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Introduction

It is a widely accepted theory that both mitochondria and 
 chloroplasts derived from an endosymbiotic event,1 and in many 
of their biochemical and physiological properties they still resem-
ble their bacterial ancestors. During evolution, the endosymbi-
onts were transformed into semi-autonomous organelles mainly 
by transferring most of their genes to the host cell nucleus.2 
Thereby, chloroplasts and mitochondria became dependent on 
post-translational, energy-dependent protein import from the sur-
rounding cell. Not surprisingly, protein targeting to and import 
into both organelles have much in common:3-6 for example, most 
chloroplastic and mitochondrial preproteins are synthesized on 
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cytosolic ribosomes with amino-terminal extensions, which can 
be recognized by specific receptors on the surface of the organ-
elles. Moreover, the preproteins are transported into the organelles 
with the help of membrane-embedded translocation complexes 
located in both organelle membranes, which share many features. 
Upon arrival in the stroma or matrix, respectively, the amino-
terminal extensions are proteolytically removed and the mature 
proteins are folded into their final conformations, a process that 
is assisted by chaperones.

Although the structures and functions of the components that 
constitute the translocation machineries have been described in 
great detail during the last years, our understanding of the regu-
lation of import into both organelles is in its infancy. However, 
recent studies suggest that the pathways by which regulation 
is achieved seem to share some similarities as well, since both 
chloroplasts and mitochondria were found to use redox signals 
for the regulation of translocation. This is of great interest, as 
redox signals play important roles in both endosymbionts, which 
are the main producers of redox energy in the cell (mediated by 
the photosynthetic electron transport chain or the respiratory 
electron transport chain, respectively). In addition to delivering 
energy, electron transfer processes are used in a regulatory man-
ner, and redox signals are known to be fundamental for many 
metabolic and developmental processes in both organelles. Redox 
regulation is often mediated by thioredoxins (Trx m, f, y and x in 
chloroplasts, Trx h and o in mitochondria) which are able to (de-)
activate enzymes by reversible reduction of disulfide bonds.7-9 
Additionally, Trx-like proteins are known to mediate oxidative 
folding of substrate proteins in the bacterial periplasm and the 
endoplasmic reticulum of eukaryotic cells.10-12 The resulting 
disulfide bonds can have a purely structural function as in pro-
tein folding, which is in contrast to the regulatory role in Trx-
dependent enzyme (de-)activation. Nevertheless, the function of 
many proteins depends also on the correct assembly of structural 
disulfide bridges.

In this review, we briefly summarize the current knowledge of 
import redox-regulation in both chloroplasts and mitochondria, 
and take a closer look at similarities and differences of these pro-
cesses: for mitochondria, a thiol oxidizing machinery located in 
the inter membrane space (IMS) was described that is necessary 
for the retention of small IMS proteins.13-15 Protein import into 
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Redox signals play important roles in many developmental and 
metabolic processes, in particular in chloroplasts and mito-
chondria. Furthermore, redox reactions are crucial for protein 
folding via the formation of inter- or intramolecular disulfide 
bridges. Recently, redox signals were described to be addition-
ally involved in regulation of protein import: in mitochondria, 
a disulfide relay system mediates retention of cystein-rich  
proteins in the intermembrane space by oxidizing them. Two 
essential proteins, the redox-activated receptor Mia40 and 
the sulfhydryl oxidase Erv1 participate in this pathway. In  
chloroplasts, it becomes apparent that protein import is affect-
ed by redox signals on both the outer and inner envelope: at 
the level of the Toc complex (translocon at the outer envelope 
of chloroplasts), the formation/reduction of disulfide bridges 
between the Toc components has a strong influence on import 
yield. Moreover, the stromal metabolic redox state seems to be 
sensed by the Tic complex (translocon at the inner envelope of 
chloroplasts) that is able to adjust translocation efficiency of a 
subgroup of redox-related preproteins accordingly. This review 
summarizes the current knowledge of these redox-regulatory 
pathways and focuses on similarities and differences between 
chloroplasts and mitochondria.
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in the IMS was described that is required for correct import of 
these small IMS proteins.13-15,19 Two IMS components were found 
to be essential for this so-called “disulfide relay system” (Fig. 1): 
the sulfhydryl oxidase Erv120,21 and the redox-activated protein 
receptor Mia40.22-25 In this import pathway, proteins are first 
translocated into the IMS with the help of the Tom complex in 
a reduced, unfolded and import-competent state. Subsequently, 
Mia40 (that contains six conserved cysteine residues itself) 
directly interacts with these incoming target proteins via their 
CX

3
C or CX

9
C motifs leading to the formation of (one or two) 

intermolecular disulfide bridges. Finally, these mixed disulfides 
are transferred to the preproteins which are thus released from 
Mia40 in an oxidized and folded conformation. As Mia40 needs 
to be in an oxidized state to fulfil its function, re-oxidation is 
necessary and is mediated by Erv1. Reduced Erv1 itself donates 
the electrons to molecular oxygen (via cytochrome and the respi-
ratory chain) in order to become re-oxidized. Recently, another 
component was identified that also participates in the import of 
cysteine-rich IMS proteins: the zinc-binding protein Hot13.26 
This protein was initially described as important factor for the 
assembly of small Tim proteins in the IMS,27 but it was addition-
ally shown to interact with Mia40. Thus, Mia40 is maintained 
in a zinc-free state, which makes re-oxidation by Erv1 more 
efficient.

The importance of this oxidative pathway for small IMS pro-
teins is also reflected by the fact that both Mia40 and Erv1 are 
essential proteins in yeast.22,28 This redox-driven protein import is 
necessary, since the small IMS proteins are able to back across the 
Tom channel to the cytosol in their un-oxidized, import-compe-
tent conformation. In the oxidized state, however, the proteins 
are unable to pass through the Tom pore and are thus “trapped” 
in the IMS. Thus, protein folding in the IMS can be regarded as 
the “driving force” of the described import pathway.

Redox-Regulation of Protein Import  
into Chloroplasts: Two Very Different Ways

Over the last two decades, several observations have led to the 
hypothesis that protein import into chloroplasts might be regu-
lated by redox signals.29-33 But only recently, these implications 
have been tested in a more elaborate approach, demonstrating 
that import is indeed regulated in a redox-dependent manner.16 
Interestingly, not only one, but several regulatory pathways could 
be distinguished that are dependent on different redox signals: 
on the one hand, protein import was found to be stimulated by 
the reduction of disulfide bridges at the surface of the chloro-
plast (Fig. 2). This process affects subunits in the Toc complex 
(translocon at the outer envelope of chloroplasts) that all con-
tain a number of conserved cysteine residues, and it was shown 
that the Toc channel, Toc75, and the Toc receptor components 
Toc159, Toc34 and Toc64 are involved in this redox regulation. 
The reduction of disulfide bridges was demonstrated to clearly 
increase protein import, whereas oxidation of thiols efficiently 
blocks translocation.16,29,30 However, not all Toc proteins seem to 
work together to mediate regulation: the study suggests that inter-
molecular disulfide bridges are either generated between Toc75, 

chloroplasts is also affected by a thiol-mediated regulation, but 
additionally the metabolic redox state was found to influence the 
import yield.16

Redox-Regulation of Protein Import  
into Mitochondria: Import of Small IMS Proteins

Thiol oxidation in non-plant eukaryotic cells was recently 
 discovered to occur not only in the endoplasmic reticulum 
but also in the IMS of mitochondria.13 In this compartment, a 
number of proteins can be found that do not possess a cleav-
able presequence, but that contain conserved cysteine residues, 
preferentially arranged in CX

3
C or CX

9
C motifs. Members of 

this group are e.g., Cox12, Cox17, Sod1 and the small Tim pro-
teins.17,18 The import of these proteins was found to be dependent 
on the Tom (translocon of the outer mitochondrial membrane), 
but not on the Tim (translocon of the inner mitochondrial mem-
brane) complex. Additionally, a thiol oxidizing machinery located 

Figure 1. Redox-regulated protein import into mitochondria: the 
disulfide relay system. Simplified model of the components and steps 
involved in import of small IMS proteins. In the first step (1) the IMS 
proteins that contain conserved cysteine residues, are translocated into 
the IMS via the Tom complex. For high import efficiency, they have to 
be in a reduced, unfolded state. Upon arrival in the IMS, these proteins 
are oxidized and thus folded by the redox-activated import receptor 
Mia40 (2). Due to the folding, the IMS proteins are trapped in the IMS 
and cannot traverse back through the Tom channel into the cytosol. 
Subsequently, Mia40 directly interacts with the sulfhydryl oxidase Erv1 
to get re-oxidized (3). Erv1 itself maintains in an oxidized state by the 
use of molecular oxygen as a final electron acceptor (4). Reduced and 
oxidized thiol groups are indicated by SH and SS, respectively.
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stromal redox state included non-photosynthetic “house-keep-
ing” proteins like nucleoside diphosphate kinase (NDPK) that 
are needed in constant amounts in the organelle and thus do not 
require import according to the chloroplast redox state. However, 
it would be too simple to distinguish only between import path-
ways of photosynthetic and non-photosynthetic proteins, as some 
photosynthetic enzymes were also found to import in a NADP+-
independent manner (e.g., fructose-1,6-bisphosphatase, FBPase; 
phosphoglycerate kinase, PGK). It was thus proposed that not 
only the type of preprotein, but also the current metabolic state 
of the chloroplast determines the import pathway, as it is con-
ceivable that the import of proteins like FBPase or PGK becomes 
dependent on the NADP+/NADPH ratio under certain yet 
unknown conditions. Still, the reduction equivalents seem to pro-
vide a signal transmitting information about the protein demand 
of the organelle to the translocation machinery. Changes in the 
metabolic NADP+/NADPH ratio were proposed to be sensed by 
the “redox regulon” of the Tic complex (translocon at the inner 
envelope of chloroplasts), which consists of the redox-active com-
ponents Tic32, Tic55 and Tic62.36 Interestingly, and important 
for this regulation pathway, both Tic62 and Tic32 contain func-
tional NADP(H)-binding sites.32,37,38 Additionally, both assemble 
dynamically with the Tic complex in a NADP+-dependent man-
ner,37 and Tic62 was furthermore described to interact strongly 
and specifically with FNR, a key photosynthetic enzyme.32,39 It 
is thought that these Tic proteins are recruited to the Tic “core” 
complex under certain conditions to mediate NADP+-dependent 
import regulation (Fig. 3). Consequently, different types of Tic 
subcomplexes might exist in the chloroplast, either comprised of 
only the channel Tic110 associated with stromal chaperones, or 

Toc34 and Toc159 that subsequently form a hetero-oligomer, or 
between several Toc64 molecules that probably form homo-oli-
gomers upon oxidation via intramolecular disulfide bonds. Two 
mechanisms of redox regulation by the formation of disulfide 
bridges have been proposed: firstly, the oxidized Toc159/Toc34/
Toc75 oligomer might simply block the translocation channel for 
incoming preproteins. Alternatively, as all Toc receptors are tar-
gets of redox regulation, it seems likely that already the binding 
of preproteins to the receptor components is affected. Thus, the 
reduction of disulfides, which was shown to have a stimulating 
effect on protein import, might cause a higher flexibility of the 
Toc receptors, which might be necessary for efficient preprotein 
binding and subsequent handing over of the precursor to the 
channel protein Toc75.34,35

Another redox-regulatory pathway observed for import into 
chloroplasts is mediated by the stromal NADP+/NADPH ratio.16 
It was demonstrated that the generation of stromal NADP+ 
increases the import efficiency interestingly of not all, but a large 
number of preproteins. By contrast, a change in the NADP+/
NADPH equlibrium towards a more reduced state (high NADPH 
amounts) did not enhance import, but either had no effect or 
even slightly inhibited protein translocation. The preprotein 
group that was found to be responsive to the NADP+/NADPH 
ratio included many photosynthetic proteins (e.g., ferredoxin-
NADP+-oxidoreductase, FNR; glyceraldehyde 3-phosphate 
dehydrogenase, GAPDH; the small subunit of ribulose-1,5-bis-
phosphate-carboxylase/-oxygenase, SSU) as well as key metabolic 
enzymes (e.g., malate dehydrogenase, MDH; glucose-6-phos-
phate dehydrogenase, G6PDH). The second, much smaller 
group of proteins that imported independently of changes in the 

Figure 2. Redox-regulation of protein import into chloroplasts at the level of the Toc complex. The import yield of preproteins is strongly depen-
dent on the formation or reduction of disulfide bridges in the Toc channel Toc75 and/or in the Toc receptors Toc159, Toc34 and Toc64. Reduction of 
disulfide groups lead to an increase in import efficiency (left part), whereas oxidation of thiol groups inhibits preprotein import (right part). Reduc-
tion of the active disulfide groups seems to allow greater flexibility of the Toc receptors which is likely necessary for efficient preprotein binding and 
subsequent transfer of the precursor to the Toc75 channel protein. Blocking of import on the other hand seems to be achieved by the formation of 
intermolecular disulfide bridges between Toc159/Toc75/Toc34, leading to the formation of a heterotrimer, (indicated by the close proximity of the 
components in the left part) and/or by homo-oligomerization of Toc64. All preproteins using the Toc complex seem to be influenced by this thiol-
mediated regulation. Reduced and oxidized thiol groups are indicated by SH and SS, respectively.
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completely different precursor subgroups: in mitochondria, only 
small IMS proteins that contain conserved cysteine residues are 
dependent on the disulfide relay system mediated by Mia40 
and Erv1 for their import. In chloroplasts, however, all proteins 
that use the general import pathway (and thus the Toc com-
plex) for translocation are sensitive to the formation/reduction 
of disulfide bridges in the Toc components. Additionally, a sec-
ond redox-regulatory system has been implemented in chloro-
plasts using the reduction equivalents NADP(H) as signals for 
the redox state of the organelle. A similar system is completely 
unknown in mitochondria so far. By this pathway, protein 
import can be adapted to the photosynthetic activity and thus 
the metabolic redox state. This can be considered as a “real” 
regulation, as the environmental or developmental conditions 
have the possibility to influence protein import yield, in con-
trast to the thiol-mediated pathways, where purely structural 
changes in the corresponding proteins lead to efficient import. 
Hence, redox-regulation of protein translocation into chloro-
plasts seems to be even more complex than in mitochondria, 
as it can be adjusted to the requirements of the organelle at any 
given time. Hence, both endosymbiotic organelles developed the 
use of  redox-signals to regulate the import of at least subgroups 
of preproteins, although in very different ways.

additionally including the Tic “redox regulon”. Thus, this regula-
tory pathway might provide a link between the redox state of the 
chloroplast and import of a number of redox-related proteins.

Similarities and Differences of Import Regulation 
into Chloroplasts and Mitochondria

At first glance, redox-regulation of import seems to share some 
similarities between chloroplasts and mitochondria: in both 
cases, the formation/reduction of disulfide bridges is involved. 
However, the mechanisms by which the oxidation of thiols leads 
to changes in the import yield differ significantly. In mitochon-
dria, disulfide bridges are formed in the target preproteins to 
oxidize and thus fold them. This leads to a trapping of these pro-
teins in the IMS, as they are now unable to slide back through 
the Tom channel into the cytosol. In chloroplasts on the other 
hand, the oxidation of thiol groups takes place in the channel 
and/or receptor components of the Toc complex thereby caus-
ing a blocking of the translocation channel. It remains to be 
tested whether mixed disulfides are additionally formed between 
the Toc components and incoming preproteins (as it is the case 
for Mia40) but there have not been any indications for this. 
Furthermore, these two thiol-dependent import pathways affect 

Figure 3. Influence of the stromal redox state on import regulation at the level of the Tic translocon. Redox-regulation is achieved by changes in the 
metabolic NADP+/NADPH ratio: for a subgroup of mostly redox-related preproteins (grey), high levels of NADP+ were found to increase import yield 
(right part, shown by thick arrow). Sensing of high NADP+ concentrations seems to be mediated by the “redox regulon” of the Tic complex, consisting 
of Tic32, Tic55 and Tic62 (associated with ferredoxin NADP+-oxidoreductase, FNR). According to the current view, this regulon is recruited to the Tic 
“core” complex, consisting of at least Tic110 as central translocation channel and associated chaperones (indicated as import motor) under conditions 
where the chloroplast has a high demand for redox-related proteins (high NADP+ levels). By contrast, a second subtype of Tic translocons is proposed 
that only contains Tic110 as channel with the associated motor complex (left part). This latter complex provides basic redox-independent import for all 
proteins, including the redox-related ones (grey) but also for “house-keeping” proteins (black). Thus, the Tic redox regulon may sense photosynthesis-
derived redox signals and modulate protein import according to the metabolic requirements of the organelle through its dynamic association with Tic110.
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above) and also in bacteria,41,42 participation of the Erv1 homo-
logue in redox-regulation of protein import into chloroplasts may 
be feasible. As the protein was identified in the outer envelope, one 
possibility would be an involvement in the regulation pathway by 
disulfide bridge formation in the Toc components as described 
above, maybe by oxidizing them (similar to its role in the Mia40 
pathway) and thus controlling the import yield under conditions 
when the protein demand of the chloroplast is low. Alternatively, 
the Erv1 homologue could participate in a hypothetical import 
pathway of chloroplast IMS proteins. Although the function of 
this protein is completely unknown till now, its existence suggests 
that there are maybe more similarities between import regulation 
into chloroplasts and mitochondria than identified so far.

More Similarities: Is there an Erv1 Homologue  
in Chloroplasts?

Interestingly, in a screen for further Trx targets in the chloro-
plast envelope, a recent study identified an Erv1 homologue in 
the outer plastid envelope fraction of barley chloroplasts using 
Trx affinity columns.40 In this analysis, the Erv1 homologue 
eluted as one of the most prominent proteins after incubation of 
the Trx matrix with solubilized outer envelope. As further char-
acterization of this protein was not the focus of this study, the 
role of this chloroplast Erv1 homologue needs to be established. 
However, because of its similarity to Erv1, a protein that is clearly 
 implicated in disulfide bridge formation in mitochondria (see 
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