mito-
chondria and Toc64 in chloroplasts — that recognizes 
cytosolic chaperones such as Hsp70 or Hsp90 through 
a TPR domain (TABLE 2). The receptors Tom20 and 
Toc34 are crucial for the import of most presequence-
containin g precursor proteins, and their binding to sub-
strates occurs in cooperation with Tom22 and Toc159, 

Table 2 | The global elements of protein translocation 

element Mitochondria chloroplasts

Targeting signals • Cleavable presequence
• Non-cleavable internal signal
• Cleavable presequence 

followed by hydrophobic 
sorting signal for 
intermembrane space proteins 
(bipartite signal)

• Cleavable transit peptide
• Non-cleavable internal 

signal
• Cleavable targeting signal 

followed by sorting signal 
for thylakoid proteins 
(bipartite signal)

Main targeting 
factors

Hsp70/Hsp90, Msf Hsp70/Hsp90, 14-3-3

Receptor platform Tom20, Tom22, Tom70–TPR 
domain

Toc34, Toc159, Toc64–TPR 
domain

Pore-forming 
protein

Tom40, β-barrel, porin-like Toc75, β-barrel, Omp85 

Pore size 2.2–2.5 nm 1.4–2.6 nm

Pore number* 2–3 4

Complex integrity Tom22, Tom20, Tom6, Tom7 Toc159, Toc34

Driving force Affinity driven Nucleotide dependent

Regulation - GTP binding and hydrolysis 
phosphorylation 

IMS-sorting 
platform‡

Tom22, Tom7, Tom40 Toc159, Toc64, Tic22, Toc12, 
Hsp70

Supercomplexes TOM–TIM23 translocases TOC–TIC translocases

*Pore number observed within the complex. ‡Intermembrane space (IMS)-localized sorting 
platform of the translocase of the outer membrane of mitochondria (TOM) and translocase  
of the outer membrane of chloroplasts (TOC) complexes. Hsp, heat-shock protein;  
Msf, mitochondrial import-stimulating factor; TPR, tetratricopeptide repeat.
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respectively. Tom22 and Toc159 not only transfer the 
precurso r proteins towards the translocation channel 
that is formed by a β-barrel protein, but also mediate 
docking of other receptors. In addition, Tom22 regu-
lates channel opening and mediates precursor-protein 
transfer to the TIM23 translocase through its inter-
membrane-space domain. It is not yet clear whether 
Toc159 carries out similar functions in chloroplasts. 
Taken together, we propose that Tom22 and Toc159 are 
central organizers of the outer-membrane translocase 
in mitochondria and chloroplasts.

These similarities are remarkable given that the 
core receptor proteins of the TOM and TOC trans-
locons have such distinct molecular features. Toc159 
and Toc34 are both GTPases, and therefore transport 
into chloroplasts is tightly coupled to GTP binding 
and hydrolysis. Moreover, phosphorylation of both 
Toc receptors modulates precursor-protein recogni-
tion, and in the case of Toc34, complex association. 
By contrast, Tom20 and Tom22 act independently of 
nucleotides, and increasing affinity drives the trans-
port of precursor proteins across the mitochondrial 
outer membrane; it is not clear whether this process is  
regulated or constantly active.

The structure of the translocating unit has not yet 
been determined for either system, and should give 
important insight into how a β-barrel channel can 
accommodate precursor protein and also interact with 
receptor proteins that have α-helical transmembrane 
domains. This should also help us to understand the 
regulation and mechanism of precursor-protein trans-
location across the outer membrane of these two cell 
organelles of endosymbiotic origin.

The global elements defined for the TOM and TOC 
transport systems — including targeting signals and 
factors, receptor proteins, a translocation pore and a 

drivin g force for import — are shared by other trans-
locases. Protein transport of this type occurs in peroxi-
somes, the ER and at the bacterial plasma membrane. 
However, the structural components fulfilling these 
tasks differ remarkably. The TOC and TOM trans-
locases are the only transport machines in which pre-
cursor proteins pass through a β-barrel pore. β-barrel 
proteins are also involved in the insertion of proteins 
into the outer membrane of mitochondria and bacte-
ria, but there is no evidence that precursor proteins 
are transported through the β-barrel for membrane 
integration4,96,102,105. Whether the TOM and TOC 
translocons are also directly involved in the inser-
tion of outer-membrane proteins (such as those with 
α-helical membrane regions) is currently not clear. 
If they are involved, this process would not involve 
lateral diffusion of the membrane domain out of the 
β-barrel for energetic reasons. By contrast, α-helical 
translocating channels allow the lateral release of pre-
cursor proteins into the bacterial plasma membrane, 
the microsomal membrane and the inner mitochon-
drial membrane9,11,14,24. In addition, although different 
receptors for specific targeting pathways can also be 
found in transport systems such as those of peroxi-
somes, the presence of a multifunctional receptor unit 
is a characteristic feature of the translocation systems 
of endosymbiotically derived organelles11. The TOM 
and TOC complexes are also unique in that they are the 
only complexes that interact with another membrane- 
embedded translocon, because mitochondria and 
plastids are the only two organelles surrounded by at 
least two membranes. Future work has to decipher the 
structural and functional details of the communication 
between the two complexes in the outer membrane  
and the other translocons. This may have implications 
for the cooperation of protein machineries in general.

1. Gray, M. W., Burger, G. & Lang, B. F. Mitochondrial 

evolution. Science 283, 1476–1481 (1999).

2. McFadden, G. I. Endosymbiosis and evolution of the 

plant cell. Curr. Opin. Plant Biol. 2, 513–519  

(1999).

3. Saraste, M. Oxidative phosphorylation at the fin de 

siècle. Science 283, 1488–1493 (1999).

4. Lill, R. & Mühlenhoff, U. Maturation of iron-sulfur 

proteins in eukaryotes: mechanisms, connected 

processes, and diseases. Annu. Rev. Biochem. 77, 

669–700 (2008).

5. López-Juez, E. Plastid biogenesis, between light and 

shadows. J. Exp. Bot. 58, 11–26 (2007).

6. Nelson, N. & Ben-Shem, A. The complex architecture 

of oxygenic photosynthesis. Nature Rev. Mol. Cell. 

Biol. 5, 971–982 (2004).

7. Sickmann, A. et al. The proteome of Sacchoromyces 

cerevisiae mitochondria. Proc. Natl Acad. Sci. USA 

103, 13207–13212 (2003).

8. van Wijk, K. J. Plastid proteomics. Plant Physiol. 

Biochem. 42, 963–977 (2004).

9. Wickner, W. & Schekman, R. Protein translocation 

across biological membranes. Science 310,  

1452–1456 (2005).

10. Grudnik, P., Bange, G. & Sinning, I. Protein targeting 

by the signal recognition particle. Biol. Chem. 390, 

775–782 (2009).

11. Schnell, D. J. & Hebert, D. N. Protein translocons: 

multifunctional mediators of protein translocation 

across membranes. Cell 112, 491–505 (2003).

12. Stewart, M. Molecular mechanism of the nuclear 

protein import cycle. Nature Rev. Mol. Cell Biol. 8, 

195–208 (2007).

13. Carrie, C., Giraud E. & Whelan, J. Protein transport in 

organelles: dual targeting of proteins to mitochondria 

and chloroplasts. FEBS J. 276, 1187–1195  

(2009).

14. Chacinska, A., Koehler, C. M., Milenkovic, D.,  

Lithgow, T. & Pfanner, N. Importing mitochondrial 

proteins: machineries and mechanisms. Cell 138, 

628–644 (2009).

15. Neupert, W. & Herrmann, J. M. Translocation of 

proteins into mitochondria. Annu. Rev. Biochem. 76, 

723–749 (2007).

16. Bruce, B. D. The paradox of plastid transit peptides: 

conservation of function despite divergence in primary 

structure. Biochim. Biophys. Acta 1541, 2–21  

(2001).

17. Li, H.-M. & Chiu, C.-C. Protein transport into 

chloroplasts. Annu. Rev. Plant Biol. 61, 157–180 

(2010).

18. Gakh, O., Cavadini, P. & Isaya, G. Mitochondrial 

processing peptidases. Biochim. Biophys. Acta 1592, 

63–77 (2002).

19. Richter, S. & Lamppa, G. K. Structural properties of 

the chloroplast stromal processing peptidase required 

for its function in transit peptide removal. J. Biol. 

Chem. 278, 39497–39502 (2003).

20. Huang, S., Taylor, N. L., Whelan, J. & Millar, A. H. 

Refining the definition of plant mitochondrial 

presequences through analysis of sorting signals, 

N-terminal modifications, and cleavage motifs.  

Plant Physiol.150, 1272–1285 (2009).

21. Vögtle, F. N. et al. Global analysis of the mitochondrial 

N-proteome identifies a processing peptidase critical 

for protein stability. Cell 139, 428–439 (2009).

22. Martin, T. et al. A protein kinase family in Arabidopsis 

phosphorylates chloroplast precursor proteins. J. Biol. 

Chem. 281, 40216–40223 (2006).

23. Schleiff, E. & Klösgen, R. B. Without a little help from 

‘my’ friends: direct insertion of proteins into 

chloroplast membranes? Biochim. Biophys. Acta 

1541, 22–33 (2001).

24. van der Laan, M., Hutu, D. P. & Rehling, P. On the 

mechanism of preprotein import by the mitochondrial 

presequence translocase. Biochim. Biophys. Acta 

1803, 732–739 (2010).

25. Kutik, S. et al. Dissecting membrane insertion of 

mitochondrial β-barrel proteins. Cell 132, 1011–1024 

(2008).

26. Kleffmann, T. et al. The Arabidopsis thaliana 

chloroplast proteome reveals pathway abundance and 

novel protein functions. Curr. Biol. 14, 354–362 

(2004). 

27. Armbruster, U. et al. Chloroplast proteins without 

cleavable transit peptides: rare exceptions or a major 

constituent of the chloroplast proteome? Mol. Plant 2, 

1325–1335 (2009).

28. Hachiya, N. et al. MSF, a novel cytoplasmic  

chaperone which functions in precursor targeting  

to mitochondria. EMBO J. 13, 5146–5154  

(1994).

29. May, T & Soll, J. 14-3-3 proteins form a guidance 

complex with chloroplast precursor proteins in plants. 

Plant Cell 12, 53–64 (2000).

30. Yano, M., Terada, K. & Mori, M. AIP is a mitochondrial 

import mediator that binds to both import receptor 

Tom20 and preproteins. J. Cell. Biol. 163, 45–56 

(2003).

R E V I E W S

NATURE REVIEWS | Molecular cell Biology  VOLUME 12 | JANUARY 2011 | 57

© 2011 Macmillan Publishers Limited. All rights reserved



31. Young, J. C., Hoogenraad, N. J. & Hartl, F. U. 

Molecular chaperones Hsp90 and Hsp70 deliver 

preproteins to the mitochondrial import receptor 

Tom70. Cell 112, 41–50 (2003).

This study showed the delivery of Hsp70- and 

Hsp90-guided precursor proteins to Tom70.

32. Schemenewitz, A., Pollmann, S., Reinbothe, C. & 

Reinbothe, S. A substrate-independent, 14-3-3 

protein-mediated plastid import pathway of 

NADPH:protochlorophyllide oxidoreductase A.  

Proc. Natl Acad. Sci. USA 104, 8538–8543 (2009).

33. Qbadou, S. et al. The molecular chaperone Hsp90 

delivers precursor proteins to the chloroplast import 

receptor Toc64. EMBO J. 25, 1836–1847 (2006).

This work defined the pathway that targets Hsp70- 

and Hsp90-guided precursors to Toc64.

34. Oecking, C. & Jaspert, T. Plant 14-3-3 proteins catch 

up with their mammalian orthologs. Curr. Opin. Plant 

Biol. 12, 760–765 (2009).

35. Beddoe, T. & Lithgow, T. Delivery of nascent 

polypeptides to the mitochondrial surface. Biochim. 

Biophys. Acta 1592, 35–39 (2002).

36. Bae, W. et al. AKR2A-mediated import of chloroplast 

outer membrane proteins is essential for chloroplast 

biogenesis. Nature Cell Biol. 10, 220–227 (2008).

This study reports the identification of the factor 

that targets proteins to the chloroplast outer 

envelope.

37. Dhanoa, P. K. et al. Distinct pathways mediate the 

sorting of tail-anchored proteins to the plastid outer 

envelope. PLoS ONE 5, e10098 (2010).

38. Shen, G. et al. ANKYRIN REPEAT-CONTAINING 

PROTEIN 2A is an essential molecular chaperone for 

peroxisomal membrane-bound ASCORBATE 

PEROXIDASE3 in Arabidopsis. Plant Cell 22,  

811–831 (2010).

39. Kellems, R. E., Allison, V. F. & Butow, R. A., 

Cytoplasmic type 80S ribosomes associated with 

yeast mitochondria. IV. Attachment of ribosomes to 

the outer membrane of isolated mitochondria.  

J. Cell Biol. 65, 1–14 (1975).

40. Marc, P. et al. Genome-wide analysis of mRNAs 

targeted to yeast mitochondria. EMBO Rep. 3,  

159–164 (2002).

41. Eliyahu, E. et al. Tom20 mediates localization of 

mRNAs to mitochondria in a translation-dependent 

manner. Mol. Cell. Biol. 30, 284–294 (2010).

42. Villarejo, A. et al. Evidence for a protein transported 

through the secretory pathway en route to the higher 

plant chloroplast. Nature Cell Biol. 7, 1224–1231 

(2005).

43. Neuspiel, M. et al. Cargo-selected transport from the 

mitochondria to peroxisomes is mediated by vesicular 

carriers. Curr. Biol. 18, 102–108 (2008).

44. de Brito, O. M. & Scorrano, L. Mitofusin 2 tethers 

endoplasmic reticulum to mitochondria. Nature 456, 

605–610 (2008).

45. Kormann, B. et al. An ER-mitochondria tethering 

complex revealed by a synthetic biology screen. 

Science 325, 477–481 (2009).

46. Andersson, M. X., Goksör, M. & Sandelius, A. S. 

Optical manipulation reveals strong attracting forces 

at membrane contact sites between endoplasmic 

reticulum and chloroplasts. J. Biol. Chem. 282,  

1170–1174 (2007).

47. Oreb, M., Tews, I. & Schleiff, E. Policing Tic ‘n’ Toc, the 

doorway to chloroplasts. Trends Cell Biol. 18, 19–27 

(2008).

48. Jarvis, P. Targeting of nucleus-encoded proteins to 

chloroplasts in plants. New Phytol. 179, 257–285 

(2008).

49. Dekker, P. J. T. et al. Preprotein translocase of the 

outer mitochondrial membrane: molecular dissection 

and assembly of the general import pore complex. 

Mol. Cell. Biol. 18, 6515–6524 (1998).

50. Sherman, E. L., Go, N. E. & Nargang, F. E. Functions of 

the small proteins in the TOM complex of Neurospora 

crassa. Mol. Biol. Cell 16, 4172–4182 (2005).

51. Dietmeier, K. et al. Tom5 functionally links 

mitochondrial preprotein receptors to the general 

import pore. Nature 388, 195–200 (1997).

52. Becker, T. et al. Assembly of the mitochondrial protein 

import channel: role of Tom5 in two-stage interaction 

of Tom40 with the SAM complex. Mol. Biol. Cell 21, 

3106–3113 (2010).

53. Jackson-Constan, D. & Keegstra, K. Arabidopsis genes 

encoding components of the chloroplastic protein 

import apparatus. Plant Physiol. 125, 1567–1576 

(2001).

54. Lister, R. et al. A transcriptomic and proteomic 

characterization of the Arabidopsis mitochondrial 

protein import apparatus and its response to 

mitochondrial dysfunction. Plant Physiol. 134,  

777–789 (2004).

55. Ivanova, Y., Smith, M. D., Chen, K. & Schnell, D. J. 

Members of the Toc159 import receptor family 

represent distinct pathways for protein targeting to 

plastids. Mol. Biol. Cell 15, 3379–3392 (2004).

56. Kubis, S. et al. Functional specialization amongst the 

Arabidopsis Toc159 family of chloroplast protein 

import receptors. Plant Cell 16, 2059–2077 (2004).

References 55 and 56 describe the different 

functions of the distinct Toc159 isoforms.

57. Inoue, H., Rounds, C. & Schnell, D. J. The molecular 

basis for distinct pathways for protein import into 

Arabidopsis chloroplasts. Plant Cell 22, 1947–1960 

(2010).

58. Perry, A. J. et al. Structure, topology and function of 

the translocase of the outer membrane of 

mitochondria. Plant Physiol. Biochem. 46, 265–274 

(2008).

59. Ahting, U. et al. The TOM
core

 complex: the general 

import pore of the outer membrane of mitochondria. 

J. Cell Biol. 147, 959–968 (1999). 

60. Schleiff, E., Soll, J., Küchler, M., Kühlbrandt, W. & 

Harrer, R. Characterization of the translocon of the 

outer envelope of chloroplasts. J. Cell Biol. 160,  

541–551 (2003).

61. Künkele, K. P. et al. The preprotein translocation 

channel of the outer membrane of mitochondria.  

Cell 93, 1009–1019 (1998).

References 60 and 61 provide the first structural 

and functional analysis of purified TOM and TOC 

complexes.

62. Model, K. et al. Protein translocase of the outer 

mitochondrial membrane: role of import receptors in 

the structural organization of the TOM complex. 

J. Mol. Biol. 316, 657–666 (2002).

63. Model, K., Meisinger, C. & Kühlbrandt, W.  

Cryo-electron microscopy structure of a yeast 

mitochondrial preprotein translocase. J. Mol. Biol. 

383, 1049–1057 (2008).

64. van Wilpe, S. et al. Tom22 is a multifunctional 

organizer of the mitochondrial preprotein translocase. 

Nature 401, 485–489 (1999).

This study identified the multiple functions of 

Tom22 in precursor-protein binding, molecular 

organization of the translocase and pore 

regulation.

65. Becker, T. et al. Preprotein recognition by the Toc 

complex. EMBO J. 23, 520–530 (2004).

The first mechanistic analysis of translocation 

steps in the TOC complex.

66. Lee, J., Wang, F. & Schnell, D. J. Toc receptor 

dimerization participates in the initiation of membrane 

translocation during protein import into chloroplasts. 

J. Biol. Chem. 284, 31130–31141 (2009).

67. Jarvis, P. et al. An Arabidopsis mutant defective in the 

plastid general protein import apparatus. Science 

282, 100–103 (1998).

This study describes the phenotype and 

ultrastructural changes of the first identified 

mutant of the TOC machinery, the Ppi1 mutant.

68. Oreb, M., Höfle, A., Mirus, O. & Schleiff, E. 

Phosphorylation regulates the assembly of chloroplast 

import machinery. J. Exp. Bot. 59, 2309–2316 

(2008).

69. Aronsson, H., Combe, J., Patel, R. & Jarvis, P. In vivo 

assessment of the significance of phosphorylation of 

the Arabidopsis chloroplast protein import receptor, 

atToc33. FEBS Lett. 580, 649–655 (2006).

70. Oreb, M. et al. Phospho-mimicry mutant of atToc33 

affects early development of Arabidopsis thaliana. 

FEBS Lett. 581, 5945–5951 (2007).

71. Saitoh, T. et al. Tom20 recognizes mitochondrial 

presequences through dynamic equilibrium among 

multiple bound states. EMBO J. 26, 4777–4787 

(2007).

72. Mirus, O. & Schleiff, E. The evolution of 

tetratricopeptide repeat domain containing receptors 

involved in protein translocation. Endocytobiosis Cell 

Res. 19, 31–50 (2009). 

73. Wu, Y. & Sha, B. Crystal structure of yeast outer 

membrane translocon member Tom70p.  

Nature Struct. Mol. Biol. 13, 589–593 (2006).

74. Qbadou, S. et al. Toc64 — a preprotein-receptor at 

the outer membrane with bipartide function. J. Mol. 

Biol. 367, 1330–1346 (2007).

75. Chew, O. et al. A plant outer mitochondrial membrane 

protein with high amino acid sequence identity to a 

chloroplast protein import receptor. FEBS Lett. 557, 

109–114 (2004).

76. Yamamoto, H. et al. Role of Tom70 in import of 

presequence-containing mitochondrial proteins. 

J. Biol. Chem. 284, 31625–31646 (2009).

77. Hines, V. et al. Protein import into yeast mitochondria 

is accelerated by the outer membrane protein MAS70. 

EMBO J. 9, 3191–3200 (1990).

78. Aronsson, H. et al. Toc64/OEP64 is not essential for 

the efficient import of proteins into chloroplasts in 

Arabidopsis thaliana. Plant J. 52, 53–68 (2007).

79. Ramage, L., Junne, T., Hahne, K., Lithgow, T. &  

Schatz, G. Functional cooperation of mitochondrial 

protein import receptors in yeast. EMBO J. 12,  

4115–4123 (1993).

80. Moczko, M. et al. Deletion of the receptor MOM19 

strongly impairs import of cleavable preproteins into 

Sacchoromyces cerevisae mitochondria. J. Biol. Chem. 

269, 9045–9051 (1994).

81. Constan, D., Patel, R., Keegstra, K. & Jarvis, P.  

An outer envelope membrane component of the 

plastid protein import apparatus plays an essential 

role in Arabidopsis. Plant J. 38, 93–106 (2004).

82. Kessler, F. & Schnell, D. J. Chloroplast biogenesis: 

diversity and regulation of the protein import 

apparatus. Curr. Opin. Cell Biol. 21, 494–500 

(2009). 

83. Yamano, K. et al. Tom20 and Tom22 share the 

common signal recognition pathway in mitochondrial 

protein import. J. Biol. Chem. 283, 3799–3807 

(2008).

84. Brix, J., Dietmeier, K. & Pfanner, N. Differential 

recognition of preproteins by the purified cytosolic 

domains of the mitochondrial import receptors 

Tom20, Tom22 and Tom70. J. Biol. Chem. 272, 

20730–20735 (1997).

85. Abe, Y. et al. Structural basis of presequence 

recognition by the mitochondrial protein import 

receptor Tom20. Cell 100, 551–560 (2000).

This study describes for the first time the structural 

basis of precursor recognition by a receptor of the 

TOM translocon.

86. Keil, P. & Pfanner, N. Insertion of MOM22 into 

mitochondrial outer membrane strictly depends on 

surface receptors. FEBS Lett. 321, 197–200 (1993).

87. Wallas, T. R., Smith, M. D., Sanchez-Nieto, S. & 

Schnell, D. J. The roles of Toc34 and Toc75 in 

targeting the Toc159 preprotein receptor to 

chloroplasts. J. Biol. Chem. 278, 44289–44297 

(2003).

88. Bauer, J. et al. The major protein import receptor of 

plastids is essential for chloroplast biogenesis.  

Nature 403, 203–207 (2000).

89. Hill, K. et al. Tom40 forms the hydrophilic channel of 

the mitochondrial import pore for preproteins.  

Nature 395, 516–521 (1998).

90. Hinnah, S. C., Hill, K., Wagner, R., Schlicher, T. &  

Soll, J. Reconstitution of a chloroplast protein import 

channel. EMBO J. 16, 7351–7360 (1997).

References 89 and 90 present the first description 

of the reconstitution of Toc75 and Tom40, and 

their electrophysiological characterization.

91. Hinnah, S. C., Wagner, R., Sveshnikova, N., Harrer, R. 

& Soll, J. The chloroplast protein import channel 

Toc75: pore properties and interaction with transit 

peptides. Biophys. J. 83, 899–911 (2002).

92. Becker, L. et al. Preprotein translocase of the outer 

mitochondrial membrane: reconstituted Tom40 forms 

a characteristic TOM pore. J. Mol. Biol. 353,  

1011–1020 (2005).

93. Poynor, M., Eckert, R. & Nussberger, S. Dynamics of 

the preprotein translocation channel of the outer 

membrane of mitochondria. Biophys. J. 95,  

1511–1522 (2008).

94. Schleiff, E. & McBride, H. The central matrix loop 

drives import of uncoupling protein 1 into 

mitochondria. J. Cell Sci. 113, 2267–2272 (2000).

95. Wiedemann, N., Pfanner, N. & Ryan, M. T. The three 

modules of ADP/ATP carrier cooperate in receptor 

recruitment and translocation into mitochondria. 

EMBO J. 20, 951–960 (2001).

96. Dolezal, P., Likic, V., Tachezy, J. & Lithgow, T. Evolution 

of the molecular machines for protein import into 

mitochondria. Science 313, 314–318 (2006).

97. Bayrhuber, M. et al. Structure of the human voltage-

dependent anion channel. Proc. Natl Acad. Sci. USA 

105, 15370–15375 (2008).

98. Bredemeier, R. et al. Functional and phylogenetic 

properties of the pore-forming β-barrel transporters of 

the Omp85 family. J. Biol. Chem. 282, 1882–1890 

(2007).

A dissection of the electrophysiological properties 

of Sam50-like and Toc75-like Omp85 proteins.

R E V I E W S

58 | JANUARY 2011 | VOLUME 12  www.nature.com/reviews/molcellbio

© 2011 Macmillan Publishers Limited. All rights reserved



99. Bohnsack, M. T. & Schleiff, E. The evolution of protein 

targeting and translocation systems. Biochim. 

Biophys. Acta 1803, 1115–1130 (2010).

100. Eckart, K. et al. A Toc75-like protein import channel is 

abundant in chloroplasts. EMBO Rep. 3, 557–562 

(2002).

101. Patel, R., Hsu, S. C., Bedard, J., Inoue, K. & Jarvis, P. 

The Omp85-related chloroplast outer envelope 

protein OEP80 is essential for viability in Arabidopsis. 

Plant. Physiol. 148, 235–245 (2008).

102. Kim, S. et al. Structure and function of an essential 

component of the outer membrane protein assembly 

machine. Science 317, 961–964 (2007).

103. Sánchez-Pulido, L., Devos, D., Genevrois, S.,  

Vicente, M. & Valencia, A. POTRA: a conserved 

domain in the FtsQ family and a class of β-barrel outer 

membrane proteins. Trends Biochem. Sci. 28,  

523–526 (2003).

104. Koenig, P. et al. Conserved properties of polypeptide 

transport-associated (POTRA) domains derived from 

cyanobacterial Omp85. J. Biol. Chem. 285,  

18016–18024 (2010).

105. Clantin, B. et al. Structure of the membrane protein 

FhaC: a member of the Omp85-TpsB transporter 

superfamily. Science 317, 957–961 (2007).

106. Ertel, F. et al. The evolutionarily related β-barrel 

polypeptide transporters from Pisum sativum and 

Nostoc PCC7120 contain two distinct functional 

domains. J. Biol. Chem. 280, 28281–28289 (2005).

107. Dembowski, M., Künkele, K. P., Nargang, F. E., 

Neupert, W. & Rapaport, D. Assembly of Tom6 and 

Tom7 into the TOM core complex of Neurospora 

crassa. J. Biol. Chem. 276, 17679–17685 (2001).

108. Esaki, M. et al. Tom40 protein import channel binds to 

non-native proteins and prevents their aggregation. 

Nature Struct. Mol. Biol. 10, 988–994 (2003).

109. Schmitt, S. et al. Role of Tom5 in maintaining the 

structural stability of the TOM complex of 

mitochondria. J. Biol. Chem. 280, 14499–14506 

(2005).

110. Schleiff, E., Jelic, M. & Soll, J. A GTP-driven motor 

moves proteins across the outer envelope of 

chloroplasts. Proc. Natl Acad. Sci. USA 100,  

4604–4609 (2003).

111. Komiya, T. et al. Interaction of mitochondrial targeting 

signals with acidic receptor domains along the protein 

import pathway: evidence for the ‘acid chain’ 

hypothesis. EMBO J. 17, 3886–3898 (1998).

112. Bolliger, L., Junne, T., Schatz, G. & Lithgow, T.  

Acidic receptor domains on both sides of the outer 

membrane mediate translocation of precursor 

proteins into yeast mitochondria. EMBO J. 14,  

6318–6326 (1997).

113. Kouranov, A. & Schnell, D. J. Analysis of the 

interactions of preproteins with the import machinery 

over the course of protein import into chloroplasts. 

J. Cell Biol. 29, 1677–1685 (1997).

114. Jelic, M., Soll, J. & Schleiff, E. Two Toc34 homologues 

with different properties. Biochemistry 42,  

5906–5916 (2003).

115. Smith, M. D. et al. atToc159 is a selective transit 

peptide receptor for the import of nucleus-encoded 

chloroplast proteins. J. Cell Biol. 165, 323–334 

(2004).

This study explores the receptor function of 

Toc159.

116. Lee, K. H., Kim, S. J., Lee, Y. J., Jin, J. B. & Hwang, I. 

The M domain of atToc159 plays an essential role in 

the import of proteins into chloroplasts and 

chloroplasts biogenesis. J. Biol. Chem. 278,  

36794–36805 (2003).

117. Wang, F., Agne, B., Kessler, F. & Schnell, D. J. The role 

of GTP binding and hydrolysis at the atToc159 

preprotein receptor during protein import into 

chloroplasts. J. Cell Biol. 183, 87–99 (2008).

118. Agne, B. et al. A Toc159 import receptor mutant, 

defective in hydrolysis of GTP, supports preprotein 

import into chloroplasts. J. Biol. Chem. 284,  

8670–8679 (2009).

119. Becker, T. et al. Toc12, a novel subunit of the 

intermembrane space preprotein translocon of 

chloroplasts. Mol. Biol. Cell 15, 5130–5144 (2004).

120. Matouschek, A. et al. Active unfolding of precursor 

proteins during mitochondrial protein import.  

EMBO J. 16, 6727–6736 (1997).

121. Gaume, B. et al. Unfolding of preproteins upon import 

into mitochondria. EMBO J. 17, 6497–6507 (1998).

122. Hageman, J. et al. Protein import into and sorting 

inside the chloroplast are independent processes. 

Plant Cell 2, 479–494 (1990).

123. Bionda, T. et al. Chloroplast import signals: the length 

requirement for translocation in vitro and in vivo. 

J. Mol. Biol. 402, 510–523 (2010).

124. Sato, T., Esaki, M., Fernandez, J. M. & Endo, T. 

Comparison of the protein-unfolding pathways 

between mitochondrial protein import and atomic-

force microscopy measurements. Proc. Natl Acad. Sci. 

USA 102, 17999–18004 (2005).

This study compares the mitochondrial 

translocation routes of N-terminal- and 

C-terminal-fused signals with the biophysical 

properties of the passenger.

125. Oguro, T. et al. Structural stabilities of different 

regions of the titin I27 domain contribute differently 

to unfolding upon mitochondrial protein import. 

J. Mol. Biol. 385, 811–819 (2009).

126. Ruprecht, M. et al. On the impact of precursor 

unfolding during protein import into chloroplasts.  

Mol. Plant 3, 499–508 (2010).

This study compares the translocation route of 

N-terminal chloroplast signals with the biophysical 

properties of the passenger.

127. Fulgosi, H. & Soll, J. The chloroplast protein import 

receptors Toc34 and Toc159 are phosphorylated by 

distinct protein kinases. J. Biol. Chem. 277,  

8934–8940 (2002).

128. Agne, B. et al. The acidic A-domain of Arabidopsis 

TOC159 occurs as a hyperphosphorylated protein. 

Plant Physiol. 153, 1016–1030 (2010).

129. Esaki, M. et al. Mitochondrial protein import. 

Requirement of presequence elements and TOM 

components for precursor binding to the TOM 

complex. J. Biol. Chem. 279, 45701–45707  

(2004).

130. Gabriel, K., Egan, B. & Lithgow, T. Tom40, the import 

channel of the mitochondrial outer membrane, plays 

an active role in sorting proteins. EMBO J. 22,  

2380–2386 (2003).

131. Moczko, M. et al. The intermembrane space domain 

of mitochondrial Tom22 functions as a trans binding 

site for preproteins with N-terminal targeting 

sequences. Mol. Cell. Biol. 17, 6574–6584 (1997).

132. Chacinska, A. et al. Mitochondrial presequence 

translocase: switching between TOM tethering and 

motor recruitment involves Tim21 and Tim17.  

Cell 120, 817–829 (2005).

133. Chacinska, A. et al. Mitochondrial translocation 

contact sites: separation of dynamic and stabilizing 

elements of a TOM-TIM preprotein supercomplex. 

EMBO J. 22, 5370–5381 (2003).

134. Nielsen, E., Akita, M., Davila-Aponte, J. & Keegstra, K. 

Stable association of chloroplastic precursors with 

protein translocation complexes that contain proteins 

from both envelope membranes and a stromal Hsp100 

molecular chaperone. EMBO J. 16, 935–946 (1997).

135. Akita, M., Nielsen, E. & Keegsta, K. Identification of 

protein complexes in the chloroplastic envelope 

membranes via chemical cross-linking. J. Cell Biol. 

136, 983–994 (1997).

References 133–135 describe the initial 

identification of the TOM–TIM23 and TOC–TIC 

supercomplexes.

136. Yi, L. & Dalbey, R. E. Oxa1/Alb3/YidC system for 

insertion of membrane proteins in mitochondria, 

chloroplasts and bacteria. Mol. Membr. Biol. 22, 

101–111 (2005).

137. Herrmann, J. M. & Köhl, R. Catch me if you can! 

Oxidative protein trapping in the intermembrane space 

of mitochondria. J. Cell Biol. 176, 559–563 (2007).

138. Soll, J. & Schleiff, E. Protein import into chloroplasts. 

Nature Rev. Mol. Cell Biol. 5, 198–208 (2004).

139. Kovacheva, S., Bédard, J., Wardle, A., Patel, R. & 

Jarvis, P. Further in vivo studies on the role of the 

molecular chaperone, Hsp93, in plastid protein 

import. Plant J. 50, 364–379 (2007).

140. Shi, L.-X. & Theg, S. M. A stromal heat shock protein 

70 system functions in protein import into chloroplasts 

in the moss Physcomitrella patens. Plant Cell 22, 

205–220 (2010).

141. Su, P.-H. & Li, H. Stromal Hsp70 is important for 

protein translocation into pea and Arabidopsis 

chloroplasts. Plant Cell 22, 1516–1531 (2010).

Acknowledgements
T.B. thanks N. Pfanner for support. The work was sup-

ported by Baden-Württemberg Stiftung (T.B.), the 

Deutsche Forschungsgemeinschaft (DFG) in the frame of 

the Sonderforschungsbereich SFB746 (T.B.) ,  the 

Volkswagen-foundation (E.S.) and the DFG in the frame of 

the Sonderforschungsbereich SFB807/P17 (E.S.).

Competing interests statement 
The authors declare no competing financial interests.

FURTHER INFORMATION
Thomas Becker’s homepage: www.mitochondria.de

Enrico Schleiff’s homepage: http://www.uni-frankfurt.de/

fb/fb15/english/institute/inst-3-mol-biowiss/AK-Schleiff/

index.html

all linkS are acTive in The online PDf

R E V I E W S

NATURE REVIEWS | Molecular cell Biology  VOLUME 12 | JANUARY 2011 | 59

© 2011 Macmillan Publishers Limited. All rights reserved

http://www.mitochondria.de
http://www.uni-frankfurt.de/fb/fb15/english/institute/inst-3-mol-biowiss/AK-Schleiff/index.html
http://www.uni-frankfurt.de/fb/fb15/english/institute/inst-3-mol-biowiss/AK-Schleiff/index.html
http://www.uni-frankfurt.de/fb/fb15/english/institute/inst-3-mol-biowiss/AK-Schleiff/index.html

	The general principle of protein translocation
	Abstract | Mitochondria and chloroplasts import the vast majority of their proteins across two membranes, and use translocases of the outer membrane as an entry gate. These translocases interact with the incoming precursor protein and guiding chaperone factors. Within the translocon, precursor-protein receptors dock to a central component that mediates both transfer through a cation-selective channel and initial sorting towards internal subcompartments. Despite these similarities, the mode of translocation differs between the two organelles: in chloroplasts, GTP-binding and hydrolysis by the receptors is required for transport, whereas in mitochondria passage of the preprotein is driven by its increasing affinity for the translocase subunits.
	Box 1 | Intra-organelle transport in mitochondria and chloroplasts 
	Figure 1 | Protein transport into mitochondria and chloroplasts. The ultrastructure of mitochondria and chloroplasts is shown schematically and by electron microscopy. Both organelles are bounded by two membranes, the outer membrane (OM) and inner membrane (IM). a | The mitochondrial inner membrane can be separated into the ‘inner boundary membrane’ region that lies close to the outer membrane and the large invaginations, or cristae, where protein complexes form the respiratory chain. Mitochondria also have two aqueous compartments, the matrix and the intermembrane space (IMS), the latter of which is continuously connected with the cristae lumens. b | Chloroplasts contain an additional compartment, the thylakoid membrane system, which harbours the protein complexes that drive photosynthesis. Chloroplasts therefore have three aqueous compartments: the thylakoid lumen, the stroma and the IMS. For most precursor proteins, translocation into mitochondria (a) and chloroplasts (b) is mediated by the translocase of the outer membrane of mitochondria (TOM) complex and the translocase of the outer membrane of chloroplasts (TOC) complexes, respectively. Subsequently, these translocases cooperate with other sorting machineries (not shown) to mediate protein targeting to distinct locations within the organelle, including the IMS, the inner membrane, the matrix of mitochondria or the stroma or thylakoid membranes of chloroplasts. For a detailed description of these pathways, see BOX 1. The electron microscopy images shown are of a mitochondrion from Solanum tuberosum (a) and a chloroplast from Arabidopsis thaliana (b), and were provided by B. Daum, F. Joos and W. Kühlbrandt of the Max Planck Institute for Biophysics, Frankfurt, Germany.
	Targeting to the organelle
	Table 1 | The import signals of mitochondrial and chloroplast proteins
	Figure 2 | Transport of precursor proteins from the cell cytosol into mitochondria and chloroplasts. a | The organelle structure of a typical plant cell is shown, including the nucleus, vacuole, peroxisomes, mitochondria, the endoplasmic reticulum (ER) and Golgi. Protein synthesis occurs on cytosolic ribosomes, and proteins are then sorted to various organelles, including mitochondria and chloroplasts. The box depicts the region shown in b. b | Most protein transport into mitochondria and chloroplasts occurs post-translationally. Precursor proteins are synthesized on cytosolic ribosomes (1) and are subsequently targeted to an organelle by cytosolic factors (2). Heat shock protein 70 (Hsp70) has a central role in targeting precursor proteins to mitochondria and chloroplasts. It acts alone or in association with cofactors such as Hsp90, 14‑3‑3 and arylhydrocarbon-receptor-interacting protein (AIP). The mitochondrial stimulating factor (MSF) promotes targeting of precursor proteins in the absence of Hsp70. The ankyrin-rich protein AKR2A guides chloroplast outer-membrane proteins to their target membrane. In some cases, there is a close proximity between translation and transportation into mitochondria (3). Factors such as the nascent-associated polypeptide complex (NAC) and ribosome-associated complex (RAC) have been reported to stimulate precursor protein import. For chloroplasts, it has been proposed that a subset of precursor proteins can be targeted from the ER by vesicle trafficking (4). Similarly, vesicular trafficking has been shown from mitochondria to peroxisomes (5). 
	Protein translocation across the outer membrane
	Figure 3 | The translocon of the outer membrane of mitochondria and chloroplasts. a | The translocase of the outer membrane of mitochondria (TOM) complex consists of the pore-forming Tom40 protein, the receptor proteins Tom70, Tom20 and Tom22 as well as the small Tom proteins (Tom5, Tom6 and Tom7) that are involved in regulation of complex stability. Tom70 and Tom20 are more loosely attached to the TOMcore complex, and together these form the TOMholo complex. The translocase of the outer membraneof chloroplasts (TOC complex) is built by the pore-forming Toc75 protein, the receptor proteins Toc64, Toc34 and Toc159. Toc12 and Toc64 are not components of the TOCcore complex, but associate with this through Toc34. IMS, intermembrane space; O(E)M, outer (envelope) membrane. b | Many precursor proteins are delivered to the translocon by chaperones of the heat-shock protein 70 (Hsp70) and/or Hsp90 type. Hsp70 and/or Hsp90 guide hydrophobic precursor proteins to the Tom70 receptor in mitochondria or the Toc64 receptor in chloroplasts. The chaperones dock directly to the tetratricopeptide repeat (TPR) domain of these receptors, which are peripherally associated with the translocon. In the case of mitochondria, the precursor is likely to be subsequently delivered by Tom22 to the translocation pore. Some Tom70‑dependent hydrophobic precursors also contain a cleavable presequence that is recognized by the receptor protein Tom20. In chloroplasts, the precursor protein first passes from Toc64 to Toc34, before transfer to Toc159 and then translocation by Toc75. Tom70 and Toc64 are loosely attached to the core translocon. This association might be stabilized during precursor transfer (shown by double-headed arrows). c | The TOM and TOC complexes have distinct modes of translocation. According to the ‘increasing affinity’ model (also termed the ‘acid bristle’ theory), an increasing density of negative charges on Tom22 drives the import through the TOM complex. Tom20 contains a hydrophobic pocket (HYD, hydrophobic-binding motif) that recognizes the signal in the precursor protein. Positively charged residues in the precursor protein then interact with negatively charged acid residues in the cytosolic domain and the intermembrane space region of Tom22 to drive translocation. The TOC complex contains two GTP-regulated receptors, Toc34 and Toc159, and GTP binding and hydrolysis by these receptors can stimulate precursor-protein import. Hsp70 localized in the IMS might provide additional driving force by ATP consumption for the translocation process and could be regulated by the DnaJ or ‘J’ domain of Toc12.
	Figure 4 | Signal length requirement and translocon initiation. a | The translocation of precursor proteins (shown as cylinders at the top) across the membrane requires the signal peptide to be a certain amino acid (aa) length. The efficiency of in vitro import of precursor proteins with signals of variable length (but always with the same passenger domain) into the matrix of mitoplasts (mitochondria with removed outer membrane) or mitochondria, or the stroma of chloroplasts has been quantified120–123. The efficiency of import in relation to the signal length is presented schematically; dots are included only for better visibility and do not reflect experimental values. Precursors are translocated into mitoplasts by the translocase of the inner membrane of mitochondria 23 (TIM23) machinery alone (BOX1; FIG.1). For translocation into mitochondria, the signal peptide (white cylinder) has to pass through both the translocase of the outer membrane of mitochondria (TOM) complex and the TIM23 machinery. The length required for translocation into chloroplasts is similar to that for mitoplasts, suggesting that the signal only has to pass through the translocase of the outer membrane of chloroplasts (TOC) complex machinery, and not into the translocase of the inner envelope membrane of mitochondria (TIC) complex machinery (BOX1; FIG.1), to enable successful translocation into the stroma. b | The initiation of translocation of titin as an artificial passenger protein fused to a signal peptide requires distinct energizing events123–126. In each case, a signal peptide of distinct length was used. Mitochondrial translocation is energized by two events: the signal peptide engages the inner-membrane-associated mitochondrial motor (1), which leads to unfolding and translocation of the passenger (2). Translocation into chloroplasts involves three distinct events. An early event, possibly at the TOC complex, leads to rapid detachment of the amino‑terminal region (red) from the globular fold (grey) (1), resulting in the transfer of the signal peptide across theTIC complex, leading to the interaction with stromal chaperones139–141 (2). The latter interaction is required for the final unfolding and translocation events (3). IM, inner membrane; IMS, intermembrane space; OM, outer membrane.
	Table 2 | The global elements of protein translocation 
	Translocase regulation of sorting
	Conclusions

