
A hallmark of eukaryotic cells is the pres-
ence of a nucleus and the bioenergetic 
organelles — the mitochondrion and the 
plastid, which originated from Gram-
negative bacterial progenitors that once 
resided inside a eukaryotic ‘host’ cell as 
endosymbionts and were converted over 
time into bona fide organelles1–6. It is 
believed that the mitochondrion originated 
through endosymbiosis from an alphapro-
teobacterium approximately two billion 
years ago1–6, but the nature of the host 
remains uncertain and lies at the heart of an 
ongoing debate about eukaryogenesis3. One 
line of reasoning argues that an endomem-
brane system was a prerequisite for phago-
cytic capture of the alphaproteobacterium, 
implying that the host of the mitochondrial 
forerunner was a primitive eukaryote3,6. The 
opposing view is that the eukaryotic stem 
lineage was founded by the association of 
the alphaproteobacterial endosymbiont with 
a methanogenic archaeon, with the endo-
symbiont exerting a prominent influence  
on the emergence of the endomembrane  
system and the nuclear envelope in the 
methanogenic host7,8. 

Despite these divergent opinions about 
mitochondrial origin, there is broad agree-
ment that the plastid originated approxi-
mately 500 million years later in a bona fide 
mitochondriate eukaryotic host through a 
cyanobacterial primary endosymbiosis1,2,9. 
Although the phylogenetic provenance of 
the cells (if not the nature of the host) that 
gave rise to the mitochondrion and the 
plastid has been clarified, a satisfactory 
explanation of how the prokaryote-to-
organelle conversion (organellogenesis) 
occurred is lacking. However, it is clear that 
this process led to a strict dependence of 
the organelles on the nucleus1,2,4–6,10–12. This 
is substantiated by the fact that over 2,000 
proteins that function in modern day mito-
chondria and plastids are encoded in the 
nuclear genome, synthesized by cytosolic 
ribosomes and then transported into the 
endosymbiont-derived compartments13,14. 
Such a nucleus-to-organelle flow of infor-
mation constitutes the essential property 
of organellogenesis that resulted from the 
eukaryotic host progressively assuming 
control over the biogenesis of the captured 
prokaryotic cells.

Nuclear dominance over bioenergetic 
organelles is probably the result of con-
tinuous selective pressure on the host to 
optimize energy production from alphapro-
teobacterial oxidative phosphorylation 
and cyanobacterial oxygenic photosyn-
thesis1,2,11,12. Therefore, innovations that 
increased the efficiency of energy produc-
tion and its extraction from the endosym-
bionts were fixed over time in the nuclear 
genome. In this context, it is likely that  
the genomes of the mitochondrial and  
plastid forerunners were degenerating owing 
to Muller’s ratchet10,11,15, resulting in a decrease 
in bioenergetic performance. To maintain 
and further improve the physiological 
competence of the endosymbionts, the 
mitochondrial and plastid hosts were under 
selective pressure to take over the functions 
of the captive prokaryotes. This led to the 
establishment of nuclear genes that encode 
products that optimize the fitness of endo-
symbiont-derived compartments11,12,16–18. 
These genes were recruited by endosymbi-
otic gene transfer (EGT)16, by the de novo 
generation of genes11,12, by horizontal gene 
transfers (HGT)18 and by co-option of pre-
existing host functions17. These processes 
resulted in massive endosymbiont (that is, 
organellar) genome reduction (to 20–200 
genes, data from NCBI organelle genome 
resources) owing to losses of dispensable 
functions or replacement of functions by 
nuclear loci10,11.

Nuclear control of endosymbiont activi-
ties necessitated the evolution of protein-
sorting systems to recognize and relocate 
nuclear-encoded polypeptides into the 
nascent organelles1,2,4–6,11,12. Such primitive 
protein-sorting systems correspond to the 
ancestors of the Toc and Tic protein translo-
cons in modern-day plastids19–21, and the 
sorting and assembly machinery (SAM),  
the Tom and Tim23 translocons and the sol-
ute carrier Tim22 insertase in modern-day 
mitochondria4,22,23 (the putative phylogenetic 
origins of the subunits of complexes is pre-
sented in Supplementary information S1 
(table)). Traditional views usually assume 
that these components arose to target 
nuclear-encoded proteins that contain  
presequences directly into the interior of 
the endosymbionts (that is, the prokaryotic 
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cytosol) to support increasing EGT in the 
early stages of organellogenesis4,5,12,19,20,24,25. 
This ‘insiders’ paradigm’ is also a characteris-
tic of alternative models that assume the ini-
tial target for organelle establishment was the 
random insertion of eukaryote-derived sol-
ute transporters in the inner membrane (IM) 
of the endosymbionts6. As Gram-negative 
bacteria are shielded by four external layers 
(lipopolysaccharides, the outer membrane 
(OM), peptidoglycan and the IM)26, these 
models fail to explain how nuclear-encoded 
molecular components gained access to the 
interior of prokaryotic cells. By taking an 
‘outsiders’ perspective’, we propose instead 
that the foundation for mitochondrion and 
plastid evolution was laid in the OM of 
the captured endosymbionts because of its 
greater accessibility to host factors in the 
cytoplasm. Only later could host-directed 
components systematically enter the inter-
membrane space (IMS), then gain access 
to the IM, and finally reach the organelle 

interior. Such a putative outside-to-inside 
trajectory provides a straightforward and 
unanticipated perspective on organelle evo-
lution by implying that both the mitochon-
drion and the plastid were established in 
stages in a convergent manner.

The story begins in the OM
A minimal nuclear-encoded mitochondrial 
system. we propose that mitochondrial 
and plastid organellogenesis was initiated 
by the respective hosts assuming control 
over the assembly of β-barrel proteins in the 
OM of the endosymbionts (BOX 1). This 
occurred when Omp85 genes were estab-
lished by EGT in the nuclear genome of the 
eukaryotic hosts, giving rise to the ancestors 
of Sam50 and Toc75 (Refs 4,27) (BOX 1). In 
the case of the mitochondrion we propose 
that, parallel to the establishment of Sam50 
in the nucleus, another component that was 
probably derived from a bacterial porin 
gene evolved in the host nuclear genome. 

Its product was expressed, synthesized by 
cytosolic ribosomes and targeted to the OM 
of the endosymbiont. This pore-forming 
component progressively acquired the prop-
erty to function as a receptor and a translo-
cation channel to dock and import itself and 
Sam50 across the external alphaproteobac-
terial membrane (fIG. 1a). The incipient OM 
pore represents the ancestor of the β-barrel 
protein Tom40, which is the core of the Tom 
translocon4. Each newly translocated  
Tom40 and Sam50 molecule that gained 
access to the endosymbiont periplasm could 
potentially be recognized by endogenous 
prokaryotic chaperones (for example, Skp 
and SurA in Escherichia coli) and delivered 
to the pre-existing alphaproteobacterial 
Omp85 and inserted in the OM of the 
endosymbiont26. Once pools of Sam50 accu-
mulated in the OM of the endosymbiont, 
this component could progressively assume 
control over its own assembly and that of 
Tom40 (fIG. 1a), as observed in modern-day 
mitochondria22,23. we postulate that this 
constituted a minimal organized system of 
nuclear-encoded factors that were able to 
target and assemble themselves in the OM 
of the endosymbiont. The striking aspect of 
this initial sorting system was its property  
of self-sustainability and amplification 
(BOX 2), which was probably a feature 
required to drive its own establishment.

A minimal nuclear-encoded plastid system. 
In plastids, the product of the cyanobacte-
rial Omp85 gene that was established in the 
nucleus progressively acquired the ability to 
dock and translocate itself across the OM, 
resulting in the ancestor of Toc75 (fIG. 1b). 
Initially, incoming Toc75 in the endosym-
biont periplasm was taken by pre-existing 
chaperones and assembled by cyanobac-
terial Omp85. As observed for ancestral 
mitochondrial Sam50, primitive Toc75 
maintained its prokaryotic Omp85 property 
and, once inserted in the OM, could drive 
the assembly of incoming pools of Toc75. 
This was the origin of a self-sustaining 
loop of translocation and assembly around 
Toc75 (BOX 2). It is interesting that a similar 
biogenetic path is retained by modern-day 
Toc75 in plant chloroplasts in which plastid-
targeted Toc75 precursors are translocated 
into the IMS of the organelle by pre-existing 
pools of Toc75 and are assembled in the 
OM28.

The validity of the ideas discussed above 
will depend on experimental data that link 
the function of Toc75-related proteins in 
plants and algae to the insertion of β-barrel 
proteins in the OM of plastids. It has been 

 Box 1 | Priming the prokaryotic outer membrane for organellogenesis

Whereas proteins localized to the inner membrane (IM) of Gram-negative bacteria are folded 
according to an α-helical structural motif, the vast majority of proteins contained in the outer 
membrane (OM) are of the β-barrel type26. The OMs of plastids and mitochondria are descended 
from the OMs of their prokaryotic Gram-negative progenitors, and retain the ability to assemble 
β-barrel proteins4,29,31,32. The two best examples of this type of OM component in mitochondria 
are Sam50 and the protein-conducting channel of the Tom translocon, Tom40 (Refs 4,22,74). 
Similarly, the pore of the Toc translocon in plastids, Toc75, is a β-barrel protein20,27,29. In 
Gram-negative bacteria, β-barrel components are assembled by the outer membrane protein of 
85 kDa (Omp85), which is a β-barrel protein pore capable of self-assembly26. In mitochondria, 
the integration of this class of protein in the OM is carried out by the sorting and assembly 
machinery (SAM) complex — the central component of this complex is Sam50, a homologue  
of alphaproteobacterial Omp85 (Refs 4,23,26). Curiously, Toc75 is also a homologue of 
cyanobacterial Omp85 (Refs 27,29). The fact that both mitochondria and plastids conserve 
essential features of Gram-negative OMs (that is, the presence of β-barrel proteins and 
functional Omp85 homologues) is a remarkable example of convergence in the evolution of 
plastids and mitochondria. We suggest this did not occur by chance but rather reflects the fact 
that the establishment of the first molecular system of host-encoded factors in the OM of the 
endosymbionts was in the context of β-barrel protein assembly.

But how did host-derived components gain access to the OM? We assume that the 
Gram-negative bacterial forerunners of the mitochondrion and the plastid were free inside  
the host cell (for example, by escaping digestion) with their OMs directly exposed to the 
cytoplasm. It is conceivable that permeability of the OM of the captured prokaryotes occurred 
as a consequence of a long-term endosymbiotic relationship that allowed access to 
host-derived cytosolic proteins. This may have been caused by, for example, the loss of  
structure of the OM lipopolysaccharides that is observed among modern-day prokaryotic 
endosymbionts75. Alternatively, as in mitochondria, plastids and some endosymbiotic bacteria in 
eukaryotes75–78, it is conceivable that pools of glycerolipids derived from the ancestral host 
endoplasmic reticulum (for example, phosphatidylcholine) might have systematically gained 
access to the OM of the plastid and mitochondrial precursors and thereby increased membrane 
permeability. Another intriguing possibility is that access of host-encoded factors to the OM 
may have been facilitated by delivery of proteins through vesicular systems derived from the 
secretory pathway1 or, alternatively, by co-translational targeting of nascent polypeptides 
coordinated by cytosolic ribosomes attached to the endosymbiont outermost lipid layer12.  
In any case, we suggest that the combination of an acquired accessibility to the OM of the 
endosymbionts and the putative operation of a primitive protein delivery system helped set  
the stage for the evolution of an initial organized system of nuclear-encoded molecular factors 
that were able to act in the OM of the plastid and mitochondria forerunners.
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proposed that the biogenesis of β-barrel 
proteins in the chloroplast OM relies on the 
outer envelope protein of 80 kDa (OEp80), 
which is a Toc75 paralogue29,30. If this 
hypothesis is correct, then two scenarios 
may explain the diversity of Toc75-related 
proteins in plants and algae. In the first 

scenario, a duplication of the primitive 
Toc75 gene occurred during evolution. The 
paralogue OEp80 became predominantly 
involved in the assembly of β-barrel proteins 
in the plastid OM, whereas Toc75 special-
ized in translocation of proteins across the 
OM of the organelle (fIG. 1b). In the second 

scenario, two paralogues of cyanobacte-
rial Omp85 were already established in the 
nucleus of the host in the early stages of 
organellogenesis. These two loci evolved  
to encode a self-sustaining loop around  
the protein-conducting pore Toc75 and the 
β-barrel assembly factor OEp80 (fIG. 1b).
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Figure 1 | Putative early stages in mitochondrial and plastid organello-
genesis. Molecular factors are either encoded in the nucleus (blue) or in 
the alphaproteobacterial (yellow) or cyanobacterial (green) chromosome. 
Question marks indicate currently unknown components. a,b | Genes 
encoding Tom40, Sam50 (a), Toc75 and possibly OeP80 (b) were relocated 
to the nuclear genome of the respective eukaryotic hosts, and the 
encoded mrNA translated by cytosolic ribosomes. The resulting proteins 
were directed across the Tom40 pore in the alphaproteobacterial outer 
membrane (OM) (a) or the Toc75 channel in the cyanobacterial OM (b), 
then protected by bacterial periplasmic chaperones in the intermembrane 
space (iMS), and assembled in the OM by endogenous Omp85. 
Accumulated OM pools of Sam50 (a) and Toc75 (or OeP80) (b) increasingly 

assumed control over the assembly of nuclear-encoded proteins, enabling 
the establishment in the nucleus of new genes for organelle-destined 
β-barrel proteins (for example, porins). c,d | Novel nuclear-encoded fac-
tors gained access to the iMS, replaced the endogenous components, and 
supported the biogenesis of β-barrels by Sam50 in the alphaproteobacte-
rial OM (c) and Toc75 (or OeP80) in the cyanobacterial OM (d). erv1 and 
Mia40 (c) were introduced during mitochondrial evolution as a disulphide 
relay system for newly established iMS proteins, including the ancestor of 
the small Tim chaperones and Mia40–erv1. At this stage, the subunits 
Tom22 and Sam35 (c) could have been added as receptors for β-barrel 
proteins81,74 and Tom7 as a negative regulator of Tom40 biogenesis23.  
iM, inner membrane.
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A nuclear-encoded ‘Trojan horse’. Tom40–
Sam50 and Toc75–Toc75 were established as 
minimal systems in the OM of the endosym-
bionts. From here, they could progressively 
displace endogenous Omp85 in complexes 
with their native auxiliary factors (for exam-
ple, the Yfgl, NlpB and YfiO interactors of 
the E. coli Omp85)26 and assume control over 
the assembly of β-barrel proteins encoded  
by the prokaryotes31. This precipitated the 
loss of the original Omp85 gene from  
the chromosome of the endosymbionts. In 
addition, prokaryote β-barrel proteins (for 
example, porins) could be established in the 
nucleus by EGT or HGT and thereafter be 
imported through the primitive Tom40 and 
Toc75 pores and assembled by Sam50  
and Toc75 in the OM of the incipient 
mitochondrion and plastid, respectively31,32 

(fIG. 1a,b). These porin-type components 
would potentially have formed the first layer 
of metabolic flow regulation between the 
host cytosol and the endosymbiont interior. 
These events illustrate the principle that 
genetic integration of molecular components 
acting in a given endosymbiont compart-
ment (for example, the OM) follows the 
establishment of ‘pioneering’ protein-sorting 
factors in that compartment. 

The IMS as a new host space
The establishment of the pores Tom40 and 
Toc75 in the OM of mitochondria and plas-
tids, respectively, allowed newly evolved 
nuclear-encoded proteins to gain access to 
the endosymbiont periplasm (the organellar 
IMS). The best example of this phenomenon 
is provided by the ancestor of the small Tim 

chaperone complexes, Tim9–Tim10 and 
Tim8–Tim13, in mitochondria22,33. These 
paralogues originated in the nucleus of 
the host from a single progenitor33 that we 
suggest evolved in the context of the initial 
self-sustaining loop in the OM to improve 
the efficiency of Sam50-driven β-barrel pro-
tein assembly (fIG. 1c; BOX 2). This function 
is still maintained by small Tim chaperones 
in modern-day mitochondria that protect 
hydrophobic β-barrel proteins (such as 
Tom40 and Sam50) from self-aggregation 
once they traverse the Tom40 pore and gain 
access to the IMS22,23,33. The Tim chaperones 
also escort these sorting substrates to the 
Sam50 complex (fIG. 1c). In plastids, Toc75 
is also inserted from the IMS28, which sug-
gests that the prokaryotic paradigm for 
β-barrel assembly from the inside might 
have been recapitulated in both mitochon-
drion and plastid evolution. Analogous to 
the mitochondrion, it is possible that a host-
controlled chaperone system may also have 
evolved in the IMS of plastids to support the 
assembly of β-barrel proteins by ancestral 
Toc75 (fIG. 1d).

Interestingly, the small Tim proteins in 
the mitochondrial IMS and the Skp and 
SurA components in the periplasm of many 
Gram-negative bacteria are analogous ATp-
independent chaperone systems34,35. Also, 
the structure of the complexes formed by 
small Tim components resembles the archi-
tecture of the Skp complex, although no 
relationship in amino acid sequence exists 
between these chaperones35. Even the bind-
ing specificity of Tim10 and SurA for hydro-
phobic substrates has been shown to be 
remarkably similar34. In addition, the redox 
relay system that exists in the IMS of mito-
chondria to import (by a folding trap)  
and lead to the maturation of disulphide-
containing proteins, such as small Tim 
proteins, is analogous to the DsbB–DsbA 
pathway in the periplasm of Gram-negative 
bacteria, except that the reciprocal compo-
nents existing in mitochondria, Erv1 and 
Mia40 (fIG. 1c), are of eukaryotic origin36. 
All of these analogies support the idea 
that newly evolved nuclear-encoded fac-
tors gained access to the endosymbiont 
periplasm, displaced the endogenous com-
ponents and took over their functions and 
respective substrates. This host-controlled 
IMS system served as a platform for a major 
downstream event in organelle evolution.

Reprogramming the IM permeome
Eukaryotic solute carriers in organelles. 
Mitochondria and plastids are metabolically 
active compartments that routinely exchange 

 Box 2 | The role of autocatalytic networks in organellogenesis

The concept of autocatalytic networks is often applied in origin-of-life models to describe the 
replication behaviour of a given set of two or more components that are capable of catalysing 
their own synthesis79. The biogenetic interdependence of Tom40 and Sam50 (Refs 23,75) can be 
described as an autocatalytic system because the presence of Tom40 and Sam50 enhances the 
import and assembly of more of these proteins. The advantage of an autocatalytic organization 
resides in its self-sustainability, as well its evolvability. Each mutation that enhances the function 
of a component affects the fitness of the whole autocatalytic network79. Through this 
mechanism, a weak selective pressure on the function of Sam50 would favour the fixation of 
mutations that improve the translocation activity of Tom40, and vice versa. 

Interestingly, the amplificatory property of the Tom40–Sam50 autocatalytic loop probably 
required the early establishment of a negative regulator. This might have been Tom7 (fIG. 1c), a 
ubiquitously conserved subunit of the Tom complex that in yeast mitochondria exerts negative 
control over the turnover of Tom40 assembly in the Tom complex23. Another inherent aspect of 
an autocatalytic organization is its expansibility. This occurs when a new component is 
introduced to the network as a by-product of one of the previous components and reinforces 
the biogenesis of the upstream factors. One example is the establishment of the ancestral small 
Tim in the intermembrane space (IMS), which stimulated the assembly of Sam50 and Tom40 in 
the outer membrane (OM)23,33. As a result of this, accumulation of Tom40 facilitated access to the 
IMS by an increasing pool of small Tim chaperones. In a similar manner, the introduction of  
the Mia40–Erv1 system provided a relay of disulphide bonds to the cysteines of the small Tim 
proteins36,80, thereby maturating and trapping functional Tim chaperones in the IMS. 
Consequently, more Sam50 and Tom40 were assembled, stimulating the translocation of Mia40 
and Erv1 by Tom40. Curiously, in plants and metazoans the entrapment of Mia40 and Erv1 in the 
IMS depends on disulphide bonds relayed by previously established Mia40–Erv1 (Ref. 81), 
thereby strengthening the whole biogenetic cycle. The reinforcing loop mechanism spread to 
the inner membrane (IM) as well. It is not by chance that Tim22 insertion is autocatalytic and 
dependent on the function of small Tim proteins. In turn, Tim22 assembles Tim23 and Tim17 
(Refs 22,23). Curiously, the fungal Mia40 is a typical single transmembrane domain substrate of 
the Tim23 complex80. Therefore, the entire mitochondrial protein-sorting system was gradually 
built up on a multi-component autocatalytic network.

The hypothetical bioenergetic interdependence of the Toc75 translocator and the Toc75 
β-barrel assembly factor also included a true autocatalytic loop in the primitive plastid. The 
observation that Toc75 is the only OM protein that relies on a transit peptide (TP)28 might 
provide a further example of this phenomenon. In parallel to the establishment of 
Toc75-mediated translocation of TP-containing proteins, the ancestral Toc75 acquired a TP, 
thereby conditioning its biogenesis to its new function. The translocation of TP-containing 
substrates in the IM relies on Tic110, which self-catalyses its own translocation68,69 and is 
possibly involved in its further integration in the IM from the organelle interior67,69. In addition, 
the precursor of Toc75 depends on its positioning at the Tic110 pore for processing of the TP 
before assembly in the OM28. Therefore, the entire apparatus for TP translocation was 
putatively organized as a self-reinforcing system.
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with the cytosol a plethora of small metabo-
lites such as metal ions, amino acids, car-
bohydrates, nucleotides and cofactors. The 
regulation of metabolic flow between the 
organelles and the cytosol relies on an array 
of substrate-specific transporters located in 
the IM of mitochondria and plastids — the 
IM permeome37. This is also the case in 
Gram-negative bacteria, in which perme-
ability between the prokaryotic cytosol and 
the external environment is regulated by IM 
transporters17. Surprisingly, phylogenetic 
studies show that solute carriers in the IM 
of mitochondria and plastids are largely of 
eukaryotic rather than prokaryotic prov-
enance11,12,17,38. Mitochondrial carriers are a 
specialized family of six α-helix-containing 
proteins that are integral to the IM and that 
evolved in the host nucleus38, whereas in 
plastids the majority of solute carriers were 
co-opted from transporters that already 
existed in the vacuolar membrane system of 
the host17. These data show a major transi-
tion in organellogenesis that occurred when 
the hosts replaced all previous IM solute 
transporters of the endosymbionts with 
eukaryote-derived nuclear-encoded solute 
carriers (fIG. 2a,b). Since then, the eukaryote 
hosts acquired the ability to regulate the 
function and physiology of the organelle 
to best suit their needs. Examples of such 
newly evolved selective solute carriers are 
the ADp/ATp carrier in mitochondria that 
allowed the host to tap into energy produced 
by oxidative phosphorylation11,12,38, and the 
triose-phosphate/phosphate translocator in 
plastids that made the flow of carbohydrates 
generated by photosynthesis possible39.

Requirements for permeome reprogram-
ming. The systematic insertion of eukaryote 
solute carriers in the IM of the endosym-
bionts was crucial to the evolution of 
organelles from captured prokaryotes. 
This raised the possibility that the onset of 
mitochondrial and plastid organellogenesis 
occurred directly in the IM by random 
insertions of incipient solute transporters6. 
However, as the topogenesis of integral 
proteins is usually a catalysed process22,40, 
it is more likely that primitive insertases 
evolved early in the nascent organelles to 
fulfil this task. One example is Tim22 in 
the mitochondrion, a protein responsible 
for insertion of the mitochondrial carriers 
Tim17 and Tim23, as well as itself, into the 
IM22,23,41 (fIG. 2a). Tim22 is broadly conserved 
among eukaryotes and, in contrast to previ-
ous suggestions41, seems to lack a homologue 
in bacteria (Supplementary information S1 
(table)). we propose that Tim22 evolved in 

the eukaryotic host as a factor to drive the 
reprogramming of the alphaproteobacterial 
IM permeome. An important observation is 
that Tim22 and its substrates are imported 
across the Tom40 channel22,23. In addition, 
before insertion in the IM, hydrophobic 
Tim22 and the mitochondrial carriers need 
to be escorted through the aqueous IMS  
by a complex of small Tim chaperones 
(Tim9–Tim10) similar to the complex that 
was previously found to support β-barrel 
biogenesis by Sam50 in the OM22,23 (fIG. 2a). 
These data indicate that the OM and IMS 
systems that were in place in earlier stages of 
organellogenesis played a fundamental part 
in the evolution of the organized insertion  
of solute carriers in the IM of the nascent  
mitochondrion by Tim22.

Harnessing the respirasome
N-terminal presequences before matrix 
targeting. Tim23 and Tim17, which form 
the core of the Tim23 translocase22,23 in the 
IM of mitochondria, were the next players 
to be introduced in this evolutionary ‘saga’ 
(fIG. 2c). These proteins are phylogeneti-
cally related to Tim22 and are integrated in 
the IM by the Tim22 insertase4,22,41. These 
observations suggest that Tim23 and Tim17 
might have been generated by a duplica-
tion involving an ancestral Tim22 gene, 
with family members evolving to perform 
two different protein pore functions (as the 
Tim22 carrier insertase and as a member 
of the Tim23 complex). we propose that 
the Tim23 complex originally evolved to 
insert proteins anchored in the IM by an 
N-terminal, a-helical single transmembrane 
domain (STMD)42,43 (fIG. 2a). proteins inserted 
by Tim23 typically have a positively charged 
and cleavable N-terminal extension that 
is traditionally referred to as a matrix tar-
geting sequence22,44. we suggest that such 
N-terminal presequences evolved to increase 
the overall positive charge in the N-terminus 
of the Tim23 substrates that, under the influ-
ence of the IM electrochemical potential 
(negatively charged in the matrix side of the 
IM), helped the presequences to sink into 
the Tim23 channel and place the STMD  
in the plane of the IM42,45,46. Therefore, prese-
quences might have initially evolved not as 
topogenic signals but as devices to enhance 
the IM integration of STMD proteins  
(BOX 3) in a stage of organellogenesis when  
translocation into the matrix was not yet 
mechanistically feasible.

Is Tim23 the respirasome translocase? The 
I (NADH:ubiquinone oxidoreductase), III 
(cytochrome bc1) and Iv (cytochrome c 

oxidase) complexes of the mitochondrial 
respiratory chain tend to be grouped in 
multi-complex assemblies often called 
the respirasome47 (fIG. 2a). In most mito-
chondria a core of usually 20 components 
derived from the alphaproteobacterial 
ancestor confer the catalytic properties of 
the respiratory enzymes; that is, the transfer 
of electrons to oxygen and the pumping of 
protons into the IMS48–52. Surprisingly, in 
eukaryotes the mitochondrial complexes I, 
III and Iv contain several additional small 
subunits that are not present in bacteria48–52. 
In the mammalian respirasome there are 
~48 of these supernumerary subunits,  
~24 of which are STMD-type proteins48–52.  
with some exceptions, the function of these 
new small components is linked to the  
stability and, in particular, to the assembly  
of the complexes48,51,52. we propose that 
once the host gained access to the IM, a 
novel strategy to exert external control over 
the bioenergetic performance of the endo-
symbiont evolved through the establish-
ment of Tim23: the introduction of STMD 
subunits in the IM sector of the respiratory 
chain (fIG. 2a). 

Because all respirasome subunits were 
encoded in the alphaproteobacterial chro-
mosomes, the new principle was to break 
the endogenous assembly of the respira-
tory complexes in sequential steps — the 
transitions between these steps depended 
on the coordinated addition and action of 
the nuclear-encoded small subunits48,51,52. 
The expression of these subunits could have 
been fine-tuned under nuclear regulatory 
circuits that evolved to sense oxygen53,54. 
Thereby, newly evolved small supernumer-
ary subunits could dictate the rhythm of 
assembly and disassembly of the respirasome 
to optimize bioenergetic performance and 
minimize production of harmful reactive 
oxygen species53. At least nine STMD subu-
nits in mammals are conserved in plants and 
fungi48–52. In addition, components involved 
in the biogenesis of the respiratory cofactors 
(for example, Cox11 and Sco1) and the cata-
lytic subunit of complex III, cytochrome c1, 
are STMD proteins51,53. All of these topologi-
cally simple polypeptides could potentially 
have been encoded in the nucleus following 
evolution of the Tim23 insertase. Because 
sorting to the IMS was already functional, 
soluble supernumerary subunits could also 
aggregate to the part of the respirasome 
exposed to the IMS (fIG. 2a).

remarkably, the β- and α-subunits of 
the matrix processing peptidase (Mpp) that 
is involved in cleavage of the Tim23 prese-
quences are homologues of, respectively, the 

P e r s P e c t i v e s

NATurE rEvIEwS | Genetics  ADvANCE ONlINE puBlICATION | 5

© 2009 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/nrg/journal/vaop/ncurrent/suppinfo/nrg2610.html


c  Mitochondrial organellogenesis d  Plastid organellogenesis

Nature Reviews | Genetics

a  Mitochondrial organellogenesis b  Plastid organellogenesis

• Tom40
• Sam50
• β-barrel 
   proteins

• Small Tims
• Mia40, Erv1
• IMS proteins
• Tom22, Tom7, 
   Sam35
• Tim22

• Tom40
• Sam50
• β-barrel
   proteins
• Small Tims

• Mia40, Erv1
• IMS proteins
• Tom22, Tom7, 
   Sam35
• Tim22
• Solute carriers

• Solute carriers
• Tim23,17 
• IMS and IM 
   respiratory factors

• OEP80?
• β-barrel 
   proteins

• IMS 
   proteins
• Toc75

• Tic110, Hsp93, SSP
• Post-imported IM proteins
• Stromal proteins

• IM and matrix 
   respiratory factors
• Matrix proteins

• OEP80?
• β-barrel 
   proteins

• IMS  
   proteins
• Toc75

OM

IMS

IM

OM

IMS Sam50
Sam35

Porin

Tom40

Sam50
Sam35

Porin

Carriers, Tim22, 
Tim23, Tim17

Tom40

STMD protein

Small Tims

Tim22
Tim
23,17

IM

Mitochondrial 
carriers
(permeome)

Peptidase

Respirasome

Tim22

Oxa

MPP

Alphaproteobacterial cytosol

Mitochondrial matrix 

Cyanobacterial cytosol

Plastid stroma

Solute carriers 
(permeome)

TP

Toc75/
OEP80

Toc75

Insertase

?

TP

Toc75/
OEP80

Porin
Toc75

Insertase

? ?

Mitochondrial 
carriers
(permeome)

Solute carriers 
(permeome)

Host cytosol 

Host cytosol Host cytosol 

Host cytosol 

Porin

OM

IMS

IM

OM

IMS

IM

Tom7
Tom22

Tom7
Tom22

Toc34

Hsp70

Toc34

Hsp70

Tim
23,17

Tim50

PAM

IV

III
MPP

I

Hsp93

Tic110

SPP

Respirasome

IV

III

I

Host 
nucleus

• Tim23,17
• IMS and IM
   respiratory factors
• Tim50, PAM, 
   MPP, Oxa
• Post-imported 
   IM proteins

Host 
nucleus

Host nucleus Host nucleus
• Toc34
• Hsp70
• IM insertase
• IM proteins and 
   solute carriers

• Toc34
• Hsp70
• IM insertase
• IM proteins and 
   solute carriers

SPP

P e r s P e c t i v e s

6 | ADvANCE ONlINE puBlICATION  www.nature.com/reviews/genetics

© 2009 Macmillan Publishers Limited. All rights reserved



Figure 2 | Later events in mitochondrial and plastid organellogenesis. Molecular factors are either 
encoded in the nucleus (blue) or in the alphaproteobacterial (yellow) or cyanobacterial (green) chro-
mosome. Question marks indicate currently unknown components. a | The Tim22 insertase was intro-
duced in the alphaproteobacterial inner membrane (iM) to catalyse integration of the mitochondrial 
carriers and its own insertion. Small Tim proteins bridged the transit of sorting substrates from Tom40 
to the Tim22 insertase. Tim23 and Tim17 were substrates of Tim22 inserted in the iM to constitute 
another protein pore. This pore evolved to integrate STMD proteins containing presequences (red) 
into the iM as respiratory factors (for example, supernumerary subunits, small blue circles) to control 
the biogenesis of the alphaproteobacterial respiratory complexes i, iii and iv (the respirasome). An 
alphaproteobacterial cytosolic peptidase was recruited to the respirasome complex iii to cleave the 
presequences of Tim23 substrates. Other soluble respiratory factors (for example, supernumerary 
subunits) could potentially have been attached to the sector of the respirasome exposed to the 
intermembrane space (iMS). b | A putative nuclear-encoded insertase evolved to integrate nuclear-
encoded solute carriers in the cyanobacterial iM. its function was supported by hypothetical  
nuclear-encoded components (chaperones) that were previously established in the iMS. At this stage 
the transit peptides (TPs, red) could have evolved either to facilitate the translocation of substrates 
across the outer membrane (OM) by binding an iMS Hsp70 motor, or to help the integration of solute 
carriers by the iM insertase. Toc34 was established as a receptor for TP-containing proteins. c | The 
putative ancestral protein-sorting system in mitochondria4,24. The addition of the presequence trans-
locase-associated motor (PAM) module to the Tim23 insertase allowed the translocation of proteins 
into the mitochondrial matrix. Among them were new respiratory factors acting in the respirasome 
sector exposed to the matrix. Matrix processing peptidase (MPP) was derived from the alphaproteo-
bacterial peptidase when the corresponding gene was established in the nucleus. Pools of MPP 
became associated with the repirasome complex iii. Oxa was established as a mitoribosome recruiting 
factor to promote the cotranslational insertion of respirasome subunits encoded in the mitochondrial 
genome. in addition, Oxa provided a pathway for post-import insertion in the iM of nuclear-encoded 
proteins (for example, Oxa, PAM subunits and some respirasome components)22. d | The putative 
ancestral protein-sorting system in plastids21. The Tic110 translocase evolved in connection with the 
Hsp93 chaperone motor, making possible the translocation of proteins into the plastid stroma. Among 
them was the nuclear-encoded stromal processing peptidase (SPP). The Tic complex might have  
provided a pathway for post-import insertion of iM proteins such as solute carriers and Tic110.

◀

core 1 and core 2 subunits of complex III of 
the mitochondrial respiratory chain54–58. In 
many fungi (including Neurospora crassa) 
the β-subunit of the Mpp is the same as the 
core 1 subunit55. In addition, in all green 
algae and plants, core 1 and core 2 polypep-
tides are the only catalytic peptidases 
involved in the maturation of Tim23 prese-
quences54,56. Also, the activity of presequence 
peptidase has been experimentally demon-
strated for the core 1 and core 2 subunits 
of complex III in Bos taurus57. we propose 
that the tendency for Mpp activity to associ-
ate physically with complex III (fIG. 2c), in 
many instances conserved during evolution, 
reflects an early recruitment to the respira-
tory chain of the original alphaproteobacte-
rial peptidase58 (fIG. 2a) to allow maturation 
of the typical substrates of Tim23; that is, 
subunits of the respirasome and adjunct 
biogenetic factors. Intriguingly, in modern 
yeast mitochondria, Tim23 is physically 
associated with complexes III and Iv of the 
respirasome42,46.

Protein import into the matrix evolved 
later. we propose that selective pressure to 
enhance the function of Tim23 as a central 
adduct for biogenetic components of the 
respiratory chain triggered the next transi-
tion in mitochondrial organellogenesis: the 

evolution of protein translocation across 
the IM. This was made possible by the addi-
tion of the presequence translocase-associated 
motor (pAM) module to the Tim23 inser-
tase (fIG. 2c); this module was built around 
a recruited heat shock protein, Hsp70, 
located in the matrix of mitochondria22,46,59. 
Evolution of the pAM module promoted 
the nuclear establishment of an array of new 
components, the products of which could 
be imported across the IM in an ATp-driven 
reaction to act in the sector of the respiratory 
chain exposed to the inner organelle (fIG. 2c). 
These included several supernumerary  
subunits51–53, proteins involved in the bio-
synthesis of cofactors53, catalytic subunits 
that are inserted in the IM from inside the 
organelle or that are exposed to the matrix52, 
and biogenetic factors53. In addition,  
the insertase Oxa, which was redesigned  
in the nuclear genome by addition of a 
C-terminal ribosome tethering domain, 
allowed the host to gain control over cotrans-
lational insertion into the organelle IM of 
respirasome subunits encoded in the mito-
chondrial genome60 (fIG. 2c), which removed 
their biogenetic dependence on endogenous 
prokaryotic Sec and Tat translocons. Thus, 
the refinement of control over the alphapro-
teobacterial biogenetic activities reached the 
sorting pathways in the organelle interior.

Plastid inner membrane before the stroma
Transit peptides before stromal targeting. 
what insights does our outsiders’ perspec-
tive provide about protein translocation 
systems in the IMS and IM of plastids in 
light of the shortage of experimental data 
in this arena? Current views largely sup-
port the notion that, by default, plastid 
translocons manage the targeting of pro-
teins containing a cleavable N-terminal 
extension (a transit peptide, Tp) to the 
organelle interior20,40,61. Despite this con-
sensus, proteins destined to the plastid 
IMS and IM surprisingly also contain 
Tps40,61,62, whereas most OM proteins do 
not29,61. we propose that this reflects the 
fact that Tps evolved in the context of 
protein targeting to IMS or the IM of the 
primitive plastid, after protein sorting to 
the OM was established but before import 
into the organelle interior was feasible. 
Because of the similarities between Tps 
and Tim23 presequences61,63, it is possible 
that primitive Tps might have originated 
from mitochondrial presequences by 
exon shuffling and were selected owing to 
their high affinity for Hsp70 chaperones64. 
It could be that one Hsp70 protein was 
established in the IMS after the advent of 
Toc75 to stimulate the full translocation 
of proteins across the OM by binding to 
their Tps64 (fIG. 2b). Interestingly, the Tp 
is the first region of the imported protein 
intermediate that emerges from the Toc75 
pore. Alternatively, it is conceivable that 
a binding specificity for Tps existed in 
the trans site of a putative IM insertase 
(see below) that potentially directed the 
precursors to partially enter the stroma, 
thereby facilitating the correct positioning 
of the membrane anchor signal inside the 
IM insertase (fIG. 2b). This is analogous to 
how N-terminal extensions function in 
the Tim23 insertase22,42. Therefore, in the 
context of both IMS and IM sorting, Tps 
might have initially been established not as 
topogenic signals but as topogenic devices 
(BOX 3).

An insertase for permeome reprogram-
ming? The mechanism of integration of 
some IM proteins in plastids, including 
solute transporters, proceeds from the 
IMS and involves their insertion in a puta-
tive IM channel followed by lateral release 
of the cargo in the lipid bilayer40,65,66. 
By analogy to mitochondrial Tim23 IM 
substrates, the presence of a membrane 
anchor signal following a Tp is sufficient 
to integrate the targeted proteins in the IM 
of plastids40,65,66. The core component of 
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 Box 3 | Evolving the semantics of protein sorting

Organellogenesis depended on reliable mechanisms to ensure that nuclear-encoded proteins 
would reach their suborganellar destination. It is traditionally suggested that a ‘code’ system 
evolved on the basis of topogenic signals in the transported proteins to ‘inform’ their address in 
the organelle70. The best example of such a sorting tag is the N-terminal presequence, 
purportedly a ‘master signal’ for protein import into the mitochondrial and plastid interior. 
However, the contradiction of this notion is that the evolution of such an appended code system 
is of little use without the simultaneous establishment of receptor properties to decode the 
topogenic signals. 

Our perspective, gained from studying mitochondrial evolution, suggests a more 
parsimonious scenario in which presequences initially evolved as structures added to single 
transmembrane domain (STMD) proteins to increase their rate of insertion into the inner 
membrane (IM). To enhance their substrate specificity, Tom40 and the Tim23 insertase evolved 
efficient gating that was dependent on the recognition of the presequences22,43, which were the 
first region of the substrates to insert into the protein pores. In addition, Tim23 evolved an 
excellent mechanism for lateral release of STMD proteins in the IM by ‘sensing’ the adjustment 
of the hydrophobic transmembrane domain in the core of the insertase embedded in the lipid 
bilayer22,42,45,46. Therefore, it was initially the affinity of protein pores for structural tracts 
common to all their substrates that made sense of the presequences and membrane anchor 
regions. The reverse logic of this semantic process is that once presequences and membrane 
anchors were endowed with a ‘meaning’ they became ‘signals’ — that is, a signal to target a 
protein to the Tim23 pore and to insert this protein in the IM. This specificity was further 
enhanced by addition of subunits to the pores — these subunits would act as protein receptors 
for the topogenic signals (for example, Tom22 (Ref. 74)) (fIG. 1c). Over time, the co-evolution of 
pores, receptors and the topogenic signals strengthened the specificity and fine-tuned the 
fidelity of the protein-sorting process.

The idea that topogenic signals evolved in the context of distinctive structural features that 
pre-existed in the sorted proteins is further illustrated in the plastid. In this organelle, transit 
peptides (TPs) might also have been added to intermembrane space (IMS) and IM proteins as 
transient catalytic helpers for the import reaction. But, in contrast to mitochondria, in plastids 
it was the TPs that evolved their specificity to fit the receptor properties that pre-existed in the 
Omp85-derived pore (that is, Toc75). This included adaptation of a phenylalanine residue in  
the N-terminus of TPs that is a key residue in the topogenic signal of β-barrel proteins 
recognized by Omp85 pores27. In this way, TPs evolved the status of a signal for Toc75-mediated 
import towards the IMS and the IM. It is not by chance that the further insertion of proteins in 
the IM of plastids seems to have recapitulated the recognition of the hydrophobic 
transmembrane anchor segment in the insertion substrate65,66. An intriguing possibility is that 
the lack of a suitable membrane anchor signal might have been selected during evolution of 
both mitochondria and plastids as the authentic signal to direct imported proteins into the 
organelle interior.

the membrane anchor signal is likewise an 
α-helical hydrophobic domain65,66. All of 
these characteristics are compatible with a 
protein-sorting system that pre-dates the 
targeting to the interior of the organelle 
and probably results in direct insertion 
of preproteins into the IM rather than a 
‘stop of the transfer’ to the plastid stroma. 
Interestingly, a recent study that analysed 
the import of different plastid IM proteins 
seems to indicate that all tested precur-
sors uniformly cross the OM through the 
Toc translocon, but from their import 
behaviour it seems they diverge afterwards 
in two different groups, probably reflect-
ing their requirement in two distinct IM 
pores40. Because one of the tested pro-
teins, pIC1, has recently been shown to 
be inserted from the stroma after crossing 
the IM67, it is conceivable that the set of 
proteins that includes pIC1 uses the Tic 
translocon. Alternatively, the remaining 

group of proteins might converge to a 
second, yet to be identified insertase. we 
postulate that this might be the standard 
IM insertase that evolved during organel-
logenesis to control the reprogramming 
of the cyanobacterial IM permeome with 
eukaryote-derived solute transporters 
(fIG. 2b).

Protein import into the stroma evolved 
later. Speculation about an early IM 
insertase in plastids raises the question 
of whether this component facilitated the 
implementation of the subsequent step in 
plastid organellogenesis: the evolution of 
protein translocation across the IM by the 
Tic translocon. The current model is that 
the primitive Tic translocon was composed 
solely of a protein-conducting pore, the 
eukaryotic-derived Tic110, coupled to 
the stromal chaperone Hsp93 (Refs 21,68) 
(fIG. 2d). In light of our outsiders’ 

perspective, we propose two different sce-
narios that link the putative pre-existing 
IM insertase to the subsequent evolution of 
the primitive Tic translocon.

In the first scenario, the IM insertase 
might have been a biogenetic factor of 
Tic110 (for example, by catalysing its 
integration in the IM). Thereby, the IM 
insertase that was implemented early could 
have promoted the establishment of Tic110 
in an analogous manner to the evolution of 
Tim23 and Tim17 in the mitochondrial IM 
that might have followed the establishment 
of the Tim22 insertase. Alternatively, it is 
conceivable that Tic110 originally evolved 
as the pore of the IM insertase. later, 
by interacting with different subunits, 
Tic110 acquired the ability to translocate 
proteins into the plastid stroma. In this 
way, two different Tic110 subcomplexes 
would account for protein insertion in the 
IM and stromal translocation in modern 
plastids40. It is possible that protein import 
to the stroma was ensured by interac-
tion of Tic110 with the chaperone motor 
Hsp93 (Ref. 21) (fIG. 2d). This would reca-
pitulate the paradigm described above for 
mitochondrial matrix import involving 
the recruitment of the inner organelle 
Hsp70 to the IM insertase Tim23 (Ref. 46). 
Interestingly, the Tic translocon seems to 
have been further adapted to the insertion 
of IM proteins that are integrated in the 
lipid bilayer after crossing the IM (fIG. 2d), 
because post-import integration of these 
proteins in modern plastids apparently 
depends on the Tic components Tic110, 
Tic40 and the Hsp93 chaperone67,69,70. As in 
mitochondrial evolution, once the plastid 
host gained access to the organelle interior 
it assumed command over internal sorting 
pathways by incorporating new molecular 
components that took over the functions of 
the endogenous Sec and Tat translocons.

Conclusions
we suggest that molecular analysis of the 
protein-sorting functions in modern-day 
plastids will provide the best test for the 
ideas put forward here. A fundamental 
issue to be clarified is the extent of correla-
tion between the mitochondrial and plastid 
protein-sorting systems. This correspond-
ence would be substantiated in our hypoth-
esis by meeting three key predictions. First, 
the assembly of OM β-barrel proteins in 
plastids might involve the Omp85-derived 
components Toc75 or OEp80. Second, 
molecular factors in the IMS, analogous  
to the small Tim chaperones, might sup-
port the function of components in the 
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OM and IM. Finally, a biogenetic or func-
tional connection between the putative IM  
insertase and the Tic complex might  
reflect the evolutionary transition from  
IM insertion to translocation across the IM. 
Furthermore, a detailed understanding of 
protein sorting to the plastid membranes 
will provide the opportunity to re-evaluate 
the prevalent notion of primacy of protein 
sorting to the interior of the organelles. This 
insiders’ perspective traces back to the sig-
nal hypothesis that originally stated that, by 
default, protein channels in the endoplasmic 
reticulum membrane translocate proteins 
containing signal peptides to the compart-
ment lumen71. Our hypothetical model of 
prokaryote-to-organelle conversion points 
instead to the primacy of the membranes as 
targets for mitochondrial and plastid evolu-
tion, and warrants a re-evaluation of the tra-
ditional paradigm for protein translocation. 
we postulate that import of proteins to the 
interior of organelles could only arise as an 
add-on to previously established OM, IMS 
and IM sorting systems. These develop-
ments opened up a new phase of organelle 
evolution that is marked by extensive 
nuclear control over the internal organel-
lar processes, including organelle division, 
metabolism, genome replication and gene 
expression.

Here we postulate that access by nuclear-
encoded factors to the outermost compart-
ments of the Gram-negative endosymbionts 
laid down the path for both mitochondrial 
and plastid establishment. would such a 
constrained outside-to-inside trajectory be 
a paradigm for endosymbiont-to-organelle 
conversion? we suggest that the ideal test 
of our hypothesis will be provided by the 
characterization of endosymbiont-derived 
organelles that potentially have reca-
pitulated the outsiders’ trajectory for their 
establishment. The best current candidates 
are secondary plastids derived from algal 
endosymbionts that were engulfed by 
protist hosts — that is, chromalveolates, 
chlorarachniophytes and euglenophytes2. 
Additional examples may be provided by 
Carsonella ruddii in the phloem sap-feeding 
psyllids72 and the cyanobacterial-derived 
cyanelle (that is, plastid) in the photosyn-
thetic amoeba Paulinella chromatophora73. 
Given their biogenetic dependence on their 
respective eukaryotic hosts, these Gram-
negative-bacteria-derived intracellular com-
partments seem to be genuine organelles. 
Notably, as for mitochondria and plastids, 
in all the examples described above the 
eukaryotic host is the dominant player in 
prokaryote-to-organelle conversion. This 

suggests that nuclear control over endosym-
biont fate is an intrinsic aspect of organel-
logenesis. This idea stands in clear contrast 
to the alternative view that the nucleus 
arose because of an equal or dominant role 
of the alphaproteobacterial endosymbi-
ont7,8. The sort of nuclear dominance over 
endosymbiont-to-organelle conversion 
highlighted here suggests that the host of the 
alphaproteobacterial mitochondrial fore-
runner was either a bona fide eukaryote3,6 
or, alternatively, a prokaryote in the early 

stages of eukaryogenesis, but whose fate was 
not dominated by the alphaproteobacterial 
endosymbiont.
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Glossary

β-Barrel proteins
A class of membrane proteins composed of  
antiparallel β-strands that form barrel-type pores. Porins 
are typical β-barrel pores in the outer membrane of 
Gram-negative bacteria.

Chaperones
These are molecular components that fold, unfold, 
stabilize or escort the transit of protein substrates. In 
addition, chaperones such as the 70 kDa heat shock 
protein (Hsp70) and Hsp93 hydrolyse ATP to provide 
the energy for protein import across organelle 
membranes.

Endosymbiotic gene transfer
The migration and fixation of endosymbiont genes in the 
nuclear genome of the host.

Muller’s ratchet
Describes the progressive irreversible accumulation of 
deleterious mutations in asexual populations. Muller’s 
ratchet explains the genomic and physiological 
degeneration that is usually observed among obligatory 
endosymbionts.

Membrane anchor signal
This is a topogenic signal used to anchor a membrane 
protein in the lipid bilayer. The core of a membrane anchor 
signal is usually the first hydrophobic a-helix that is 
C-terminal to the presequence.

Presequence
This is a transient topogenic signal appended to the  
N-terminus of a sorted protein that is cleaved from  
the mature protein.

Presequence translocase-associated motor 
(PAM). This is a module of the Tim23 complex  
associated with Hsp70 that provides the energy for 
translocation of proteins across the mitochondrial  
inner membrane. In yeast, PAM is composed of the 
structural platform Tim44, the co-chaperones Pam14, 
Pam16 and Pam18, and the nucleotide exchange  
factor Mge1.

Single transmembrane domain 
(sTMD). α-Helical sTMDs are found in membrane  
proteins, and fold into a hydrophobic, helical structure 
spanning the lipid bilayer.

Sorting and assembly machinery 
(sAM). The sAM complex inserts and assembles  
β-barrel proteins in the OM of mitochondria. In yeast,  
it is comprised of the protein pore sam50 and the 
peripheral subunits sam35 and sam37.

Sorting substrate
This is a protein that is relocated by the catalytic action of 
a translocase or an insertase. A sorting substrate is also 
referred to as a precursor or a preprotein.

Tic
(Translocon at the inner envelope membrane of 
chloroplasts). In higher plants, the Tic complex is 
composed of the protein-conducting channel Tic110,  
the putative protein pores Tic20 and Tic21, the 
intermembrane space protein Tic22, the chaperone Hsp93 
and its co-chaperone Toc40. Tic32, Tic55 and Tic62 are 
regulatory subunits.

Tim22 insertase
An insertase is a molecular machine usually consisting of a 
receptor and a protein pore that recognizes specific protein 
substrates and catalyses their insertion into the lipid 
bilayer of a membrane. The Tim22 insertase is specialized 
in the insertion of the mitochondrial carriers into the inner 
membrane. In yeast, it is comprised of the Tim22 protein 
pore and the subunits Tim54 and Tim18.

Tim23
(Translocase of the mitochondrial inner membrane).  
In yeast, the Tim23 and Tim17 subunits constitute the 
protein-conducting pore of the Tim23 complex that, in 
combination with Tim50 and Tim21, acts as an insertase 
for single transmembrane domain proteins. The addition of 
the PAM module confers a translocase function for the 
Tim23 complex.

Toc
(Translocon at the outer envelope membrane of 
chloroplasts). In higher plants, the Toc complex is composed 
of the protein-conducting pore Toc75, the receptors Toc34 
and Toc159, and the accessory subunits Toc12 and Toc64. 

Tom
(Translocase of the mitochondrial outer membrane).  
In yeast, the Tom complex is formed by the Tom40 
protein-conducting pore, the receptors Tom22, Tom20 and 
Tom70, and the structural subunits Tom5, Tom6 and Tom7

Topogenic signal
This is a segment of amino acids in a sorted protein that 
provides information about its final location and 
conformation (topology) in a cellular compartment.

Translocon 
A molecular machine usually consisting of a receptor and a 
protein pore that recognizes specific protein substrates 
and catalyses their movement across a membrane. 
‘Translocase’ is a general term to describe an enzyme that 
facilitates the movement of a molecule, usually across a 
membrane.
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